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Editorial on the Research Topic

From Biomass to Advanced Bio-Based Chemicals &Materials: A Multidisciplinary Perspective

Lignocellulosic biomass, one of the major feedstocks of the emerging bioeconomy, will play a
key role in the replacement of petroleum-based chemicals and materials and will help to fight
against global warming by providing renewable, carbon-neutral sources of energy. Nevertheless,
because of its chemical and structural complexity, the transformation of lignocellulose into
commodity and higher-valued products requires a combination of physical, biological, and
chemical processes and a better understanding of both its composition and architecture at different
scales, in order to render this transformation efficient and economically competitive. Importantly,
lignocellulose transformation can also bring to the market novel and sustainable chemicals that
can lead to new applications and new industries that can replace the mining and burning of
fossil carbon. In particular, exploitation of aromatic molecules in lignin and of cellulose and
hemicelluloses can produce biobased solvents, surfactants, plasticizers, functional additives for
nutrition and cosmetics and life-saving medicines. In addition to this broad range of chemicals,
cellulosic fibers, and particles fractionated from lignocellulosic biomass are increasingly used to
produce composite materials. Overall, this Research Topic aims to illustrate how complementary
approaches are relevant in addressing questions regarding the deconstruction of different forms of
lignocellulosic biomass and the various processes required to turn them into valuable bio-based,
renewable products.

The Research Topic comprises a collection of 16 original contributions: 14 research papers, one
review and one mini-review dedicated to the modification, characterization and preparation of
bio-based chemicals and materials using advanced chemical, physical and biochemical routes.

The review by Glasser is dedicated to lignin applications in materials, presenting how this
group of aromatic bio-polymers can readily be tailored to get specific properties through chemical
modification, and how compatibilization strategies such as lignin chemical functionalization
can overcome the usual limitations encountered with unmodified-lignins for making advanced
materials. The mini review by Zoghlami and Paës presents an up-to-date survey of the relative
impact of chemical and structural factors on lignocellulosic biomass recalcitrance and of the most
advanced techniques to evaluate these factors, together with recent spectral and water-related
measurements to predict ease of hydrolysis.

Besides these two review articles, several articles detail how pre-treatments are necessary to
facilitate subsequent reactions in biomass processing. Sipponen and Österberg assess aqueous
ammonia for the separation of lignin from hydrothermally pre-treated wheat straw prior to

5
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enzymatic saccharification. The resulting lignin particles have
potential in water remediation applications. A contribution
by Lahtinen et al. focuses on extraction by pressurized hot
water treatment, characterization, and concentration of phenolic
residues from wood and their role in physical and oxidative
stabilization of emulsions. Araya-Farias et al. have implemented
a statistical approach to optimize several parameters during
the pre-treatment of biomass with ionic liquids, leading to
a useful mathematical model that predicts sugar release after
enzymatic hydrolysis.

Chemical routes provide new perspectives for upgrading
biomass to bio-based products. Flourat et al. have designed
a new chemo-enzymatic route to synthesize advanced lignin
models. Starting with lignocellulose-derived ferulic acid the first
syntheses of two trimers of monolignol G possessing side-chains
and both robust β-5 bonds and labile β-O-4 bonds have been
achieved. Moore et al. report another chemo-enzymatic pathway,
demonstrating that iodine supported on acidic alumina is a
very effective catalyst for aza-Michael additions on bio-based
itaconate polyesters. This reaction might reduce lengthy reaction
sequences and produce new bio-based polyesters. The action
of pyranose dehydrogenases on various xylo-oligosaccharides
was assayed by Karppi et al. and demonstrated the potential
to synthesize bifunctional molecules directly from hemicellulose
fragments. This discovery could be the starting point for further
derivatization and/or polymerization into bio-based chemicals
and materials. Kammoun et al. investigated the possibility of
using seawater to convert C5- and C6-sugars by hydrothermal
conversion to furanic and acidic products, especially to lactic
acid, offering interesting new chemical transformations in
combination with dehydration catalysts or in biphasic systems.

Finally, the last group of articles illustrate some useful
conversions of biomass into bio-based materials. In the case
of lignin, Szabó et al. performed immobilization of lignin on
carbon fiber and highlighted the importance of considering
both the physicochemical properties of the matrix and of
the polymer in order to design bio-composites with well-
defined properties. Reactive extrusion was used by Milotskyi
et al. to esterify kraft lignin with succinic and maleic
anhydrides. Extensive characterization of the resulting materials
demonstrated their potential for further polymerization or
copolymerization and for combination with other polymers
to produce new plastics with a significant bio-based content.
Successful esterification of several industrial lignins with maleic
acid in an acidic ionic liquid was achieved by Husson et al.
resulting in increased solubility in polar and protic solvents

without affecting thermal stability and opening the way to new
polyolefin-lignin blends. Using vanillin as substrate, Savonnet
et al. have synthesized bio-based aromatic diamines which
were tested as curing agents for the design of bio-based epoxy
thermosets. Further optimization of the synthetic pathways
described are still necessary but thermomechanical properties
in terms of glass transition temperature and char residue are
considered promising.

Other bio-based polymers have demonstrated potential to
create completely novel materials. For instance, a double-reagent
simultaneous functionalization was used by Wang et al. in
order to prepare porous polysilsesquioxanes having bifunctional
groups. These novel materials were found to be nanoparticulate
with morphology that could be controlled with the proportion
of the reactants. Their meso- or macro-porous features are
considered to have potential applications in environmental
remediation. Moyer et al. showed that nanocellulose can serve as
an effective templating agent by introducing controlled porosity
and morphology to enhance surface area and introduce higher
order architecture within catalyst particles, resulting in improved
catalytic activities. Le Guen et al. have prepared and characterized
biomass powders compounded in polylactic acid by twin screw
extrusion to produce filaments for fused-depositionmodeling 3D
printing. The mechanical properties of the printed samples were
found to be more affected by the printing direction than by the
presence or type of biomass powder used.

The Editors hope that this collection, showing a great diversity
of transformation pathways, characterization techniques and
practical applications, will be of significant interest to Frontiers
readers and will inspire significant progress in the field of
biomass valorisation.
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In biorefining, the conversion of carbohydrates under subcritical water conditions is a field

of extensive studies. In particular, the hydrothermal decomposition of benchmark C6- and

C5-monosaccharides, i.e., D-glucose and D-xylose, into furanics and/or organic acids is

fully considered. Herein, we propose to establish the fundamentals of the decomposition

of D-glucose and D-xylose under subcritical water conditions in the presence of

specific salts (i.e., NaCl and KI) and in seawater. Our results demonstrated that the

introduction of inorganic salts was found to modify sugars dehydration yields. Different

NaCl concentrations from 0.21 to 1.63mol L−1 promoted the conversion of D-xylose to

2-furfural (2-F) from 28 to 44% (molar yield). NaCl also improved 5-hydroxymethylfurfural

(5-HMF) generation from D-glucose as well as rehydration of 5-HMF to levulinic and

formic acid. KI favored other pathways toward formic acid production from D-glucose,

reaching 20% in the upper concentration. Compared to a solution of equivalent NaCl

concentration, seawater enhanced selectivity toward lactic acid which was raised by

10% for both monosaccharides, and sugars conversion, especially for D-glucose whose

conversion was increased by 20%. 5-HMF molar yield around 30% were achieved from

D-glucose in seawater at 211◦C and 20 bars after 15 min.

Keywords: D-glucose, D-xylose, dehydration, seawater, inorganic salts, hydrothermal, lactic acid, levulinic acid

INTRODUCTION

Upgrading of biomass is a field of extensive efforts. In particular, its hydrothermal conversion into
valuable products has been extensively proposed in the state of the art (Tekin et al., 2014).

In fact, Biomass represents a renewable resource contributes to the development of a
new-bioeconomy and to sustainable chemical industry. Several literatures reported the production
of biobased molecules, from various sources such as giant reed (Licursi et al., 2018b), corncobs
(Peleteiro et al., 2018), eucalyptus globulus wood (Peleteiro et al., 2018; Rivas et al., 2018),
hazelnut shells (Licursi et al., 2017), and fructose (Antonetti et al., 2017). In these studies, the
conversion carried in hydrothermal media using acid hydrolysis mostly with hydrochloric, sulfuric
acids and acid resin (Amberlyst-7) in a microwave and autoclave reactors. The synthetic route
employs monosaccharides as starting substrate, which, under hydrothermal conditions, undergoes
dehydration to form the biobased molecules.
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FIGURE 1 | D-xylose conversion pathways in subcritical water adapted from the works of Aida et al. (2010), You et al. (2014), and Delbecq et al. (2018). Reactions: D,

dehydration; P, polymerization; BR, benzilic acid rearrangement; I, isomerization; RA, retro-aldol.

The understanding of the fundamentals of the conversion of
“model” monosaccharides (including representative C5 sugars as
D-xylose or C6 entities as D-glucose, D-fructose or D-mannose)
under subcritical water conditions (namely between 100 and
374◦C at a pressure high enough to maintain the liquid state)
is still under investigations as the mechanisms governing the
monosaccharides decomposition are complex and numerous
(Srokol et al., 2004).

Under subcritical water conditions, it is nowadays
well-established that monosaccharides undergo numerous
reactions like isomerization, condensation into disaccharides,
dehydration, and fragmentation. The dehydration of C6- and C5-
monosaccharides typically leads to the respective formation of
5-hydroxymethylfurfural (5-HMF) and 2-furfural (2-F) together
with variable amount of organic acids (resulting partially from
the subsequent rehydration of furanic compounds) together
with variable amounts of humins (Kabyemela et al., 1999).
Fragmentation reactions result in the formation of erythrose,
glycolaldehyde, and glyceraldehyde, which yields low molecular
weight organics including acetic acid and lactic acid as final
products. pH conditions strongly impact monosaccharides
conversion pathways. Dehydration paths are favored in
acidic conditions while the formation of glycolaldehyde and
glyceraldehyde as well as isomerization are mainly base-catalyzed
mechanisms. The major conversion pathways of D-xylose and
D-glucose in subcritical water are depicted in Figures 1,
2, respectively.

Among the products presented in Figures 1, 2, furanic
compounds and levulinic acid are the most promising to develop
new bio-derivatives (i.e., solvents, fuels, and polymers) (Bozell

and Petersen, 2010). Levulinic acid is easily produced through
different processes such as biphasic [paraffin oil/water] (Licursi
et al., 2018c), acid catalyst (Rivas et al., 2015, 2016) catalytic
system [Ru/C + zeolite HY] (Licursi et al., 2018a). These studies
investigated the important potential to convert biomass to value-
added product, in particular the biobased platformmolecules and
their promising applications.

With the ambition to accelerate monosaccharides conversion
under hydrothermal conditions and/or to improve the selectivity
of this conversion, some studies have therefore reported the
introduction of Brönsted acid catalysts (typically HCl or H2SO4)
or bases (sodium hydroxide notably), and/or specific inorganics
salts (Assary et al., 2012; Li et al., 2017). Indeed, it has been
described that specific ions (i.e., metal cations as Al3+, Cr3+,
Zn2+, Cu2+, Ag+, etc.) enhance the conversion rate of C6-
monosaccharides into 5-HMF (Wang et al., 2015). In particular,
MgCl2 was found to increase significantly the formation of
levulinic acid when using HCl as the acid catalyst. Zn2+ or Co2+

salts were found to increase the formation of lactic acid. Due to
the ability of Lewis acid to convert triose like glyceraldehyde and
dihydroxyacetone to lactic acid (Rasrendra et al., 2010). The ionic
strength of the reaction medium was also reported as a key point
for modulating the selectivity and kinetics of the dehydration of
D-glucose into 5-HMF. In this sense, (Tang et al., 2017) reported
on the impact of the adjunction of sodium chloride to a biphasic
THF/water system. The formation of hydrogen bond between the
ion Cl− and glucose in the position (C6)O-H leads to a ring-
opening of glucose and to a mutarotation from α-D-Glucose
to β-D-Glucose. Nevertheless, in the NaCl reaction media, the
ratio of β-D-glucose/α-D-glucose at mutarotation equilibrium is
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FIGURE 2 | D-glucose conversion pathways in subcritical water adapted from the works of Kabyemela et al. (1999); Watanabe et al. (2005); Rasrendra et al. (2010);

Assary et al. (2012), and Aida et al. (2007). Reactions: D, dehydration; P, polymerization; BR, benzilic acid rearrangement; I, isomerization by Lobry de Bruyn–van

Ekenstein transformation, RA: retro -aldol, H: hydration.

lower than that without NaCl. This affect glucose by decelerating
its isomeration to fructose and suppressing its polymerization
of humins. Actually, extensive R&D efforts are directed on the
evaluation of biphasic or triphasic (organic) media as well as
the selection of options as ionic liquids, deep eutectic solvents,
etc. However, it appears that water plays a crucial role in the
monosaccharide dehydration, catalyzing proton transfer and
speeding up so the reaction (Zhou et al., 2017). Besides their
influence on monosaccharides conversion pathways, inorganic
salts also improve partition coefficients during the extraction of
5-HMF, 2-F and levulinic acid, which is of primary importance
for purification steps (Sindermann et al., 2016).

As a cheap, abundant and salts rich medium, seawater could
present interesting qualities for monosaccharides conversion.
This natural source of salts ions (i.e., Na+, Cl−, K+, Mg2+)
could be used as a processing medium at large scale especially
for coastal cities while preserving drinkable water resources.
Seawater is nowadays no longer limited to salts and seafood
production. Due to its great potential, biorefinery concepts could
benefit of it for aqueous-based processes as suggested in previous
works. Lin et al. (2012) proved that seawater is a suitable medium
for Actinobacillus succinogenes growth and also offers a complete
nutrient medium for succinic acid production. Some papers
investigate seawater as a solvent in furfural production processes
using different catalysts, such as FeCl3, NaCl, oxalic, and acetic
acids, in which furfural production rate was enhanced (Vomstein
et al., 2011; Grande et al., 2012; Mao et al., 2013; Hongsiri et al.,
2014). Moreover, seawater would supply the appropriate source
of sodium chloride for effective sugar dehydration. Chloride ions
promote the formation of 1,2-enediol from the acyclic form of

D-xylose, which is then dehydrated to furfural in the presence of
acid catalysts (Marcotullio and De Jong, 2010).

KCl, CaCl2 and MgCl2 have also been used as main catalysts
or co-catalysts for efficient sugar dehydration (Liu and Wyman,
2006; Zhou et al., 2014). However, the effect of potassium
iodide on monosaccharides dehydration has not been studied
yet in deionized water. Also, in biorefinery, hydrothermal
treatment of some biomasses, such as halophyte plants in
pilot reactor like steam explosion, allows the extraction of
some components among which salts and monosaccharides.
Some interactions are established between extracted sugars and
salts during pretreatments and form other products like lactic
acid, formic acid, levulinic acid, 2-furfural, 5-HMF. Depending
on the envisaged application, their generation is favored
or disadvantaged. In bioethanol production, these resulting
products are avoided since they are considered as inhibitory
compounds for microorganism during enzymatic hydrolysis.
Contrariwise they are considered as platform products for
chemical production.

In this study, pentose and hexose dehydration to furanic
compounds and organic acids were investigated in the presence
of inorganic salts in hydrothermal conditions at 211◦C. The
main salts found in biomass and seawater, i.e., NaCl and
KI, were selected as benchmarks for this fundamental study.
The objective is to assess the decomposition features of D-
glucose and D-xylose in different mixtures of salts: (i) both
aqueous solutions of sodium chloride and potassium iodide
at increasing salts molarity from 0.21 to 1.63mol L−1; (ii)
seawater from different geographical origins without additional
inorganic catalysts.
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EXPERIMENTAL SECTION

Materials
D-glucose (98%), D-xylose (98%), and D-fructose (99%) were
supplied by Sigma Aldrich lactic acid (88%) from VWR,
formic acid (99%) from Biosolv LTD, levulinic acid (98%), 5-
hydroxymethylfurfural (5-HMF 98%) and 2-furfural from Alfa
Aesar (98%), NaCl and KI were purchased from VWR and used
as received.

Seawater samples were collected from three different locations
presented in Figure 3 between October and December 2017:
Zeeland in the Netherlands (pH 8.04), Salakta in Tunisia
collected (pH 7.93) and Kerkenah in Tunisia too (pH
8.19). Seawater samples characterization was carried out in a
Laboratory called “Green lab” in Tunisia which is accredited by
TUNAC according to ISO/IEC17025 standard. The composition
of seawater samples is reported in Table 1.

Monosaccharides Conversion to Organic
Acids and Furanic Compounds
The hydrothermal decomposition of monosaccharides (D-xylose
and D-glucose) was performed in a Series 5,500 Parr reactor
(600mL) which is equipped with a temperature probe connected
to a 4,848 Parr reactor controller and a mechanical stirring. The
reactor was heated during 40min to reach a target temperature
of 211◦C which was then maintained during 15min. At the
end of the treatment, the reactor was cooled down until 40◦C
(Figure S1). This process has been realized for monosaccharides
(70 g/L) in deionized water, in solutions of NaCl or KI (from 35
to 70 g/L), in solutions containing a mixture of NaCl and KI and
also in seawater. Each experiment was performed in triplicate.
Before analysis, samples were filtered with 0.45µm syringe filter
and diluted with distilled water.

Analytic of Methods
Monosaccharides (D-xylose, D-glucose, and D-fructose) were
determined using a high-performance liquid chromatography
(HPLC) system Dionex 5,000 with acarbo Pac PA-100 (4 ×

250mm) anion exchange column and pulsed amperometric
detection. Four different eluents were used: (A) 100mM NaOH,
(B) 100mM NaOH + 600mM NaCl, (C) 500mM NaCl,
and (D) ultra-deionized water. The decomposition products
were analyzed using high performance liquid chromatography
coupled with UV detection at 210 nm for organic acids and
284 nm for furanic compounds. 5mM sulfuric acid was used as
the elution solvent with a flow rate of 0.6 mL/min on a Aminex
HPX-87H column (300× 7.8mm) at 45◦C (Istasse et al., 2018).

The yield of all the compounds were defined by calculating
the molar ratio between the generated product and the initial
monosaccharides concentration (Figure S2).

Chemical Structure
Molecules were drawn using Chem Draw professional 15 (http://
www.perkinelmer.com/fr/product/chemdraw-professional-
chemdrawpro).

Data Treatment and Statistical Analyses
Results presented in Violin plot figures are the means of nine
replicates. Scatter plot and Anova one-way analysis of variance
as well as the Bartlett’s test for equal variances were achieved
using Graphpad Prism 7 (https://www.graphpad.com/scientific-
software/prism/).Means were compared according to Tukey’s
multiple comparison test. The principal component analysis
(PCA) was done using XLSTAT software (https://www.xlstat.
com/fr/). Correlation matrix were realized using R Corrplot
package. The geographic map was developed by integrating
spatial data of sea zonemap using ArcGIS (ArcInfo edition, ESRI,
Redlands, CA: https://www.arcgis.com/index.html).

RESULTS AND DISCUSSIONS

Hydrothermal Conversion of
Monosaccharides in Deionized Water
The dehydration of D-glucose and D-xylose in deionized
water was selected as the benchmark and was achieved in a
high-pressure reactor at 211◦C corresponding to an internal
reactor pressure of 20 bars. A preliminary kinetic investigation
allowed to identify that 15min was the optimal reaction time
required to obtain the maximum yields in 2-furfural (2-F)
and 5-hydroxymethylfurfural (5-HMF) in deionized water from
respectively D-xylose and D-glucose (Figure S3). Classically, it
appeared that D-glucose underwent a dehydration path with
a successive formation of D-fructose through isomerization
and subsequent dehydration into 5-HMF, whilst D-xylose was
dehydrated in a single step into 2-F′. Figures S4 and S5

show the HPLC_UV chromatograms for products obtained
from the reaction of D-glucose and D-xylose, respectively, in
deionized water at 211◦C. An average molar yield of 19.61%
was recorded for 5-HMF from D-glucose compared to about
28.05% for 2-F from D-xylose. Rehydration of these molecules
was expected to generate a mixture of both levulinic (LA)
and formic acids (FA). At first sight, it appeared however
that LA was not detected in the reaction media, whilst FA
accounted for more than 11% when investigating D-glucose (FA
was not detected in the case of D-xylose). This observation
supports that other major pathways are responsible for formic
acid generation in deionized water as mentioned in Figure 2.
(Assary et al., 2012) proposed a mechanism initiated by the
protonation of the glucose at the (C2)-OH group which leads
to the production of furfuryl alcohol and formic acid. A series
of reactions take place including a dehydration followed by
the hydration to the aldehyde group. Then, a deprotonation
gives a gem-diol which undergoes a C-C scission to release the
formic acid and a thermodynamically stable intermediate (5-
hydroxymethyl)tetrahydrofuran-2,4-diol. This reaction pathway
leads to the production of furfuryl alcohol (Figure 4). This latest
compound can also undergo rehydration into levulinic acid.
The absence of 5-HMF rehydration in the tested conditions
suggests however that furfuryl alcohol could be stable enough,
which could explain the formation of formic acid without
levulinic acid. The pH of the solution shifted from 6 to
3 after the treatment of D-xylose and D-glucose. Lactic
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acid was also detected as a by-product with a substantial
production reaching 13.36 and 7.16% for D-glucose and D-
xylose, respectively.

The Effect of Inorganic Salts Concentration
on D-xylose Conversion
Experiments were conducted to probe the role of NaCl and
KI in D-xylose dehydration into 2-furfural and lactic acid.
Figures 5A–C depict xylose conversion, the lactic acid yield
and the 2-F yield under the reaction temperature at 211◦C
for 15min. D-xylose conversion significantly increased with
the overall molar salt concentration shifting from 67% when
dehydration was performed in deionized water to more than
90% when introducing salts. Conversion was also boosted when
NaCl and KI molarity increased. Addition of sodium chloride at
concentrations of 35 and 70 g/L improved the formation of 2-
F from D-xylose reaching a yield of about 43% for the upper
NaCl concentration. This is in accordance with the results of
(Marcotullio and De Jong, 2010), which show that Cl− ions
promote 1,2-enediol formation and thus dehydration to furfural.
Levulinic acid and formic acid were not detected. Surprisingly,
KI showed a different effect on 2-F production, a higher KI
concentration seemed to significantly decrease 2-F yield. Lactic
acid was also monitored with a production ranging from 2 to 6%.
Lactic acid yield was significantly reduced by increasing molar
concentration for both salts, namely NaCl and KI.

The Effect of Inorganic Salts Concentration
on D-glucose Conversion
When the hydrothermal treatment of D-glucose was investigated
in the presence of the same salts, we found that conversion was
also significantly higher compared to deionized water. The results
are demonstrated in Figures 6A–F. D-glucose reactivity was
enhanced at high NaCl molarity. Similar D-glucose conversions
were achieved in KI at 0.21mol L−1 and NaCl at 0.60mol
L−1 (75.39 and 74.88%, respectively). Concerning D-fructose,
no significant effect was detected in salts treatment, under
different concentrations, and deionized water. Its yield was low
and did not exceed 0.7%. 5-HMF yield significantly increased
in upper concentration 70 g/L of both KI and NaCl compared
to their lower 35 g/L. Levulinic acid (LA) was not detected in
KI processes, while it was detected in NaCl treatments and its
yield was significantly higher in the upper concentration 70 g/L
(1.19mol L−1) than the lower 35 g/L (0.6mol L−1). Lactic acid
quantification through HPLC afforded values ranging from 7 to
11% as in terms of the inorganic salt used for the hydrothermal
treatment. Variance analysis (ANOVA) showed that its yield was
significantly lower than that in deionized water, while formic
acid (FA) showed the opposite trend: significantly higher in both
NaCl and KI processes whose yields were noticeable culminating
at more than 15% and reaching up to 20% for the upper KI
concentration. According to Figure 2, the rehydration of 5-
HMF produces a fair ratio of LA and FA. If the majority of
LA is obtained from 5-HMF rehydration and considering that
no LA was produced in distillated water, the addition of salts
improves the dehydration of D-glucose. By summing produced
moles of 5-HMF and LA, it was found that the overall generated
5-HMF increased with salts concentration until 0.81M where

a plateau is reached. The total production of 5-HMF for this
salt concentration can be estimated at around 27%. Since LA
is observed in the presence of NaCl in contrast to distillated
water and KI solution, it is likely that NaCl promoted 5-HMF
rehydration. When performing reactions in both NaCl or KI
media, the pH tended to decrease due to the formation of
organic acid side-products, i.e., LA and FA. The acidity of the
reaction media after the process was quite stable whatever the
monosaccharide or the nature of the inorganic salt. Indeed, the
pH value was measured at a constant value of about pH 2.5.

Effect of Salts Combination on D-xylose
Conversion
To better understand the different effects of the previous salts on
monosaccharides degradation, a combination of KI andNaCl was
done, first with the lower concentration 35 g/L and second with
the upper concentration of 70 g/L of each salts.

According to Figures 5A–C, it can be seen that the conversion
of D-xylose was significantly increased parallelly with the
increased total molarity of salts. It was boosted by 10% and 12%
in 0.81mol L−1 (the lower combination solution) and at 1.63mol
L−1 (the upper combination solution) compared to KI solution
at 0.21 and 0.42mol L−1, respectively. Besides, the higher the salt
concentration, the lower the lactic acid detection. The variance
analysis showed that lactic acid yield in combination solutions
(0.81 and 1.63mol) was significantly lower than that in KI
solutions and which is not the case for NaCl, this can be explained
maybe by the effect of sodium chloride on the appearance of
some modifying functional groups to the intermediate molecule
glycolaldehyde and pyruvaldehyde. Furfural yield was improved
with increased salt concentration. Compared to KI solutions (0.2
and 0.42mol L−1), 2-F increased significantly in the mixture salt
at 0.81 and 1.63mol L−1, which is not the case in NaCl solution
and so this highlights that NaCl has a higher effect than KI salt on
D-xylose dehydration to furfural production.

Effect of Salts Combination on D-glucose
Conversion
Figures 6A–F show the effect of the amount of salts on D-glucose
dehydration. Similarly to xylose conversion, the conversion
of glucose increased parallelly by increasing the molarity of
salts and reached 84%. Fructose yield remained low and no
significant differences between treatments. As expected, lactic
acid was significantly decreased by increasing salts molarity
recording 3% for 1.63mol L−1. These results revealed that salts
concentration had an antagonistic effect on lactic acid production
for pentoses as well as hexoses. LA which was not detected in
KI processes, was identified in the presence of salts mixture.
Variance analysis showed that its yield was significantly increased
in upper combination (1.19mol L−1) compared to the lower
combination (0.81mol L−1). This result was in agreement with
those previous results of NaCl processes. Formic acid yield was up
to 20% in the upper combination (1.63mol L−1) which gave the
same yield in KI process in upper concentration (0.42mol L−1).
This yield was significantly higher than that in NaCl processes.
This result stuck very well with previous results of KI.

Frontiers in Chemistry | www.frontiersin.org 5 March 2019 | Volume 7 | Article 13211

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Kammoun et al. D-glucose and D-xylose Hydrothermal Dehydration

FIGURE 3 | Seawater samples locations. (A) Zeland, (B) Kerkenah, (C) Salakta.

TABLE 1 | Seawater samples composition by Green lab-TUNAC-Tunisia (All parameters are expressed in mg L−1).

Seawater Dry Residues Chlorides Sodium Sulfates Magnesium Potassium Calcium

Zeland 38.4 103 18.3 103 11.3 103 2.66 103 1.48 103 359 425

Kerkanah 43.2 103 21.0 103 13.3 103 2.41 103 1.61 103 398 419

Salakta 36.4 103 18.2 103 11.1 103 2.26 103 1.39 103 339 370

FIGURE 4 | Hydrothermal decomposition of D-glucose to formic acid and furfuryl alcohol (Assary et al., 2012). Reactions: Pr, protonation; H: hydration; D,

dehydration; DPr, deprotonation.
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Seawater’s Effect on Xylose Conversion
and Dehydration
Further experiments were performed under the same conditions
at 211◦C for 15min in a natural source of salts, cheap and
abundant, the seawater. Table 1 highlights samples compositions
in main salts. Molarities, been estimated on the basis of
chloride concentration (mass concentration of chlorides / molar
mass of chlorine). Zeland and Salakta seawater had almost
the same molarity 0.51 and 0.52mol L−1, respectively, while
Kerkenah was 0.59mol L−1. Figure 7 recaps the effects of
three seawaters samples on D-xylose dehydration compared to
previous treatments. Interestingly, the yield of lactic acid was
remarkably enhanced. Figures S6A–C show the effect of seawater
samples on the D-xylose conversion, the 2-F and lactic acid
yield. Conversion of D-xylose was higher than 96% for the three
samples of seawater, which was significantly higher compared
to distilled water. ANOVA showed that sugar conversion was
also significantly higher not only compared to that in KI and
NaCl solutions for concentrations < 0.5mol L−1 (0.21mol L−1;
0.42mol L−1; 0.6mol L−1) but surprisingly comparable to the
results obtained in combined solution (0.8mol L−1; 1.19mol
L−1). This observation suggests that other factors than salt
concentration are responsible for sugar conversion in seawater.
The yield of 2-F reached around 31% for Kerkenah which was
significantly higher compared to Zeland, Salakta, and deionized
water. This yield is consistent regarding the previous results
achieved at different NaCl concentrations. Seawater also favored
lactic acid production with yields reaching 14 to 17% for Zeland

and Kerkenah, respectively. Variance analysis showed that these
yields were significantly higher to lactic acid yield produced in
deionized water and different salt concentrations. De Bruijn et al.
(1986) indicated that calcium ions enhance lactic acid production
by increasing monosaccharides retro-aldolization.

Seawater’s Effect on D-glucose
Conversion and Dehydration
Figure 7 and Figures S7A–C represent the effect of seawaters
samples on D-glucose conversion into furanic compounds and
organic acids. Regarding D-glucose reactions in seawater, the
conversion yield was significantly higher compared to deionized
water and different salts concentrations. More than 94% of D-
glucose was converted in seawater while only 81.98% of D-
glucose was converted in the NaCl solution at 1.19mol L−1.
The highest yield of levulinic and formic acid were detected in
Kerkenah seawater compared to Zeland and Salakta seawater, but
it remained significantly lower than the yield recorded for NaCl
solutions. Compared to distillated water and salts solutions, 5-
HMF formation was significantly improved in seawater media.
Again, with the assumption that levulinic acid is generated
from 5-HMF rehydration, overall 5-HMF yields higher than
30% are estimated. Lactic acid yield was also significantly
enhanced compared to deionized water and salts solutions,
because of calcium ions as previously explained for D-xylose.
The highest yield was recorded in Kerkenah seawater relative
to Zeland and Salakta seawater. Moreover, D-fructose molar
yields of ∼4% were observed in seawater which was significantly

FIGURE 5 | The effect of adding NaCl and KI in hydrothermal dehydration of D-xylose: (A) molar conversion efficiency of D-xylose (B) molar conversion efficiency into

lactic acid and (C) molar conversion effeciency into furfural (C). Molarities 0; 0.21; 0.42; 0.6; 0.81; 1.19; 1.63 corresponding g/L to deionized water 35KI; 70KI;

35NaCl; 35 KI+ 35NaCl; 70NaCl; 70KI+70NaCl, respectively. Significant differences were determinated with on-way ANOVA and Tukey HSD post hoc test (*P <

0.05; **P < 0.01; ***P < 0.001).
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FIGURE 6 | The effect of adding NaCl and KI in hydrothermal dehydration of D-glucose: (A) molar conversion efficiency of D-glucose, (B) molar conversion efficiency

to fructose, (C) molar conversion efficiency to lactic acid, (D) molar conversion efficiency to Formic acid, (E) molar conversion efficiency to levulinic acid, and (F) molar

conversion efficiency to HMF. Molarities 0; 0.21; 0.42; 0.6; 0.81; 1,19; 163 corresponding g/L to deionized water; 35KI; 70KI; 35NaCl; 35 KI+ 35NaCl; 70NaCl; Q19

70KI+70NaCl, respectively. *P < 0.05; **P < 0.01; ***P < 0.001.

higher related to previous treatment. D-fructose could imply
that the isomerization rate is higher in this medium compared
to deionized water or tested saline solutions. Several factors
could promote isomerization including the higher initial pH of
seawater which could favor the Lobry de Bruyn–van Ekenstein
transformation (Kobayashi et al., 2016). D-fructose being an
intermediate in 5-HMF generation, the enhanced isomerization
rate could explain the high amounts of 5-HMF observed
in seawater. Since D-fructose is more readily converted into
products than D-glucose, this improved isomerization could also
explain the observed conversion.

Impact of Salts Concentrations and
Seawater on Furanic Compounds and
Organic Acids Production
Monosaccharides dehydration results showed significant
differences in molar conversion efficiency into furanic

compounds and organic acids. These differences are explained
by the effect of salts type and concentration. So analyses under
different salts composition for each monosaccharide were
completed by a PCA.

Concerning D-xylose, PCA has been performed by
considering three parameters and ten treatments. Figures 8A–C
show the correlation circle, the observations and the correlation
plot. The correlation circle explained 95.20% of the total
variation. The first component F1 (axis 1) explained 54.22% of
the variation, followed by 40.99% for the second component
(axis 2). Observations explained 97.87% of total variation.
PCA1 and PCA2 explained 56.684 and 41.186%, respectively.
The correloplot is a correlation matrix which informs about
correlation intensity. Conversion was positively correlated with
furfural production (Pearson correlation coefficient R = 0.32)
and with lactic acid appearance (R = 0.33), which could be
explained by the pH shift during the treatment. Conversion of
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D-xylose to organic acids progressively decreases pH, favoring
the generation of products by acid catalyzed pathways like the
production of furfural. Lactic acid was positively correlated
with seawater media with a correlation coefficient of 0.4
for Zealand and Salakta seawater and of 0.7 for Kerkenah
seawater. This perfectly matches previous analysis. Seawater is a
catalytic media to produce lactic acid from monosaccharides. 2-
furfural showed a positive correlation with NaCl compared
to KI. It presents a better correlation with the highest
concentration of NaCl.

FIGURE 7 | The effect of inorganic salts and seawater on D-xylose and

D-glucose conversion.

Concerning D-glucose, results are depicted in Figures 9A–C.
Observations explained 89.848% of the total variation (PCA1
69.04%, PCA2 20.79%) followed by the correlation circle (F1
66.16% and F2 20.69%). PCA effected by considering six
parameters and ten treatments. Conversion was highly positively
correlated with HMF production and fructose formation with
a Pearson correlation coefficient of 0.82 and 0.87, respectively.
It was also moderately correlated with lactic acid (R = 0.61)
and weakly correlated with levulinic acid (R = 0.24). On
the other hand, negatively correlated with formic acid (R =

−0.48). So, PCA analyses confirm clearly that HMF is positively
correlated to fructose, which explains the increase of HMF
production when fructose yield enhanced in seawater media.
Fructose and HMF are highly negatively correlated to formic
acid (R = 0.86 and R = 0.795, respectively) and weakly to
levulinic acid production (R = −0.068 and R = −0.148,
respectively). This negative correlation evinces HMF rehydration
into formic acid and levulinic acid as shown in Figure 3, and
thus HMF yield decreases when formic acid and levulinic acid
were formed. Possibly levulinic acid reacts in the media and
transformed into another molecule as its yield is lower than
that of formic acid. Lactic acid is highly negatively correlated
to formic acid (R = −0.895), and this may be explained
by the different reactions types to form them from glucose
based on Figure 3. Unlike lactic acid and furfural production
from D-xylose, lactic acid generation and 5-HMF appearance
from D-glucose are positively correlated. This observation
does not seem consistent with their formation pathways
requiring different pH conditions. D-glucose is however highly
resilient to conversion in a slightly acidic medium. 5-HMF
production is therefore facilitated by neutral or slightly alkaline
conditions which favor D-glucose transformation to D-fructose
by the Lobry Debruin VanEkenstein mechanism prior to the
dehydration reaction.

FIGURE 8 | Principal component analysis of molar conversion of D-xylose and its molar conversion efficiency into furfural and lactic acid under different salts

concentration and seawater treatment. (A) Correlation circle: red lines represent parameters (active variables) and blue lines show the treatments (supplemental

variables), (B) Observations, and (C) correlation plot. *P < 0.05; ***P < 0.001.
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FIGURE 9 | Principal component analysis of molar conversion of D-glucose and its molar conversion efficiency into fructose, formic acid, lactic acid, levulinic acid,

and HMF under different salts concentration and seawater treatment. (A) Correlation circle: red lines represent parameters and blue lines refer to the treatments,

(B) Observations, and (C) correlation plot. *P < 0.05; **P < 0.01; ***P < 0.001.

FIGURE 10 | Seawater is a cheap, abundant and safe medium able to improve conversion and dehydration reactions of monosaccharides compared to salts

aqueous medium.
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CONCLUSIONS

This study was focused on the different products generated
during hydrothermal treatment of D-xylose and D-glucose
at 211◦C in deionized water, NaCl and KI solutions at
various concentrations and seawater. Typical reaction
products were mixtures of lactic acid, formic acid, levulinic
acid, 5-HMF and 2-F. Figure 10 shows the main products of
each sugar under different treatments.

2-F yield from D-xylose is especially enhanced by the addition
of NaCl and increases with salt concentration. The addition of
NaCl to a D-glucose solution improves 5-HMF rehydration to
levulinic and formic acid. KI favored other pathways toward
formic acid production from D-glucose. 5-HMF production was
improved in seawater as well as D-fructose concentration which
indicates that this medium can promote isomerization. Seawater
is consequently a cheap and suitable medium to perform C5- and
C6-sugars conversion to furanic and acidic products especially
to lactic acid production. The use of seawater in combination
with dehydration catalysts or in biphasic systems could offer
interesting performances while sparing drinkable water resources
and should be investigated for developed costal countries.
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A double reagents simultaneous functionalization (DRSF) was used to prepare

porous polysilsesquioxane with NH2 and SH bifunctional groups (PAMPSQ)

coated poly(p-phenylenetherephthal amide) (PPTA) fibers adsorbents (PPTA-AM),

via in situ condensations with aminopropyltriethoxysilane (APTES) and

mercaptopropyltriethoxysilane (MPTES). The PAMPSQ coated on the PPTA surface

was in the form of nanoparticles and its morphology varied with the proportion of the

reactants. The PAMPSQ exhibited loose open meso- or macroporous features.

The functional groups utilization of PAMPSQ was much higher than those of

polysilsesquioxane on the mono-functional adsorbents with thiol or amino groups.

The selective adsorption of PPTA-AM adsorbents for Hg(II) in binary component metal

ion systems indicated their potential application in environmental remediation. The

adsorption mechanism of Hg(II) onto PPTA-AM was proposed.

Keywords: polysilsesquioxane, poly(p-phenylenetherephthal amide), bifunctional adsorbent, adsorption, Hg(II)

INTRODUCTION

Water contamination caused by heavy metal ions has become a serious worldwide environmental
problem that threatens the ecosystem, food safety, and human health. Thus far, many technologies
such as adsorption, solvent extraction, ion exchange, reverse osmosis, membrane filtration,
chemical precipitation, and electrolysis have been developed to remove heavy metal ions from
contaminated water samples (Huang et al., 1996; Basso et al., 2002; Gomez-Salazar et al., 2003).
Among them, adsorption is considered to be the optimum choice because it is facile and highly
effective (Zub et al., 2005; Li et al., 2011).

One particular type of adsorbents is based on polysilsesquioxanes, which have desirable
properties such as good hydrophilicity, chemical stability, and thermal stability (Hua et al., 2012;
Sun et al., 2014). However, there are also unresolved issues regarding easy agglomerate and low
utilization rate of the functional groups that eventually limit their applications (Liu et al., 2011).
Attempts were made by our group to solve some of these issues. Two types of mono-functionalized
fibrous adsorbents were prepared via the sol-gel condensation reactions (Wang et al., 2017).
PPTA fibers were separately coated with amino-polysilsesquioxane and thiol-polysilsesquioxane.
The resulting adsorbents, denoted as PPTA-A and PPTA-M, respectively, showed enhanced
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adsorption capacity for Hg(II) as compared to common
silica adsorbents and amino- or thiol- functionalized
polysilsesquioxane alone, due to the increase in specific
surface area and functional group utilization rate. In principle,
adsorption capacity of this type of functionalized adsorbents
depends on the affinity of the functional group to the metal
ion, as well as the morphology of the adsorbent material
which affects the functional group utilization rate. PPTA-A is
supposed to have similar or slightly better adsorption capacity
compared to PPTA-M because of the superior hydrophilicity
of the amino group vs. the thiol group. However, PPTA-A
exhibited compact gel structures due to existence of lots of
hydrogen bond while PPTA-M was able to form loose meso- or
macro-porous structures under similar conditions. The overall
effect of these two contradicting factors was that the adsorption
capacities of PPTA-A samples were much lower than those of
PPTA-M ones. It is our assumption that the strong hydrogen
bonds between amino groups and PPTA fibers resulted in the
compact structures, while the lack of such interaction between
thiol groups and PPTA fibers led to the formation of meso-
or macro-porous structures. But problems still remain, as the
utilization ratio of SH in PPTA-M is unsatisfactory.

In current work, in order to obtain a more ideal adsorbent
owning amino and thiol groups at the same time, amino-
polysilsesquioxane, and thiol-polysilsesquioxane were
introduced onto PPTA by a process named double reagents
simultaneous functionalization (DRSF). The combination of
weak alkaline amino groups and weak acidic thiol groups, on
one hand can reduce the hydrogen bond interactions between
the PPTA and functional groups then form porous structures
on the surface of PPTA; and introduce simultaneously two
kinds of functional groups only via one step on the other. Thus,
the adsorbents might enhance Hg(II) separation effect and the
utilization of functional groups. The synthesis proportions of
amino groups and thiol groups were optimized. The adsorption
kinetics, isotherms, selectivity, and adsorption mechanism of
the resulting bi-functionalized adsorbent were investigated and
discussed. This novel adsorbent showed favorable pore structures
and enhanced adsorption capacities.

EXPERIMENTAL

Materials and Characterization Methods
PPTA were provided by Yantai Tayho Advanced Materials
Co. Ltd., China. 3-Amino-propyltriethoxysilane (APTES)
and 3-mercaptopropyltriethoxysilane (MPTES) were bought
from Qufu Wanda Chemical Industry Co. Ltd., China.
Dimethylsulfoxide (DMSO) and sodium hydride (NaH) were
provided from Kishida Chemicals (Tokyo, Japan). Other
reagents and solvents were all of analytical grade and were used
as received directly.

Infrared (IR) spectra were measured on a fourier transform
infrared (FTIR) spectrophotometer Nicolet iS50 (Nicolet,
American). Surface morphologies were examined using Field
Emission Scanning Electron Microscope (FE-SEM SU8010)
(Hitachi, Japan). Thermogravimetric analysis (TGA) was
analyzed on a TA instrument for thermogravimetric analysis

(NETZSCHSTA 409 thermal analyzer, Germany). Elemental
analysis was obtained using an Elementar Vario EL b model
elemental analyzer (Elementar, Germany). Wide-angle X-ray
diffraction (WAXD) curves were carried out on a Rigaku-
D/max-2500VPC (Japan). X-ray photoelectron spectroscopy
(XPS) was performed on ESCALAB Xi+ (Thermo Fisher
Scientific, American). The parameters of the porous structures
were determined using an automatic physisorption analyzer
(ASAP 2020, Micromeritics, USA). Analysis of various metal ions
was performed on a flame atomic absorption spectrophotometer
(Varian AA240, American). The contents of -NH2 and -SH
groups were determined by elemental analysis.

Preparation of PPTA-AM
Preparation of PPTA-ECH and PPTA-APTES followed the
method in our previous work (Xu et al., 2016; Wang et al.,
2017). Then different molar ratios of APTES and MPTES (see
Table 1) were dissolved in 150mL DMSO and added to PPTA-
APTES in the flask. The mixture was subsequently stirred at
60◦C for 12 h and was cooled to room temperature. NH4F of
4mL (0.014 g mL−1) was added gradually with stirring and the
resulting mixture was stirred for an additional 24 h. Solid fibers
and solution were then poured into a Teflon-lined reactor and let
to stand for 7 days, maintained at a near-constant temperature
of 80◦C. Finally, the resulted fibers were separated from the
solution, extracted using re-fluxing ethanol for 48 h and dried
under vacuum at 60◦C for 80 h. The final products were denoted
as PPTA-AM-n as shown in Table 1, where n corresponds to
the percentage of APTES added. The synthetic route for the
preparation of PPTA-AM samples is illustrated in Scheme 1.

Adsorption Experiments
The adsorption experiments were carried out using 20mL of
different concentrations of Hg(II) solution with predetermined
amounts of PPTA-AM. The mixture solution was shaken at
25◦C and pH 5.0 for 24 h. The equilibrium concentration of
each solution was measured by Varian AA240. The adsorption
capacity of Hg(II) was calculated according to Equation (1):

qe =
(C0 − C)V

W
(1)

where qe represents the adsorption amount (mmol g−1); C0

and C represent the initial and final concentrations, respectively
(mmol mL−1); V, the volume of solution (mL); W, the weight
of adsorbents (g).

Adsorption kinetics were investigated from 0 to 7 h and the
amount of adsorbent used was 20mg. In addition, the effect
of Hg(II) initial concentration was also studied. The initial
concentrations were varied from 1 to 5 mmol L−1 at 25◦C.

Adsorption selectivity of PPTA-AM-n was established by
analyzing a solution containing Hg(II) and a coexisting ion
including Cu(II), Ni(II), Pb(II), Ag(I), and Cd(II). The used
adsorbents, PPTA-AM-n with adsorbed Hg(II), were eluted using
different percentages (0, 1, 2, 3, 4, and 5%) of thiourea in
0.5M HCl. The most effective eluent of 4% thiourea in 0.5M
HCl was used in five adsorption-desorption cycles on each
adsorbent sample.
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TABLE 1 | Formulations, element concentrations and binding energies of N1s, S2p, and Si2P of PPTA and PPTA-AM samples.

Samples APTES (mol)/

MPTES (mol)

(Molar ratio)

Element concentrations

Atomic %

Functional groups

content (mmol g−1)

C1S N1S O1S Si2P S2P NH2 SH

PPTA 0/0 73.68 7.85 19.47

PPTA-AM-90 136.17/15.13 (9/1) 67.14 6.07 16.37 8.63 1.79 1.25 0.55

PPTA-AM-70 105.91/45.39 (7/3) 58.26 5.94 19.52 11.91 4.37 0.95 0.97

PPTA-AM-50 75.65/75.65 (1/1) 53.35 5.61 23.74 11.97 5.33 0.73 1.27

PPTA-AM-30 45.39/105.91 (3/7) 52.04 5.26 22.49 13.30 6.91 0.42 1.58

PPTA-AM-10 15.13/136.17 (1/9) 51.75 5.06 22.16 13.19 7.84 0.13 1.75

SCHEME 1 | Schematic diagram of the simultaneous functionalization process for PPTA-AM.

RESULTS AND DISCUSSION

Characterization of PPTA-AM
IR Spectroscopy Analysis
The IR spectra of PPTA-AM samples are presented in Figure 1. It
can be observed that the absorption peaks around 1,640 and 1,545
cm−1 in PPTA fiber, which correspond to the C=O stretching
vibration of amide and C-N stretching vibration, respectively
(Yang et al., 2011), were weakened after modifications and

appeared red-shifted in PPTA-AM samples. The peak at 1,574
cm−1 attributed to the in-plane bending vibration absorption of
-NH2 (from APTES) (Mehdipouratae et al., 2013) was present
in PPTA-PAPSQ (Wang et al., 2017) but absent in all PPTA-
AM samples. This may be due to the interactions between the
thiol groups in MPTES and the amino groups in APTES. Two
broad and strong absorption peaks around 1,104 and 1,010 cm−1

in PPPTA-AM samples as compared to one intense absorption
peak at about 1,130 cm−1 in both PPTA-A and PPTA-M samples,
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FIGURE 1 | IR spectra of PPTA and PPTA-AM samples. PPTA (1), PPTA-AM-90 (2), PPTA-AM-70 (3), PPTA-AM-50 (4), PPTA-AM-30 (5), and PPTA-AM-10 (6).

which can be attributed to –Si–O–Si– structure (Wang et al.,
2017). This indicated that the structures of polysilsesquioxane
with bifunctional groups of thiol- and amino- in PPTA-AM
samples were different from those in mono-functional PPTA-A
and PPTA-M adsorbents.

FE-SEM Images
As shown in Figure 2, PPTA-AM samples coated with various
amounts of polysilsesquioxane exhibited varied surface
morphologies. PPTA-AM-90 possessed a compact porous surface
coating, and the surface nanoparticles of polysilsesquioxane
(NPPSQ) were tightly cemented together. Conversely, there
were a large number of NPPSQs densely aggregated in the
form of “pearl chains” on the surface of PPTA-AM-70. The
NPPSQs were relatively evenly distributed on the surface of
PPTA-AM-50 and PPTA-AM-30, but severely agglomerated on
the surface of PPTA-AM-10. The above observations indicated
that the ratio of APTES and MPTES had important effects on the
morphology and structures of NPPSQs on the surface PPTA-AM
samples. When the proportion of APTES was higher than that
of MPTES, NPPSQs tended to form compact porous structures
shown on PPTA-AM-90 and PPTA-AM-70, which was due to
the hydrogen-bonding interaction of -NH2 in APTES (Wang
et al., 2017). When the proportion of APTES were equal to (in
the cases of PPTA-AM-50) or lower than that of MPTES (in
the cases of PPTA-AM-30 and PPTA-AM-10), NPPSQs tended
to form loose and porous structures because of the weakened
hydrogen-bonding interaction of -NH2 caused by its interaction
with –SH in MPTES.

XPS Analysis
XPS results of wide-scan spectra of PPTA and PPTA-AM are
shown in Figure 3. The element concentrations (Table 1) of N
showed a gradually decreasing trend while those of S showed a
gradually increasing trend. However, the ratio of N to S on the
surface of PPTA-AM was not the same as that in the reactant
mixture of APTES and MPTES. The binding energies of N1s

showed three peaks of N1S in PPTA-AM-90–PPTA-AM-30 that
appeared at about 399, 400, and 401 eV, which can be assigned
to NH2 (Metwalli et al., 2006; Majumder et al., 2009), amide
(Giordani et al., 2009), and the protonated NH2 adjacent to Si-
OH, respectively (Acres et al., 2012). The binding energies of Si2p
that appeared at about 102 and 103 eV indicated there were two
types of Si in the polysilsesquioxane structure, which could be
assigned to Si–O–Si and Si–OH, respectively (Kropman et al.,
1997; Qiao et al., 2015). But in the spectrum of PPTA-AM-10,
only one peak of Si2p appeared at 102.45 eV, which was attributed
to Si-O-Si due to the highest MPTES proportion. It should be
noted that the binding energy of S2P increased gradually from
PPTA-AM-90 to PPTA-AM-10 due to the interaction between
SH and NH2, indicating that the ratio of APTES andMPTESmay
have contributed to the difference of polysilsesquioxane structure
in the PPTA-AM surface.

XRD Analysis and Nitrogen Adsorption

Measurements
The WAXD patterns of PPTA and PPTA-AM samples and their
corresponding crystalline parameters are presented in Figure 4

and Table 2, respectively. As shown in Table 2, the Bragg angle
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FIGURE 2 | FE-SEM images of PPTA and PPTA-AM samples.

(2θ) of (110), (200), and (211) crystal planes in PPTA-AM
samples, slightly decreased compared with those of PPTA fibers,
implying that the inter-planar spacing of each plane increased
and the stacking density of the crystallite decreased (Zhang et al.,
2006). Meanwhile, the values of full-width at half maximum
(fwhm) and the average sizes of crystallites perpendicular to
their diffracting planes (Lhkl) of modified PPTA fibers (PPTA-
AM) slightly increased. All the results suggested that the
crystal structures of PPTA fibers were affected significantly
after modifications, so that their relative crystallinity (crystalline
index, CI) was decreased. The CI of PPTA-AM samples were
lower than those of PPTA-A and closer to those of PPTA-M.
This may be due to the weakened effect of NH2 on the crystal
structure of PPTA fibers caused by the interaction between
NH2 and SH. Similarly to findings in our previous work, the
intensities of the diffraction peaks at 20.5 and 22.6◦ in PPTA-
AM samples decreased compared with those of the PPTA fibers.
This indicated the amorphous structures of polysilsesquioxane

with thiol and amino of bifunctional groups on the surface of
PPTA-AM (Li et al., 2015).

Nitrogen Adsorption Measurements
Results from the nitrogen adsorption-desorption experiments
are shown in Figure 5. It can be seen that the curves of
nitrogen adsorption -desorption isotherms PPTA-AM samples
were classified as type IV with H3 type hysteresis loop according
to the IUPAC classification (Zhao et al., 2012), suggesting that
PPTA-AM samples contained meso- or macroporous structures.
The hysteresis loops of all the PPTA-AM samples extrapolated
almost to P/P0 = 1, suggesting complete filling of the mesopores
(Adam et al., 2010), which is also regarded as one of the
characteristics of solids consisting of aggregates or agglomerate
particles forming slit-shaped pores with non-uniform size and
shape (Ahmed and Adam, 2007).

Table 2 showed that the BJH desorption pore size
distributions of PPTA-AM-90–PPTA-AM-10 were
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FIGURE 3 | XPS spectra of PPTA and PPTA-AM samples.

FIGURE 4 | XRD patterns of PPTA and PPTA-AM samples.

predominately in the ranges of 10∼85, 5∼80, 5∼60, 1∼65,
and 1∼70 nm, respectively, which were slightly lower than that
of PPTA- M (5–107 nm). The above results demonstrated that
the adsorbents with porous structures can be obtained by using
the DRSF method.

Saturated Adsorption
The saturated adsorption capacities of PPTA-AM for Hg(II) are
presented in Figure 6A. For PPTA-A obtained using different
quantity of APTES, the amounts of NH2 are 0.63, 0.99, 1.31,
1.51, and 1.52, and the adsorption amounts are 0.07, 0.20,
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TABLE 2 | Formulations, element concentrations, parameters of porous structures and ratio of functional group to metal ionon the surfaces of PPTA and PPTA-AM

samples.

Samples BET surface

area (m2 g−1)

BJH desorption

cumulative pore

volume (cm3 g−1)

BJH desorption

pore diameter

(nm)

2θ (◦) fwhm (◦) Lhkl (nm) CI (%)

(110) (200) (211) (110) (200) (211) (110) (200) (211)

PPTA – – – 20.89 22.98 28.76 2.38 2.06 2.48 4.26 3.86 3.10 82.06

PPTA-AM-90 2.04 0.03 10∼85 20.83 22.95 28.64 2.49 2.11 2.52 4.31 3.88 3.12 75.58

PPTA-AM-70 6.57 0.04 5∼80 20.79 22.96 28.61 2.53 2.12 2.54 4.35 3.87 3.13 74.89

PPTA-AM-50 7.16 0.15 1∼60 20.80 22.96 28.65 2.51 2.05 2.57 4.30 3.86 3.11 71.14

PPTA-AM-30 6.32 0.13 1∼65 20.81 22.93 28.68 2.50 2.15 2.55 4.29 3.86 3.11 72.91

PPTA-AM-10 16.51 0.14 1∼70 20.85 22.95 28.66 2.53 2.14 2.64 4.28 3.87 3.12 78.91

FIGURE 5 | Nitrogen adsorption–desorption isotherms of PPTA-AM samples.

0.26, 0.28, and 0.28 mmol g−1. And for PPTA-M obtained
using different quantity of MPTES, the amounts of SH are
1.41, 2.04, 2.18, 3.45, and 3.51 mmol g−1, and the adsorption
amounts are 0.32, 0.58, 0.65, 0.78, and 0.78 mmol g−1. As
shown in Figure 6A, the saturated adsorption capacities of
PPTA-AM-90–PPTA-AM-10 for Hg(II) were 1.13, 1.36, 1.32,
1.22, and 1.19 mmol g−1, respectively. That is, anyone is much
higher than that adsorption maximum of PPTA-A (0.28 mmol
g−1, with the highest amount of NH2 is 1.52 mmol g−1)
and that adsorption maximum of PPTA-M (0.78 mmol g−1,
with the highest amount of SH is 3.51 mmol g−1). Obviously,
the adsorption effect of amino- and thiol- polysilsesquioxane
simultaneously coating on poly(p-phenylenetherephthal amide)
fibers were much better than mono-functionalized poly(p-
phenylenetherephthal amide) fibers (PPTA-A and PPTA-M)
befitting from the synergistic effect. The adsorption capacity of
PPTA-A was lower than those of PPTA-AM, which could be

attributed to the lower loading of polysilsesquioxanes coating
on the surface. The only explanation for the much higher
adsorption capacities of PPTA-AM is that the polysilsesquioxanes
with bifunctional groups in PPTA-AM samples were of different
form and more conducive to Hg(II) adsorption than those in
PPTA-M. Meanwhile, the Hg(II) adsorption capacities of PPTA-
AM followed the descending order of PPTA-AM-70, PPTA-
AMPPTA-AM-50, PPTA-AM-90, PPTA-AM-30, and PPTA-AM-
10. This may be caused by a variety of factors such as the
content of functional groups, pore structure and morphology of
polysilsesquioxanes coating.

Determination of the Optimum pH Value
The pH value of the metal ions solution can impact the
interaction between metal ions and the surface structure of
adsorbents. The relationship between the saturated adsorption
capacities and pH is shown in Figure 6B. It was found that
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FIGURE 6 | Saturated adsorption capacities (A), effect of pH (B), adsorption kinetics (C), and adsorption isotherms for Hg(II) onto PPTA-AM samples (D).

the maximum adsorption values for the Hg(II) onto PPTA-
AM samples appeared at pH = 5.0. At low pH, NH2, and SH
on the surface of adsorbents were positively charged owing to
protonation, thus the adsorption was dominated by electrostatic
repulsion and disfavored. Moreover, the existence of a large
amount of H+ in the solution may compete adsorption with
Hg(II). With the increase of pH, the electrostatic repulsion
between PPTA-AM and Hg(II) reduced for deprotonation and
the deprotonated NH2 and SH can effectively coordinate with
Hg(II), thus the adsorption capacity of PPTA-AM for Hg(II)
increased (Ma et al., 2017). The uptake of Hg(II) beyond
pH 5.0 is decreased, which might attribute the formation of
metal hydroxide species such as soluble Hg(OH)+. Therefore,
the optimum value pH = 5.0 was chosen in the subsequent
experiments. This value was the same for PPTA-A and PPTA-M,
implying that the interaction of NH2 and SH did not affect the
optimum pH values.

Adsorption Kinetics and Adsorption
Isotherms
The adsorption kinetics for Hg(II) of PPTA-AMwere determined
to investigate the adsorption behavior and the results are shown
in Figure 6C. As shown in Figure 6C, the adsorption for Hg(II)

of PPTA-AM samples that reached equilibrium required a
minimum of 6 h. The experimental data were tested by using
to Pseudo-first-order (Barkat et al., 2009) and pseudo-second-
order (Ho et al., 2000) models and the adsorption kinetic process
were thus elucidated. The adsorption kinetics for Hg(II) of
PPTA-AM were better described by pseudo-second-order model
and equilibrium required a minimum within 6 h as shown in
Figure 6B. The adsorption rate and adsorption capacities of
PPTA-AM-70 were maximum, due to porous structure and
to proceed the bicontinuum process, which occurred either in
series or in parallel, being the more common bicontinuum
conceptualization (Brusseau et al., 1989).

The pseudo-first-order and pseudo-second order models are,
respectively, expressed by Equations (2) and (3).

ln(qe − qt) = ln qe − k1t (2)
t

qt
=

1

k2q2e
+

t

qe
(3)

qe and qt (mmol g−1) are the adsorption amounts of Hg(II) at
equilibrium and time t (min), respectively. k1 and k2 are the rate
constants of pseudo-first-order (h−1) and pseudo-second-order
(g mmol−1 h−1) adsorption. The experimental and calculated qe
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values, rate constants and regression coefficient (R2) values are all
presented in Table 3.

As shown in Table 3, the adsorption process followed the
pseudo-second-order model well and had better correlation
coefficients than the pseudo-first-order model for samples.
Therefore, the adsorption kinetics of Hg(II) onto the adsorbents
was better described by pseudo-second-order model.

The isotherm adsorption of PPTA-AM for Hg(II) was
investigated and the results are shown in Figure 6D. The
Langmuir and Freundlich equations were adopted to fit the
experimental data. The linear expressions of Langmuir and
Freundlich models can be written as Equations (4) and
(5) (Zhang et al., 2015):

Ce

qe
=

Ce

q
+

1

qKL
(4)

ln qe = lnKF +
lnCe

n
(5)

where qe is the equilibrium concentration of Hg(II) on the
adsorbent (mg g−1), Ce is the equilibrium concentration of
Hg(II) in solution (mg L−1), q is the maximum capacity of
adsorbent (mg g−1), and KL is the Langmuir adsorption constant
(L mg−1). KF is the binding energy constant reflecting the affinity
of the adsorbents to metal ions; n is the Freundlich exponent
related to adsorption intensity.

The corresponding Langmuir and Freundlich constants
and correlation coefficients (R2) are listed in Table 4. From
the correlation coefficients in Table 4, it can be concluded
that the experiment data fitted Langmuir equation better

than Freundlich equation, revealing the adsorption of Hg(II)
adsorption on PPTA-AM obeyed the Langmuir adsorption
isotherm. This implies that the adsorption of Hg(II) on
PPTA-AM followed the mechanism of monolayer adsorption
(chemisorption) (Qu et al., 2013).

Based on the qthe values in Table 4, these values have a
significant advantage over other silica adsorption materials, e.g.,
silica–dithizone at 0.22 mmol g−1 (Cestari et al., 2004), and
pure functionalized polysilsesquioxane, e.g., diethylenetriamine-
bridged polysilsesquioxanes at 1.81 mmol g−1 (Sun et al., 2014),
POSS-SH at 0.06 mmol g−1 (Wang et al., 2014). They are

TABLE 5 | Adsorption selectivity of PPTA-AM-70 toward Hg(II) at 25◦C (pH 5.0).

System Mental ions q (mmol g−1) Selectivity coefficient*

Hg(II)-Pb(II) Hg(II) 1.36 ∞

Pb(II) 0.00

Hg(II)-Cu(II) Hg(II) 1.35 ∞

Cu(II) 0.00

Hg(II)-Ni(II) Hg(II) 1.36 ∞

Ni(II) 0.00

Hg(II)-Cd(II) Hg(II) 1.36 ∞

Zn(II) 0.00

Hg(II)-Ag(I) Hg(II) 1.31 10

Ag(I) 0.13

*The selective coefficient was the ratio of adsorption capacities of metal ions in a

binary system.

TABLE 3 | Kinetic parameters for the adsorption of Hg(II) on PPTA-AM samples.

Adsorbents qexp

(mmol g−1)

Pseudo-first-order kinetics Pseudo-second-order kinetics

k1
(h−1)

qe(cal)

(mmol g−1)

R2
1

k2
(g mmol−1 h−1)

qe

(mmol g−1)

R2
2

PPTA-AM-90 1.125 0.156 0.858 0.9412 1.579 1.118 0.9972

PPTA-AM-70 1.365 0.197 1.154 0.9695 1.891 1.356 0.9973

PPTA-AM-50 1.315 0.183 0.109 0.9754 1.645 1.321 0.9975

PPTA-AM-30 1.216 0.173 0.965 0.9855 1.441 1.210 0.9973

PPTA-AM-10 1.186 0.160 0.956 0.9653 1.370 1.185 0.9962

TABLE 4 | Langmuir and Freundlich isotherm constants for the adsorption of Hg(II) on PPTA-AM at 25◦C (pH 5.0).

Adsorbents Langmuir Freundlich Ratio of functional

group to metal ion*

qthe
(mmol g−1)

KL

(L mmol−1)

R2
L

KF
(mmol g−1)

n R2
F

(NH2+SH)/Hg(II)

PPTA-AM-90 1.32 1.42 0.9982 0.051 1.80 0.9802 1.36

PPTA-AM-70 1.54 0.41 0.9961 0.10 2.42 0.9775 1.25

PPTA-AM-50 1.41 0.43 0.9914 0.11 1.98 0.9682 1.42

PPTA-AM-30 1.34 0.45 0.9912 0.15 1.68 0.9743 1.49

PPTA-AM-10 1.33 0.54 0.9941 0.041 1.57 0.9891 1.42

*The Ratio of functional group to metal ion is equal to M/q; wherein, M presents the amount of functional group (NH2 + SH) in PPTA-AM (Table 1).
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also higher than those of the monofuctional polysilsesquioxanes
coated PPTA fibers, e.g., PPTA-A at 10.64 mmol g−1 and PPTA-
M at 10.22 mmol g−1 (Wang et al., 2017). This implies that
PPTA-AM with amino- and thiol- bifunctional groups possessed
higher functional group utilization rates of polysilsesquioxanes
than PPTA-A and PPTA-M adsorbents with amino- or thiol-
monofunctional groups.

Adsorption Selectivity
The adsorption selectivities of PPTA-AM-70 were chosen
as representatives in binary ion systems to compare the
differences in adsorption properties between adsorbents with
bifunctional groups and those with monofunctional groups.
The results are presented in Table 5. From Table 5, it was
found that PPTA-AM-70 exhibited excellent selectivity toward
Hg(II) in the presence of Pb(II), Cu(II), Ni(II), and Cd(II),
implying that bifunctionalization had no significant effect on its
adsorption selectivity.

Adsorption Mechanism
The adsorption mechanism of PPTA-AM for Hg(II) using the
XPS technique by comparing the changes of binding energies of
N1s, S2p, and Hg4f before and after adsorption. Figure 7 shows
the N1s, S2p, and Hg4f spectra of PPTA-AM-70 after adsorbing
Hg(II). From Figure 7, it can be found that the binding energies

of N1s in NH2 and S2p in SH in PPTA-AM-70 were shifted from
399.03 to 399.68 eV and from 164.12 to 164.32 eV, respectively,
while that of Hg4f was shifted from 104.00 to 101.98 eV after
adsorption, implying that both NH2 and SH were involved in
the coordination with Hg(II). The binding energy of N1s of
amide 400.18 eV in PPTA-AM-70 had no change before and
after adsorption, indicating that N of amide was not involved
in adsorption process. The binding energy of S2p at 168.32 eV
implied that there was a certain degree of redox reaction in the
adsorption process (Qu et al., 2006).

According to the data in Table 4, the coordination ratio of
(NH2 + SH) to Hg(II) of PPTA-AM samples can be calculated
to be 1.36, 1.25, 1.42, 1.49, and 1.42, respectively, which were
much lower than 2.4–2.89 of NH2/Hg(II) for PPTA-A and 2.56–
3.96 of SH/Hg(II) for PPTA-M ones. This suggested that PPTA-
AM adsorbents needed only 1.25–1.49 (NH2+SH) to chelate one
Hg(II) ion. In other words, the bifunctional adsorbents prepared
by the DRSFmethod had higher functional group utilization than
those with monofunctional groups. This may be a result of their
unique loose open meso- or macroporous features of PAMPAQ.
Based on the above analysis, the adsorption mechanism of the
PPTA-AM samples is proposed as illustrated in Scheme 2. The
structures of chelates depended on the proportion of NH2 and SH
in PAMPSQ. When the proportion of NH2 was greater than SH,
the structure was dominated by I, II and IV.When the proportion

FIGURE 7 | N1s, S2p, Hg4f spectra of PPTA-AM-70 after Hg(II) adsorption.
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SCHEME 2 | Possible chelating structures of PPTA-AM with Hg(II).

of NH2 was lower than SH, the structure was dominated by I,
III, and V. When the proportion of NH2 was equal to SH, the
structure was dominated by I, IV, and V.

Regeneration
PPTA-AM-70 was chosen as a representative to test the
reusability. The elution rate was over 95% eluted by the eluent
system of 4% thiourea in 0.5M HCl. Thiourea in HCl is
frequently used for the desorption of Hg(II) from adsorbent
surfaces because the sulfur and nitrogen present in thiourea
can form a coordination interaction with Hg(II) ions, and
because thiourea dissolved in HCl is expected to have more
of a desorption effect (Velempini et al., 2019). Five cycles of
adsorption-desorption were carried out on a single adsorbent
sample and the results are shown in Table 6. As can be seen
from Table 6, the adsorption properties of PPTA-AM-70 had
only a small decrease after five cycles of adsorption-desorption,
with the uptake all being above 90%. Therefore, the adsorbent
was suitable for repeated use at a diminishing rate in the
adsorption capacity.

CONCLUSION

Bifunctional adsorbents PPTA-AM, amino- and thiol-
polysilsesquioxane (PAMPSQ) simultaneously coated
poly(p-phenylenetherephthal amide) fibers were successfully
prepared by developed DRSF method. The loose and meso-

TABLE 6 | Regeneration properties of PPTA-AM-70 for Hg(II) adsorption.

Regeneration times Qe (mmol g−1) Desorption rate (%)

1 1.365 94.52

2 1.355 93.53

3 1.341 92.23

4 1.325 90.56

5 1.306 90.55

or macro-porous structures of PAMPSQs in the form of
nanoparticles were formed on the surface of PPTA fibers.
The morphologies of the PAMPSQ coatings were dependent
on the the proportion of reactants of APTES and MPTES.
PPTA-AM adsorbents just need 1.25–1.49 NH2+SH chelate
one Hg(II) ion, indicating that the PAMPSQ coating in
these bifunctionals adsorbents had much higher functional
group utilization than pure functionalized polysilsesquioxane
adsorption materials, and the corresponding monofunctional
polysilsesquioxane coated PPTA fibrous adsorbents for
Hg(II) adsorption.
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Bio-based platform molecules such as itaconic, fumaric, and muconic acid offer much

promise in the formation of sustainable unsaturated polyester resins upon reaction

with suitable diols and polyols. The C=C bonds present in these polyester chains

allows for post-polymerization modification and such moieties are conventionally utilized

in curing processes during the manufacture of coatings. The C=C modification sites

can also act as points to add useful pendants which can alter the polymers final

properties such as glass transition temperature, biodegradability, hardness, polarity,

and strength. A commonly observed modification is the addition of secondary amines

via an aza-Michael addition. Conventional procedures for the addition of amines onto

itaconate polyesters require reaction times of several days as a result of undesired side

reactions, in particular, the formation of the less reactive mesaconate regioisomer. The

slow reversion of the mesaconate back to itaconate, followed by subsequent amine

addition, is the primary reason for such extended reaction times. Herein we report our

efforts toward finding a suitable catalyst for the aza-Michael addition of diethylamine

onto a model substrate, dimethyl itaconate, with the aim of being able to add amine

onto the itaconate units without excessive regioisomerization to the inactive mesaconate.

A catalyst screen showed that iodine on acidic alumina results in an effective,

heterogeneous, reusable catalyst for the investigated aza-Michael addition. Extending the

study further, itaconate polyester was prepared by Candida Antartica Lipase B (CaL-B)

via enzymatic polytranesterification and subsequently modified with diethylamine using

the iodine on acidic alumina catalyst, dramatically reducing the required length of reaction

(>70% addition after 4 h). The approach represents a multidisciplinary example whereby

biocatalytic polymerization is combined with chemocatalytic modification of the resultant

polyester for the formation of useful bio-based polyesters.

Keywords: biopolymer, itaconic acid, enzymatic polycondenzation, heterogeneous catalyst, Michael addition,

mesaconate
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INTRODUCTION

An over-reliance of the chemical industry on non-renewable
feedstocks has resulted in an ever growing interest in the
utilization of bio-derived platform molecules to substitute
petroleum-derived base chemicals as fundamental building-
blocks for the synthesis of higher value products (Werpy
and Petersen, 2004; Farmer and Mascal, 2014). Due to the
sheer volumes produced coupled with enormous diversity of
applications, it is not surprising that the field of polymer science
has shown particular interest in using platform molecules to
sustainably source monomers or monomer precursors (Mathers,
2012; Gandini and Lacerda, 2015; Isikgor and Becer, 2015;
Llevot et al., 2016; Zhu et al., 2016). Plastics such as poly(lactic
acid) (PLA), poly(butylene succinate) (PBS), and poly(ethylene
furanoate) (PEF) demonstrate how polymers with favorable
properties can be partly or wholly derived from platform
molecules. A more recent trend has been toward the synthesis of
functionalizable polymers and in particular, the polymerization
of common platform molecules, itaconic acid, muconic acid,
and fumaric acid with a range of diols/polyols such as 1,2-
ethanediol, 1,2-propandiol, 1,3-propandiol, 1,4-butanediol, and
glycerol (Figure 1) and to produce novel, 100% bio-derived
unsaturated polyesters (UPEs) (Fonseca et al., 2015, 2017; Robert
and Friebel, 2016; Rorrer et al., 2016; Costa et al., 2017; Kumar
et al., 2017; Patil et al., 2017; Farmer et al., 2018a). Synthesis
of these sustainable UPEs often employs conventional melt
polymerization methods using well established metal catalysts
(Ti, Al, Sn, and Zn) (Sakuma et al., 2008; Chanda and
Ramakrishnan, 2015; Farmer et al., 2015; Winkler et al., 2015;
Rowe et al., 2016; Schoon et al., 2017). Although valuable C=C
groups present on such monomers offer enhanced functionality
to the UPEs, they can also create many issues with the formation
of undesired side reactions during the polymerization. In the case
of itaconates, fumarates, and muconates typical side reactions
include isomerization, radical cross-linking (Figure 2A) and
Ordelt saturation (an oxo-Michael addition where an R-OH
end-group attacks the conjugated C=C through a β-addition,
Figure 2B; Farmer et al., 2015; Schoon et al., 2017).

To prevent radical crosslinking during conventional
polyesterification of such monomers, scavengers such as quinol
(Chanda and Ramakrishnan, 2015) and 4-methoxyphenol are
used as quenchers (Schoon et al., 2017). Enzyme catalyzed
polytransesterifications have proven somewhat effective
in limiting isomerization but achieving high degrees of
polymerization and efficient scaling-up these methods had
proven elusive (Corici et al., 2015; Pellis et al., 2015). Limiting
Ordelt saturation has proven even harder to achieve, most
likely due to the fact that Lewis acid catalysts promoting
polytransesterification will also increases the ability of the
conjugated C=C to act as a Michael acceptor to a hydroxyl
end-group. Once extensive crosslinking occurs the resultant
UPEs, for example when using itaconates, are typically soft
and rubbery and thus are only suitable for applications which
do not require inherent strength (Singh et al., 1991; Guo
et al., 2011; Wei et al., 2012; Dai et al., 2015a,b,c). Undesirable
isomerization of the C=C is also widely reported for UPEs

of itaconate, muconate fumarate, and maleate monomers,
with the latter two able to interchange between one another
(Figure 3A). In the case of itaconate containing polyesters,
regioisomerization during polyesterification results in the
formation of mesaconate (major) and citraconate (minor)
units (Figure 3B). Formation of these regio-isomer units lead
to greater complexity in the analysis of the polyesters, whilst
also effecting reproducibility of the polymers final thermal and
mechanical properties.

Previous research has continually observed
regioisomerization of itaconate during polyester synthesis.
The extent of this undesired reaction ranges from <10% (relative
to itaconate) as described by Teramoto (9%) (Teramoto et al.,
2005), Farmer (8%) (Farmer et al., 2015), and Spavojevic
(7%) (Panic et al., 2017), increasing up to nearly 60% in the
Takasu’s protocol using itaconic anhydride as the monomer
(Takasu et al., 1999). In the majority of the above examples
the typical reaction conditions are elevated temperatures above
160◦C, high vacuum to remove excess diol and relatively long
reaction times and acidic catalysts or polymer chain ends;
these conditions contribute to the promotion of mesaconate
formation. The most effective method to avoid underdesired
regioismerization during polycondenzation is to carry out the
reaction under milder enzyme-catalyzed conditions (Pellis et al.,
2019). However, regioisomerization has also been reported to
occur during addition of pendants to free unsaturated sites,
with a significantly increased proportion of mesaconate being
seen for high (>75%) but not complete addition (Clark et al.,
2009; Farmer et al., 2016). Pendant addition to itaconate UPEs
remains a very desirable pathway as significant alterations to
the polymers physical properties can be achieved, whilst the
pendants themselves exhibit behavior such as metal chelation.
Several recent studies have demonstrated post-polymerization
modification (PPM) of bio-based UPEs, allowing these polyester
backbones to be altered via facile Michael additions (Fonseca
et al., 2015, 2017; Robert and Friebel, 2016; Rorrer et al.,
2016; Costa et al., 2017; Kumar et al., 2017; Patil et al., 2017;
Farmer et al., 2018a). Additions of thiols, amines and metal-
chelating 1,3-dicarbonyls to bio-based UPEs have been recently
demonstrated, tailoring the properties of the polyesters to suit a
range of applications (Lv et al., 2014; Chanda and Ramakrishnan,
2015; Farmer et al., 2016). For example Hoffmann et al.
showed that amine pendant addition to itaconate polyesters
can tune the hydrophilicity of resultant gels and be tailored
depending on the choice of amine donor (Hoffmann et al., 2015).
Amine pendant itaconate polyesters have recently been used
to produced temperature switchable materials, with examples
of low-temperature depolymerization promoted by primary
amine addition (Guarneri et al., 2019) or secondary amine
release at elevated temperatures (>190◦C) (Pellis et al., 2019).
However, in many instances long reaction times for the addition
of the pendants are quoted with little or no discussion as to
why this is necessary. Lv et al. reported the need for 14–20 h
reaction times for the addition of thiols and amines, despite
the Michael donors being used in a 15-times molar excess (Lv
et al., 2014). Chanda reported 3 day long additions of both
thiols and amines to poly(dodecyl itaconate) UPEs (Chanda and
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FIGURE 1 | Common bio-derivable unsaturated diesters, diols, and polyols used in the synthesis of unsaturated polyester resins (UPEs).

FIGURE 2 | Typical undesired side-reactions of bio-based unsaturated polyesters (UPEs), example for poly(ethylene itaconate). (A) Radical induced cross-linking via

C=C, (B) Ordelt saturation (oxo-Michael addition of –OH end-group onto C=C) inducing crosslinking.

Ramakrishnan, 2015), while Winkler published thio-Michael
additions that ran overnight using a 5-times molar excess
of donor, and requiring 10 mol% hexylamine as a catalyst
(Winkler et al., 2015). In a recent study it was shown that
during aza-Michael addition of diethyl amine (DEA) onto
dimethyl itaconate (DMI, a mimic for the itaconate unit in
polyesters) regioisomerization (k2) is in direct competition
with desired addition (k1) (Figure 4; Farmer et al., 2018b).
Mesaconate (DMMes) formation was proven to be catalyzed
by the amine Michael donor (DEA) but because the DMMes
itself does not act as an acceptor (compounds 2 or 3 were not
detected, Figure 4) the lengthy reaction times were deemed to
be necessary. These long reaction times were found to be a result
of the slow reformation of DMI from DMMes (k∗2 , Figure 4),
with k∗2 being an order of magnitude slower than k1. It was
deduced that a suitable catalyst might be able to selectively
catalyze the desired aza-Michael addition before extensive
undesired regioisomerization occurs, resulting in significantly
reduced post-polymerization modification reaction times from
several days to just hours. Herein we report a study into finding
a suitable catalyst for the aza-Michael addition of DEA onto

DMI and an extension of this method to an addition onto
poly(1,8-octylene itaconate) UPE.

MATERIALS AND METHODS

Chemicals and Enzymes
Dimethyl itaconate (DMI) and cerium (III) ammonium
nitrate (CAN) were purchased from Alfa Aesar. Cerium (IV)
ammonium nitrate (CAN) was purchased from FSA. All
other chemicals and solvents were purchased from Sigma-
Aldrich and used as received if not otherwise specified. For the
powdered supports used as received in this study the following
information is available from the supplier (Sigma-Aldrich):
acidic alumina (19996-6), Brockmann I, 58 Å pore size, 150
mesh; neutral alumina (199974), Brockmann I, 58 Å pore
size; basic alumina (199443), Brockmann I, 58 Å pore size;
silica K60 (60738), 60 Å pore size, 220–240 mesh. Candida
Antarctica lipase B (CaLB) immobilized onto methacrylic
resin was purchased from Sigma-Aldrich (product code L4777,
also known as Novozym 435). The enzyme was dried under
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FIGURE 3 | Isomerization between (A) fumarate and maleate units in UPEs or

(B) itaconate and mesaconate/citraconate units in UPEs.

vacuum for 96 h at 25◦C and stored in a desiccator prior
to use.

Preparation of CAN on Silica
Immobilization 1: To a 50mL round bottomed flask, 1 gram
from K60 silica gel was added with 0.2 mmols (109.7 mg) of
(NH4)Ce(NO3)6 and 20mL of MeOH. Equipped with a reflux
condenser, the solution was stirred slowly using amagnetic stirrer
bar, at room temperature for 2 h. The solvent was then slowly
evaporated over an hour under increasing reduced pressure until
10 mbar vacuum was achieved. The resultant bright orange
material was then place under high vacuum (<1 mbar) for 2 h
and then stored under an inert purge until required. Actual
quantities used resulted in a loading of 0.156 mmol g−1 CAN
on silica.

Immobilization 2: Increased concentrations of physisorbed
(NH4)Ce(NO3)6 were prepared as shown above, but using 0.5
mmol of (NH4)Ce(NO3)6 with 1 g of silica giving a loading of
0.403 mmol g−1.

Preparation of Iodine on Alumina or Silica
For the generation of the various forms of iodine (I2) on alumina
or silica, the standard loading of I2 was 0.1 mmol (as I2 ≡

0.2 mmol elemental I) per gram of alumina/silica (Deka and
Sarma, 2001). To create this, 0.3804 g of I2 was dissolved in 30mL
dichloromethane, before 15 g of the either alumina or silica was
added to the reaction mixture. This suspension was then stirred
for 30min, before the excess solvent was removed under reduced
pressure at 40◦C. The orange/red powder obtained was then left
to dry fully overnight before use. For higher loadings the iodine
amount was multiplied (2x, 3x, and 4x) as required while all other
reagent amounts and procedures were followed as above.

Enzymatic Polycondenzation for Formation
of Poly(1,8-Octylene Itaconate) (POI)
The solventless synthesis procedure was taken from previous
literature (Pellis et al., 2018, 2019). Briefly: 6 mmols of dimethyl

itaconate and 6 mmols of 1,8-octanediol were accurately weighed
into a 25mL round bottom flask. The mixture was then stirred
at 85 ◦C until a homogeneous melt was obtained. Ten percent
w w−1 calculated on the total amount of the monomers of
Novozym 435 was then added to the reaction mixture. The
reactions were run for 6 h at 1,013 mbar. A vacuum of 20 mbar
was subsequently applied for an additional 18 h maintaining
the initial reaction temperature (total reaction time: 24 h). The
reaction product was recovered by adding THF to dissolve the
POI, the supported CaLB catalyst was removed via vaccum-
assisted Buchner filtration (Fisherbrand filter paper QL100,
70mm diameter), and the solvent from the filtrate evaporated
under vacuum to yield the POI polymer product. The polymer
was characterized (1H-NMR spectroscopy in CDCl3, Figure S10)
without any additional purification steps prior to use.

Aza-Michael Addition of Diethylamine
(DEA) Onto Dimethyl Itaconate (DMI) Using
Cerium Catalysts
2.5 mmol of dimethyl itaconate and the selected catalyst (2 mol%
Ce relative to DMI) were accurately weighed into an 8mL flat
bottomed sample vial. Twenty millimoles of diethylamine was
added to the reaction and stirred at room temperature for 2 or
6 h when kinetic studies were made (taking aliquots at 2 hourly
intervals for analysis by 1H-NMR spectroscopy, CDCl3 solvent).
For the recovery of the catalyst the reaction mixture was filtered
via vacuum-assisted Buchner filtration (Fisherbrand filter paper
QL100, 70mm diameter), with no solvent washing, the collected
catalyst was left to air-dry over night between reuses.

Aza-Michael Addition of Diethylamine
(DEA) Onto Dimethyl Itaconate (DMI) Using
Molecular Iodine Catalysts
2.5 mmol of dimethyl itaconate and the selected amount of
catalyst (no catalyst, 1.5, 5, 12.5 mol% of I2 relative to DMI)
were accurately weighed into an 8mL flat bottomed sample vial.
Twenty millimoles of diethylamine was added to the reaction
and stirred at room temperature for 2 h. An aliquot of the
reaction mixture was dissolved in CDCl3 for analysis by 1H-
NMR spectroscopy.

Aza-Michael Addition of Diethylamine
(DEA) Onto Dimethyl Itaconate (DMI)
Supported Iodine Catalysts
2.5 mmol of dimethyl itaconate and the selected catalyst (5%mol
w.r.t. I2 per mole of DMI= 1.28 g of standard catalyst 1x loading
catalyst) were accurately weighed into an 8mL flat bottomed
sample vial. Twenty millimoles of diethylamine was added to the
reaction and stirred at room temperature for 2 h. The catalyst
was removed by filtration and an aliquot of the filtrate was
dissolved in CDCl3 for analysis by 1H-NMR spectroscopy. For
the recovery of the catalyst the reaction mixture was filtered
via vacuum-assisted Buchner filtration (Fisherbrand filter paper
QL100, 70mm diameter), with no solvent washing, the collected
catalyst was left to air-dry over night between reuses. A dry free-
flowing powder was obtained from each air drying. For the iodine
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FIGURE 4 | Competitive reaction between either the addition of diethyl amine (DEA) to dimethyl itaconate (DMI) or regioisomerization of DMI to form dimethyl

mesaconate (DMMes, dominant isomer) or dimethyl citraconate (DMCit, minor isomer).

on alumina loading study the relative quantity of I2 (relative to
DMI) was increased to 12.5%mol.

Extended Recovery and Reuse (10 Cycles)
of Iodine on Acidic Alumina for the
Aza-Michael Addition of Diethylamine
(DEA) Onto Dimethyl Itaconate (DMI)
2.5 mmol of dimethyl itaconate and 1.28 g of 0.1 mmol g−1 I2 on
Al2O3 catalyst (5%mol w.r.t. I2 per mole of DMI) were accurately
weighed into an 8mL flat bottomed sample vial. 20mmol of
diethylamine was added to the reaction and stirred at room
temperature for 2 h. The catalyst was removed via vacuum-
assisted Buchner filtration (Fisherbrand filter paper QL100,
70mm diameter), with no solvent washing, the collected catalyst
was left to air-dry over night between reuses. For each used an
aliquot of the filtrate was dissolved in CDCl3 for analysis by
1H-NMR spectroscopy.

Aza-Michael Addition of Diethylamine
(DEA) Onto
Poly(1,8-Octyleneitaconate) (POI)
2.5 mmol of POI (0.6 g, based on constitutional repeat unit
of 240.29 g mol−1) and 0.64 g of 0.2 mmol g−1 I2 on Al2O3

catalyst were accurately weighed into an 8mL flat bottomed
sample vial. Twenty millimoles of diethylamine was added to
the vial and stirred for 24 h with aliquots taken at various
intervals for analysis by 1H-NMR spectroscopy (CDCl3 solvent).
After 24 h the reaction mixture was filtered to remove the spent
catalyst (where used), excess DEA was removed in vacuo and the

resultant viscous polymer analyzed by 1H-NMR (CDCl3 solvent)
to compare against known previous literature characterization
for this material (Pellis et al., 2019). For the non-catalyzed
reaction 0.52 g and 0.54 g (duplicate) of polymer was recovered,
for the catalyzed reaction 0.33 g and 0.22 g (duplicate) of polymer
was recovered.

Nuclear Magnetic Resonance (NMR)
Spectroscopy
1H, 13C, DEPT and HMQC NMR spectroscopic analysis
were performed on a JEOL JNM-ECS400A spectrometer at
a frequency of 400 MHz. CDCl3 was used as the NMR
solvent for itaconate-based polymers and for the aza-Michael
addition experiments.

Gel Permeation Chromatography (GPC)
GPC was carried out using a PSS SDV High set composed of
3 analytical columns (300 × 8mm, particle diameter 5µm) of
1,000, 1,000 × 105 and 106 Å pore sizes, plus guard column
(Polymer Standards Service GmbH, PSS) installed in a PSS
SECcurity SEC system. Elution was with THF at 1mL min−1

with a column temperature of 30 ◦C and detection by refractive
index. Twenty microliter of a ∼2mg mL−1 sample in THF,
adding a drop of toluene as reference standard, was injected for
each measurement and eluted for 50min. Calibration was carried
out in the molecular weight range 370–25,20,000 Da using the
ReadyCal polystyrene standards supplied by Sigma Aldrich and
referenced to the toluene peak.
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Nitrogen Porosimetry
Nitrogen adsorption measurements were carried out at 77K
using a Micromeritics Tristar Porosimeter. Prior to analysis,
the catalyst samples were outgassed at 180◦C for 8 h under
a flow of nitrogen gas. The specific surface areas were
evaluated using the Brunauer–Emmett–Teller (BET) method in
the P/P0 range 0.05–0.3 (linear range). Pore size distribution
curves were calculated using the adsorption branch of the
isotherms and the Barrett–Joyner–Halenda (BJH) method, and
pore sizes were obtained from the peak positions of the
distribution curves.

Thermogravitmetric Analysis (TGA)
TGA was performed on a PL Thermal Sciences STA 625 thermal
analyzer. 10mg of sample was weighed into an aluminum cup,
placed in the furnace with a N2 flow of 100mLmin−1 and heated
from 30 to 625◦C at a heating rate of 10◦C min−1.

RESULTS AND DISCUSSION

Aza-Michael addition onto unsaturated polyesters are typically
performed without catalyst, however as previously mentioned
this requires extensive reaction times (Blaha et al., 2018;
Pellis et al., 2019). Contrastingly, catalysts are often used
for aza-Michael additions when synthesizing drug molecules,
allowing lower activation energies and thus increased rates
of reaction. Example catalysts include boric acid (Chaudhuri
et al., 2005), lipases (Dhake et al., 2010), sulfonated zirconia
(Reddy et al., 2008), copper(II) acetylacetonate (Kantam et al.,
2005), and indium trichloride (Yang et al., 2007) but more
commonly observed is the use of lanthanide metal-centered
catalysts (e.g., SmI2 Reboule et al., 2005 and Yb(OTf)2 Jenner,
1995). Such catalysts have been shown to be particularly
efficient for promoting aza-Michael additions, their activity
assumed to be a result of Lewis acid behavior drawing electron
density away from the C=C and making the β-position

FIGURE 5 | Example 1H NMR spectrum of the crude product from aza-Michael reaction between DMI and DEA with 3.8–3.5 ppm expanded region of the spectrum

shown. Spectra of the crude reaction mixture was recorded in CDCl3 after 2 h of reaction.

Frontiers in Chemistry | www.frontiersin.org 6 July 2019 | Volume 7 | Article 50137

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Moore et al. Improving Itaconate Aza-Michael Additions

more susceptible to attack from the nucleophilic amine.
Of the lanthanide series, cerium (Ce) is one of the most
intriguing as it can readily switch between the (IV) and
(III) oxidation states whereas other lanthanides generally
tend to only be stable in the (III) oxidation state. Cerium’s
(IV) state has high oxidizing power (Kilbourn, 1986) and
high redox potential meaning that cerium has been widely
used as a single electron oxidant, though the salts of
cerium as Lewis acids have received somewhat less attention
(Sridharan et al., 2007).

Investigations Into Cerium Ammonium
Nitrate as a Catalyst for Aza-Michael
Additions
Cerium ammonium nitrate (CAN) is one of the most
documented amongst the cerium-based catalysts (Sridharan and
Menendez, 2010; So and Leung, 2017). CAN is able to act as a
catalyst for a multitude of reactions, including carbon-nitrogen
bond forming reactions such as aza-Michael additions (Nair and
Deepthi, 2007) and has the benefit of being widely available
and relatively cheap. Furthermore, it has also been shown to be
an efficient catalyst toward both aliphatic and aromatic amine
additions to Michael acceptors, thus offering a broad substrate
scope (Duan et al., 2006).

Despite its high activity, recycling of cerium complexes as
catalysts has not been well-documented in the literature and
whilst a recent review (Molnar and Papp, 2017) on catalyst
recycling mentioned two cerium containing complexes, both
catalysts had cerium as a minor component. As such, we
additionally sought to find an appropriate means of catalyst
recovery and reuse in this work.

In alignment with our previous study into the un-catalyzed
addition of amines on polyesters (Farmer et al., 2018b; Pellis
et al., 2019), we first elected to study the room temperature
addition of DEA using DMI as a model compound (Figure 4)
representing the UPRs constitutional repeat unit (CRU). Use
of a small model compound also aided analysis and avoided
issues of changing reaction viscosity and consequently, effects of
mass transfer. 1H NMR analysis of the DMI and DEA reaction
mixture showed peaks A and I, confirming the presence of
regioisomerization product DMMes (Figure 5). Peak H shows
CH2 of the excess unreacted DEA, whilst there is significant
overlap between the amine protons and CH3 peaks J, making
these unquantifiable for some samples. Peaks F is a complex
multiplet as the surrounding H atoms are inequivalent, with a
similar observation seen for signal G. To calculate the relative
amounts of DMI and DMMes, peaks labeled D (methyl ester
groups, CO2CH3) were integrated as 6 protons. These peaks are
expanded in Figure 5 to demonstrate the detectable difference.
Although 6 different environments are possible for the methyl
ester groups only five signals are observed; D2 is a combination
of the unsaturated ester of DMI and one of the ester groups of
DMMes. Using these signals we were able to quantify the relative
molar ratios of DMI (D2+D3), DMMes (D1+D2) and desired
adduct 1 (D4+D5) during the course of reaction. The following

FIGURE 6 | Time course for aza-Michael addition of DEA onto DMI using

CAN(IV) as catalyst, showing the first use (R0) and the subsequent three

recycles (R1–R3) of the free catalyst and comparison to the no catalyst control.

All experiments were performed in duplicates and are shown in the figure as

the average of two independent experiments ± the standard deviation. The

catalyst was used as received (Sigma-Aldrich) without pre-treatment.

equation was used (PI= peak integral):

% adduct 1 = 100 x
(PID4 + PID5)

(PID1 + PID2 + PID3 + PID4 + PID5)
(1)

As shown in Figure 6, non-immobilized CAN(IV) (Figure 6, R0,
white boxes) noticeably increases the formation of aza-adduct
over the studied timescale (2–6 h) relative to the conventional
un-catalyzed system (Figure 6, white circles). Interestingly, the
CAN(IV) catalyst remained insoluble in the reaction media for
the duration of the reaction and was therefore investigated as
a potentially recoverable and reusable heterogeneous catalyst
(Figure 6, R1–R3, shades of gray boxes). However, CAN’s activity
was found to steadily decrease upon re-use, particularly upon
the third reuse (R3, Figure 6). As such, experiments were
conducted to further understand the mechanism of the catalyst
deactivation in the DMI + DEA model system, in the hope that
it would highlight approaches to both improved adduct yield and
enhanced catalyst recycling.

The reduction of Ce(IV) to Ce(III), with regeneration of
Ce(IV) by an external oxidant was considered as one possible
mechanism of catalysis. If this was the case, it was thought
that the addition of a constant supply of oxygen to act as
an oxidizing agent for Ce(III), would improve the recyclability
allowing Ce(IV) to be constantly regenerated. However, as shown
in Figure S1, this was not successful, where the two Ce oxidation
states might exhibit similar activity and the addition reaction
could be independent of oxidation state. Decrease in catalytic
activity of the recycled catalyst was possibly due to the CAN itself
deactivating overtime. CAN(IV) has 2 ammonium and 6 nitrate
groups, and CAN(III) has 2 ammonium and 5 nitrate groups. In
order to test whether the CAN(IV) was losing its nitrate groups,
and consequently catalytic ability, themolar equivalent of sodium
nitrate was added to the reaction on CAN’s 4th recycle in an
attempt to regenerate the CAN(IV). However, there appeared
to be little benefit in addition of the sodium nitrate to prevent
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deactivation of either CAN(III) or CAN(IV), though the latter
did show a slightly higher activity after 4 reuses with nitrate
addition (Figure S2).

Activity of CAN (IV) and CAN(III) was shown to exhibit
slight differences, where CAN(IV) was found to be more efficient
at maintaining recyclability but the CAN(III) more efficient for
the initial run. The increasing ionic charge might explain this,
where increased Lewis acid capability allows CAN(IV) to act as
a better catalyst. As for explaining the cases where CAN(III) is
a better catalyst, further experiments were conducted. Michael
additions with CAN were attempted with various amines to see
how steric bulk affected the Michael addition and further probe
differences between the two oxidation states; Figure S3 shows
the dipropylamine (DPA, Figure S3A) and dibutylamine (DBA,
Figure S3B). Interestingly, the difference between CAN(IV) and
CAN(III) appears to increase with increasing steric bulk of the
amine. Dicyclohexane (DCHA) and diisopropylamine (DIPA)
were also tested however no reaction appeared to take place,
most likely due to the much more bulky sterics of diisopropyl
and cyclohexyl groups. Ce(III) is a bigger ion due to reduced
orbital contraction and the increased relative size may have
the effect of allowing increasing co-ordination with substrates.
This together with one less nitrate group and the increased
nucleophilicity of dibutylamine (and relatively small increase
in sterics in comparison with the propyl group) might explain
the increase rates of reaction seen with the large amine group
and Ce(III).

Another consideration was that the Michael adduct, 1, might
be hindering the catalytic ability of CAN (both III and IV).
Therefore, prior to the Michael addition reaction, CAN(IV) and
CAN(III) were stirred for 2 h with a small amount of purified
product 1, this was then removed before performing the reaction
as normal. The results are shown in Figure S4 (Figure S4B,
shows a comparison without this extra pre-reaction step). Initial
observations suggest that the addition of product 1 actually
improves the reaction; however this is very unlikely to be the
case. Incomplete removal of the addition product from the CAN
increases the amount of addition product in the reaction, which
invalidates the experiment. However, considering the increases
in adduct yield as time passes, it is reasonable to conclude that
the addition product had no effect, positive or negative, on the
catalytic ability of CAN.

Interestingly, a consistent observation was that the CAN(IV)
catalyst starts as an orange powder, but after the first reuse the
color changes dramatically to give a brown sticky residue that
adheres to the side of the reaction vessel. It was considered
that this change in physical state might reduce available reactive
surface area as well as the catalyst structure itself. In order to
avoid agglomeration of the catalyst to a residue, CAN (IV) was
physisorbed on to silica, with the aim of retaining small particle
sizes with good accessibility. Two different loadings of CAN(IV)
on silica were prepared to investigate the effect of loading on
reuse and catalytic activity. Figure S5 shows a comparison of
catalytic activity between the free and two different immobilized
CAN(IV) catalysts and surprisingly, the same loss of activity
after reuse is observed and appears to be independent of catalyst
loading. Although catalytic activity appears not to be a result

of surface area loss, the immobilized CAN(IV) was more easily
recovered a reused and therefore this approach still offers some
merit, despite not overcoming the catalyst deactivation.

Alternative Catalysts to CAN for
Aza-Michael Additions
CANs deactivation issues led us to search for alternative catalysts
for the reaction between DMI and DEA. Complexes containing
trifluoromethanesulfonate (OTf) ligands are known to be useful
in metal-centered catalysis due to their ability to make the central
metal ion highly electrophilic, and further to this, there have
been many literature reports of complexes containing OTf being
recyclable as well as efficient for Michael additions (Kobayashi
et al., 1992). Both Ce(IV) and Ce(III) OTf were tested and initially
showed much more promising yields to Michael adduct 1, being
considerably higher than those achieved with the CAN catalyst
(Figure 7A). Unfortunately, Figure 7B shows that the catalytic
ability of CeOTfs reduces significantly upon reuse, achieving
similar conversions to the non-catalyzed background syntheses,
suggesting almost total deactivation. A comparison between the
two oxidation states for the OTf salts showed that the 4+ state is a
better catalyst until it is consumed or made ineffective, thereafter
the 3+ state dominants, contrary to the trend observed for the
CAN catalysts. It is possible that in CeOTf, Lewis acidity is the
primarymechanism of catalysis (more so than the CAN) in which
case a more electrophilic Ce(IV) is a better Lewis acid.

This data led us to seek an alternative to lanthanide catalysts.
A further screen of the literature suggested molecular iodine
(I2) as a promising candidate since it is reported to catalyze the
addition of various aliphatic Michael acceptors and donors at
high yields (>80%) (Borah et al., 2010). The amount of catalyst
(based on relative %mol of I2 to Michael acceptor) was screened
at 1.5, 5, and 12.5%mol (entries 2–4, Table 1). Molecular iodine
gave impressive yields (76–90%) for all three loadings, giving
considerably higher yields than using no catalyst (entry 1, 26–
28%), and producing limited amounts of the unwanted DMMes
isomer. However, the molecular I2 dissolved entirely in the excess
of DEA, making it unrecoverable. Saikia et al. previously showed
that I2 can be supported onto alumina and used for other aza-
Michael additions. This approach was therefore considered and
further investigated (Saikia et al., 2009). Acidic alumina (i.e.,
without I2), used as received, was found to have no catalytic
ability (entry 5, Table 1), giving similar results to the no catalyst
system (entry 1) with the exception of a slight increase in the
isomerization of DMI to DMMes. The low catalytic ability of
acidic alumina differs from observations of Bosica and Abdilla
who found it to be suitable catalyst for aza-Michael additions
of aromatic amines (Bosica and Abdilla, 2016). However, acidic
alumina was found to be a suitable support for supporting I2.
Using the preparation method given by Deka and Sarma a free-
flowing heterogeneous catalyst was prepared and found to give
reasonable yields of adduct even upon recovery (via vacuum-
assisted Buchner filtration and air drying) an subsequent reuse
(entry 6, Table 1; Deka and Sarma, 2001). Nitrogen porosimetry
(Figure S6) showed the BET surface area of the acidic alumina
(120 m2 g−1) decreased slightly upon supporting 0.1 mmol g−1
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FIGURE 7 | Comparison and recyclability of the CAN vs. the CeOTf catalysts. (A) Time course of the aza-Michael addition of DEA on DMI using the CeOTF (left) and

the CAN (right) catalysts alongside no catalyst control; (B) recyclability of the CeOTf (left) and the CAN (right) catalysts. Spectra of the crude reaction mixture was

recorded in CDCl3 after 2 h of reaction. All experiments were performed in duplicates and are shown in the figure as the average of two independent experiments ±

the standard deviation. The catalysts were used as received (Sigma-Aldrich) without pre-treatment.

fresh I2 (110 m2 g−1), and decreased further for the recovered
catalyst (86 m2 g−1). Pore size distribution would suggest this
reduction in surface area was a result of partial blocking of the
mesopores (Figure S7), though despite this reduction in surface
area the 0.1 mmol g−1 I2 on acidic alumina maintained its
catalytic ability upon reuse (entry 6,Table 1). Thermogravimetric
analysis (TGA) corresponds to the porosimetry trends, showing
the mass loss up to 625◦C for the acidic alumina support (∼5%
loss, Figure S8A) increases slightly to 7–8% loss following 0.1
mmol g−1 loading of I2 (Figure S8B). Of note is that the loss
of I2 does not appear to give a specific narrow temperature
range for desorption, but instead seems to occur over a
broad temperature range. The recovered catalyst’s TGA trace
(Figure S8C) shows an additional mass loss over the 30–220◦C
range, this attributed both to some residual amine (30–80◦C,
diethylamine b.p. is 55.5◦C) and trapped itaconate, mesaconate,
and adduct (100–220◦C). The residual organics observed by TGA
likely also caused the surface area and pore size reduction seen
from porosimetry.

Equivalent supported forms of 0.1 mmol g−1 I2 on neutral
(entry 7, Table 1) and basic (entry 8, Table 1) alumina were
also prepared and trialed for the addition of DEA to DMI,

but the original system on acid alumina was found to remain
superior. 0.1 mmol g−1 I2 on K60 silica (I2-SiO2) was also
assessed as a potential heterogeneous form of iodine (entry
10, Table 1), though this proved less efficient than the alumina
supported systems. The I2-SiO2 seemingly promoted undesirable
isomerization to a greater extent (>30%) compared to the other
catalysts, an observation similarly observed for K60 silica without
iodine (entry 9, Table 1). Amberlyst-15, an acidic heterogeneous
resin, has also been reported to catalyze aza-Michael additions
though for our substrate was found to have limited activity (entry
11, Table 1; Das and Chowdhury, 2007).

Extended Re-use Study for I2 on Acidic
Alumina
An extended recyclability study to 10 full cycles was carried out
using the standard loading 0.1 mmol g−1 I2 on acidic alumina
catalyst (Figure 8) for the addition of DEA onto DMI. The
first use and subsequent first four recycles retain good catalytic
activity, whilst a slight reduction in activity was observed after
the 5th recycle. Despite yields to adduct 1 dropping to ∼48%
for the last three uses, this remained considerably higher than
with no catalyst at all (26–28% entry 1, Table 1, and Figure 9) or
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TABLE 1 | Catalyst screen for the solvent-less reaction of DEA with DMI after 2 h.

Entry Catalyst 1st or reuse %mol DMI %mol DMMes %mol Michael adduct 1

1 No Catalyst 1st use 50 22 28

Repeat 51 23 26

2 Iodine (I2)
a (1.5%mol) 1st use 13 20 67

Re-use Homogeneous—not recoverable and reusable

3 Iodine (I2)
a (5%mol) 1st use 4 16 80

Re-use Homogeneous—not recoverable and reusable

4 Iodine (I2)
a (12.5%mol) 1st use 9 1 90

Re-use Homogeneous—not recoverable and reusable

5 Acidic aluminab 1st use 44 27 29

Re-use 47 27 26

6 I2 on acidic alumina (0.1 mmol g−1 I2 loading) 1st use 6 21 73

Re-use 4 22 74

7 I2 on neutral alumina (0.1 mmol g−1 I2 loading) 1st use 20 27 53

Re-use 14 28 58

8 I2 on basic alumina (0.1 mmol g−1 I2 loading) 1st use 5 25 70

Re-use 7 24 69

9 K60 silicac 1st use 41 29 30

Re-use 35 30 35

10 I2 on K60 silica (0.1 mmol g−1 I2 loading) 1st use 22 35 43

Re-use 14 31 55

11 Amberlyst-15 (0.25 g) 1st use 40 29 31

Re-use 26 34 40

2.5 mmol DMI, 20 mmol DEA, 5%mol (w.r.t. I2 per mole of DMI = 1.28 g of standard catalyst) catalyst unless otherwise stated, stirred for 2 h at room temperature, analysis by NMR

spectroscopy (CDCl3 solvent).
aMolecular iodine had no Run 2 as it was not recoverable from the reaction mixture.
bMass of acidic alumina used equals that used for I2 on alumina catalyst (1.25 g).
cMass of K60 silica used equals that used for I2 on K60 silica (1.25 g).

FIGURE 8 | Extended re-use study of I2 on acidic alumina catalyst for addition of diethyl amine onto dimethyl itaconate. 2.5 mmol DMI, 20 mmol DEA, 1.28 g of 0.1

mmol g−1 I2 on Al2O3 (standard loading) catalyst, stirred for 2 h at room temperature, reaction mixture filtered then filtrate analyzed by NMR spectroscopy (CDCl3
solvent) while catalyst was recovered and reused with fresh reactants. Following filtration the catalyst was air-dried overnight prior to reuse between each run. All

experiments were performed in duplicates and are shown in the figure as the average of two independent experiments ± the standard deviation.

when acidic alumina without I2 was used (29%, entry 5, Table 1).
The catalyzed experiment started with 1.28 g of catalyst but after
the 10 full cycles 1.06 and 0.97 g (duplicate) of final catalyst

was recovered. As such the final runs had catalyst loadings
reduced to 76–83% of the original and this mass loss may have
contributed to some of the reduced adduct yield observed over
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FIGURE 9 | Reaction scheme for addition of diethyl amine (DEA) pendant onto poly(octylene itaconate) (POI).

TABLE 2 | Effect of increased I2 loading on acidic alumina for the Michael addition

between DEA and DMI.

Entry I2 loading on

acidic alumina

1st or

reuse

%mol

DMI

%mol

DMMes

%molMichael

adduct 1

1 1x (standard) 1st use 3 22 75

Re-use 4 18 78

2 2x 1st use 2 22 76

Re-use 3 20 77

3 3x 1st use 2 17 81

Re-use 2 18 80

4 4x 1st use 1 15 84

Re-use 4 20 76

2.5 mmol DMI, 20 mmol DEA, 12.5%mol I2 catalyst relative to DMI (3.2 g 1x loading,

1.6 g, 0.8 g and 0.67 g for 2x, 3x, and 4x loading, respectively), stirred for 2 h at room

temperature, reaction mixture filtered then filtrate analyzed by 1H-NMR spectroscopy

(CDCl3 solvent).

the extended reuse study. TGA analysis of the fresh (B, Figure S9)
and recovered catalyst after 10 uses (C, Figure S9) suggest the
latter contains 10–11% additional mass contributed by residual
organics, this likely blocking some active sites and further
reducing catalytic activity as observed in Figure 8. Nevertheless,
I2-Al2O3 was proven to be amore appropriate heterogeneous and
recyclable catalyst for the aza-Michael addition compared to the
lanthanide catalysts trialed above.

Effects of I2 Loading on I2 on Acidic
Alumina Catalyst
Increasing I2 loading on acidic alumina was investigated by
multiplying the amounts of I2 deposited onto the same amounts
of catalyst (2x, 3x, and 4x). For their use in the aza-Michael
addition the mass of each catalyst was concurrently reduced so as
to ensure the same amount of I2 (12.5%mol of I2 with respect to
DMI) was present in each run despite less acidic alumina support
as loading increased. Results in Table 2 show that the standard
loading (1x= 0.1 mmol g−1 I2-Al2O3) and double loading (2x=
0.2 mmol g−1 I2-Al2O3) gave very similar results for 1st use and
reuse, suggesting these suffer little from I2 leaching. Increasing to
3x and 4x loadings both gave marginally higher yields of adduct
for the first use, and the 4x loading suffered from a noticeable
drop in yield upon reuse suggesting some leaching of I2 occurred
during the first run. Free, homogenous I2 is extremely active as a

catalyst for this reaction (see entries 2–4, Table 1, entry 4 being
the direct comparison with 12.5%mol I2 relative to DMI) and
therefore leaching for the 4x, and possibly 3x, is likely responsible
for the 1st use giving a greater yield. Based on this data it was
concluded that the 2x loading (0.2 mmol g−1 I2-Al2O3) was the
optimum catalyst and this was used for a study into the catalyzed
addition of DEA onto an itaconate polyester.

Use of I2 on Acid Alumina for Catalyzing
the Aza-Michael Addition Onto Itaconate
Polyesters
DEA addition onto poly(1,8-octylene itaconate) (POI, Figure 9)
was selected as an example reaction to study whether iodine
on acidic alumina remained catalytic for reactions involving
polymer substrates where viscosity is significantly increased and
mass transfer thus reduced. The 2x loaded catalyst (0.2 mmol g−1

I2 on Al2O3) was selected from the screen above. Maximizing
the loading of I2 would reduce the mass transfer limitations by
lowering the overall quantity of required solid. A comparison
against the uncatalysed system was made, and in both instances
an 8:1 molar ratio of DEA to itaconate units was used, thus
the excess DEA also acting as a solvent. The POI polyester
was prepared using a previously reported enzymatic catalyzed
polymerization method, this to minimize isomerization caused
during polymerization. The method used for determining the
extent of addition and isomerization via 1H-NMR spectroscopy
was modified from the model system (Figure 5) as a result
of some peak overlap and loss of resolution (Figure S10 for
POI, Figure S11 following addition of DEA to the polymer).
The reference peak changed from the methyl ester group to
the combined signals around 4.2 ppm set to an integral of 4
(CH2s of the 1,8-octanediol nearest to the esters). The amount
of addition was determined based on loss of alkene proton
signals (5.5–6.8 ppm), whilst the amount of isomerization to
mesaconate was determined by comparing signal integrals of
the alkene protons of mesaconate (6.8 ppm, 1H) and itaconate
(5.7 and 6.3 ppm, 1H each). A dramatic increase in rate of
formation of aza-Michael adduct pendanted polyester was seen
when using the I2 on acidic alumina catalyst, monitored over
a 24 h period (Figure 10). The catalyzed reaction had a 92%
conversion rate to the Michael adduct polyester after 24 h,
with only 60% seen for the conventional uncatalysed system.
The catalyst also attained adduct yields of >70% after just
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FIGURE 10 | Aza-Michael addition of DEA on poly(1,8-octylene itaconate)

(POI). (A) Non-catalyzed reaction and (B) I2 on Al2O3 as the catalyst. 2.5

mmol of POI (0.6 g, based on constitutional repeat unit of 240.29 g mol−1), 20

mmol DEA, 0.64 g of 0.2 mmol g−1 I2 on Al2O3 catalyst added to (B), room

temperature, aliquots analyzed by 1H-NMR spectroscopy (CDCl3 solvent) at

0.5, 1, 2, 4, 6, and 24 h.

4 h, and this with a concurrent significant reduction in extent
of isomerization to mesaconate. The rapid reduction in the
amount of itaconate units, with nearly complete conversion
after 6 h, further demonstrates this catalyst to be very effective
in promoting aza-Michael additions onto itaconate whilst not
promoting undesired regio-isomerization. It was noted that
the catalyzed reaction resulted in a polymer of darker orange
coloration compared to that of no catalyst. Thermogravimetric
analysis (Figure S12) of the fresh and recovered catalyst was thus
used to ascertain if an appreciable quantity of I2 was lost from the
surface of the catalyst during the course of the reaction. The fresh
0.1 mmol g−1 I2 on Al2O3 catalyst showed a prolonged gradual
mass loss over the full TGA range (30–625◦C) representing ∼7–
8%. Complete loss of all I2 from this sample should have resulted
in a mass loss of just 2.5%, therefore it was hypothesized that
water adsorbed onto the Al2O3 was also contributing to the
observed mass loss. This was confirmed by comparison to the
acidic alumina as received (Sigma-Aldrich), where a gradual mass
loss of∼5% is indeed also observed (Figure S8A). The recovered
spent catalyst following the addition of DEA to DMI also shows

this prolonged mass lost but has an additional mass loss at 190–
270◦C. This newmass loss event matches the previously reported
temperature for retro-aza-Michael addition of the DEA unit from
the polymer, suggesting residual polymer is contained on or
within the catalyst (Pellis et al., 2019). The gradual mass loss
associated to I2 and H2O release matches roughly with that for
the fresh catalyst suggesting leaching of I2 was only a minimal
cause of the observed coloration, and further supports the sound
reusability of this catalyst.

CONCLUSION

Although a versatile and useful reaction for the derivatization
of α,β-unsaturation carbonyls, aza-Michael additions typically
require long reaction times of several days. This is particularly
problematic for the addition of amine pendants onto bio-based
itaconate polyesters as undesired regioisomerization results in
formation of mesaconate units which significantly reduce the
rate of aza-Michael addition. A screen of various heterogeneous
catalysts using the model reaction of addition of diethylamine
onto dimethylitaconate found that I2 supported onto acidic
alumina produced an effective, recoverable and reusable catalyst
for this aza-Michael addition. Although initially promising it was
eventually concluded that various catalysts based on a cerium
metal center were ineffective due to rapid deactivation after
their first use. Despite extensive studies we were unable to fully
ascertain the cause of this deactivation and hence sought an
alternative. I2 supported on acidic alumina demonstrated far
better reusability, with an extended reuse study still showing
significant catalytic activity remained. The best supported iodine
catalyst gave yields of aza-Michael adduct of >70% after 2 h,
even after reuse, while the equivalent non-catalyzed reaction
had yields of adduct of 26–28%. A screen of I2 loading found
that catalysts of ≤0.2 mmol g−1 I2 on alumina maintained their
original efficiency upon reuse, while higher loadings of I2 saw a
drop that was likely caused by leaching of iodine into the reaction
media. The optimum catalyst was subsequently used for the
addition of diethylamine onto poly(1,8-octylene itaconate), this
unsaturated polyester prepared via enzymatic polycondenzation.
Use of the catalyst for post-polymerization modification showed
that >90% amine pendant addition was possible after 24 h, this
was far greater than the non-catalyzed equivalent with just 60%
adduct and extensive undesired mesaconate units remaining.
More impressively the catalytic system showed >70% addition
after just 4 h, the non-catalyzed equivalent reached than half this
over the same period. This study thus concludes that I2 supported
on acidic alumina is a very effective catalyst for aza-Michael
additions on bio-based itaconate polyesters, and holds much
promise in considerably reducing the lengthy times typically used
for these reactions.
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Biorefineries need cost-efficient pretreatment processes that overcome the recalcitrance

of plant biomass, while providing feasible valorization routes for lignin. Here we assessed

aqueous ammonia for the separation of lignin from hydrothermally pretreated wheat

straw prior to enzymatic saccharification. A combined severity parameter was used

to determine the effects of ammonia concentration, treatment time and temperature

on compositional and physicochemical changes [utilizing elemental analysis, cationic

dye adsorption, FTIR spectroscopy, size-exclusion chromatography (SEC), and 31P

nuclear magnetic resonance (NMR) spectroscopy] as well as enzymatic hydrolysability

of straw. Pretreatment at the highest severity (20% NH3, 160◦C) led to the maximum

hydrolysability of 71% in a 24 h reaction time at an enzyme dosage of 15 FPU/g of

pretreated straw. In contrast, hydrolysabilities remained low regardless of the severity

when a low cellulase dosage was used, indicating competitive adsorption of cellulases

on nitrogen-containing lignin. In turn, our results showed efficient adsorption of cationic,

anionic and uncharged organic dyes on nitrogen-containing lignin, which opens new

opportunities in practical water remediation applications.

Keywords: biorefinery, environment, lignocellulose, plant biomass, sustainable materials, water purification

INTRODUCTION

The hierarchical and recalcitrant structure of renewable plant biomass hampers its enzymatic
hydrolysis for the production of biofuels (Himmel et al., 2007; Chundawat et al., 2011a,b). One
of the main constraints arises from the presence of lignin that functions as a natural resin within
and between plant cell walls, and adsorbs cellulases in the saccharification step (Chen and Dixon,
2007; Li et al., 2016; Liu et al., 2016; Sipponen et al., 2017a). Various acid, base, and solvent-based
pretreatments increase saccharification yields by removing/altering lignin and by causing complex
physical-chemical changes in the plant cell walls (Paës et al., 2017).

Hydrothermal and thermochemical pre-treatments have predominated in commercial and pre-
commercial biorefinery concepts (Pihlajaniemi et al., 2016; Auxenfans et al., 2017). Although
steam-explosion, autohydrolysis, and dilute acid hydrolysis pre-treatments require no or low
chemical input, these processes do not generate a soluble lignin fraction. Instead, lignin ends up
to the residual solids after incomplete enzymatic hydrolysis (and fermentation) of the pre-treated
biomass. Such residual lignin is usually heavily contaminated with unhydrolyzed cellulose. On the
contrary, organosolv and alkaline pre-treatments dissolve lignin and allow for its isolation in a
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relatively pure form (Hage et al., 2009; Mousavioun and Doherty,
2010). This is important since besides its detrimental effects
on enzyme activity, lignin is a potential raw material for
aromatic chemicals (Zakzeski et al., 2010) and biobased polymers
(Laurichesse and Avérous, 2014), with substantial effect on the
profitability of cellulosic ethanol plants (Ragauskas et al., 2014).

Lignin is thus indirectly and directly involved in the
two central challenges of the 2G bioethanol production: (1)
Development of cost-efficient pre-treatments to open up the
recalcitrant structure of lignocellulose (2) Demonstration of
applications for lignin that secure sufficient volume and profits
to compensate for the total costs of the multistep biorefinery
operations. Such pre-treatment processes require cost-efficient
cooking chemicals. Due to its alkalinity and volatility, ammonia
is a plausible option as a reusable chemical catalyst. In addition
to the processes using anhydrous or low-moisture ammonia
(Cayetano and Kim, 2017, 2018; Mittal et al., 2017; Flores-
Gómez et al., 2018; Guo et al., 2018; Sakuragi et al., 2018; Zhou
et al., 2018), aqueous ammonia pre-treatments have been studied
intensively in recent years (Sipponen, 2015; Domanski et al.,
2016; Phitsuwan et al., 2016; Chong et al., 2017; Li et al., 2017;
Niemi et al., 2017; Tolbert et al., 2017; Yoo et al., 2017; Du et al.,
2018; Huo et al., 2018; Zhu et al., 2018; An et al., 2019; Xiao
et al., 2019). In contrast to anhydrous ammonia, pre-treatment of
plant biomass with aqueous ammonia dissolves lignin that can be
isolated from the spent cooking liquor. It is known that oxidative
cleavage of lignin occurs when ammonolysis is performed under
oxygen atmosphere at elevated temperatures (Lapierre et al.,
1994; Nascimento et al., 1994; Capanema et al., 2006), but reports
on the characterization and applications of ammonolysis lignin
from actual biomass pre-treatments are scarce.

Some earlier works have investigated oxidative ammonolysis
of technical lignins to produce slow-release nitrogen fertilizers
(Nascimento et al., 1994; Ramírez et al., 1997; Capanema
et al., 2001). Aqueous ammonia-based biomass pre-treatment
processes have seen steady development because of the
lower basicity and milder cooking temperatures compared to
hydrothermal pre-treatments (Du et al., 2018; Huo et al., 2018;
Zhu et al., 2019). However, one drawback of any alkaline pre-
treatment is the consumption of effective alkali due to the
alkaline hydrolysis of ester-linked moieties of biomass. A two-
stage process with a pre-hydrolysis step could alleviate the
neutralization issue. Such sequential pre-treatments involving
aqueous ammonia have been studied recently (Chong et al.,
2017; An et al., 2019; Xiao et al., 2019) but information is
lacking regarding how the severity of the aqueous ammonia
delignification affects the yield and applicability of soluble lignin
along with the hydrolysability of the solid fraction.

In the present work, a two-stage hydrothermal-aqueous
ammonia pre-treatment of wheat straw was studied. We
used response surface modeling and fitted a combined
severity parameter to evaluate the effects of various cooking
conditions on the fractionation and enzymatic saccharification
of wheat straw. The pre-treated straw and the lignin fractions
were characterized using an array of techniques (elemental
analysis, dye adsorption, 31P NMR and infrared spectroscopy,
size-exclusion chromatography, and transmission electron

microscopy) and the results are discussed in relation to the
process conditions. Finally, using dye adsorption as a model
system, we show that nitrogen-containing lignin holds potential
as a broad-range adsorbent for cationic, anionic, and uncharged
organic pollutants.

MATERIALS AND METHODS

Materials
Commercial soda lignin (GreenValue SA, Switzerland) and soda
lignin isolated from hydrothermally pre-treated wheat straw
were used as reference materials in this study. Characterization
of these lignins has been performed in the prior literature
(Sipponen, 2015).

Wheat Straw Pre-treatments and Isolation
of N-lignin
Wheat straw (14 kg, dry basis) was collected from southern
Finland during harvest, ground to pass a 1mm screen in a
Wiley mill, and subjected to hydrothermal (HT) pre-treatment
at 140◦C for 5 h (severity Log R0 = 3.8, see Equation 1). The
solid fraction collected after water-washing of pre-treated straw
was dried at 40◦C to 10 wt-% moisture content and termed
HT-straw. Small portions of HT-straw (12.5 g on dry basis)
were subjected to aqueous ammonia extraction at a liquid to
solid ratio of 12. The cubic experimental design varied non-
isothermal target temperature (100, 130, 160◦C) and ammonia
concentration (0, 4, 12, 20%, w/w) in the aqueous phase. The
actual temperature as a function of treatment time was recorded
for the calculation of severity parameters. The solid fraction was
washed with deionized water, dried under ambient conditions,
and subjected to enzymatic hydrolysis.

A larger batch of lignin was isolated from wheat straw in
a two-stage pre-treatment. In the first step, 33.4 kg of wheat
straw at a liquid to solid ratio of 10 was subjected to HT pre-
treatment at 177◦C (Log R0 = 4.1). After separation of the
liquid fraction, the solids were washed, pressed, and extracted
with 7.5 wt% aqueous ammonia at a liquid to solid ratio of 7.
Heating of the reactor to a maximum temperature of 140◦C
took ∼3 h. The solid/liquid separation was made by filtration in
a hermetic Nutsche equipment. Residual ammonia in the solid
fraction was removed by evaporation at reduced pressure and
captured in 6M sulfuric acid. Lignin was precipitated from the
spent aqueous ammonia cooking liquor (30 kg fraction sampled
from the cooking liquor, pH 8.5) by acidification to pH 5 (100mL
of 6M hydrochloric acid), filtration, four sequential washing
steps by making a dilute water suspension and separating the
liquid fraction from the lignin solids by centrifugation, and
freeze-drying. The corresponding mass yield of the dry N-lignin
from the initial HT-straw was 17%. The above described pre-
treatments and resulting liquid and solid fractions obtained from
wheat straw are summarized in Scheme 1.

Combined Severity Parameter Fitting
Severity parameters have been previously used for acid- and base-
catalyzed lignocellulose pre-treatments (Pedersen and Meyer,
2010). Here, we used a severity factor Equation (1) that combines
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SCHEME 1 | Overview of the research approach involving a two-stage pre-treatment and enzymatic hydrolysis of wheat straw, analysis of the liquid and solid
fractions, scale-up and isolation of N-lignin for characterization and dye adsorption tests. Photographs show appearance of the dye solutions prior to adsorption.

the effects of time, temperature, and the alkaline catalyst on
biomass during the aqueous ammonia pre-treatment.

Log M0 = Log R0 + Log Cn (1)

R0 =
∫ t
0 exp

T(t)−100
14.75 dt, where T (t) = treatment temperature

at time t. The concentration of ammonia is given in the term
Cn as weight percentage in the aqueous phase. The exponential
factor n was obtained by iterative least squares linear fitting of
the percentage of straw dissolved as a function of Log M0.

Compositional Analysis of Lignin and
Carbohydrates
The compositions of the straw fractions and N-lignin were
determined following the two-stage sulfuric acid hydrolysis
procedure (Sluiter et al., 2010). Sugar content of N-lignin was
analyzed after hydrolysis of 20mg dry material in 1.4mL of 4
wt-% sulfuric acid (1 h, 121◦C). The amount of dissolved lignin
in the aqueous ammonia extracts was determined using the
spectrophotometric method (Dence, 1992). Lignin concentration
was calculated based on the absorbance reading at 280 nm using
N-lignin for calibration (ε = 20.0 L/g/cm). Elemental carbon,
hydrogen, nitrogen, and sulfur contents of various straw fractions
and isolated ammonia lignin were analyzed with Perkin-Elmer
(PE) 2400 Series II CHNS/O Analyzer. Sample weight was 2 mg.

Characterization of Pre-treated Straw by
Dye Adsorption
Adsorption of the cationic dye Azure B was used to estimate the
accessible surface area of lignin (Sipponen, 2015). Adsorption
of Azure B (0, 0.1, 0.3, 0.5, 0.7, 0.8, and 1.0 g/L) on 50mg
of HT-straw before and after aqueous ammonia extraction was

performed at 25◦C in 0.05M Na-phosphate buffer (pH 7). The
soluble dye concentration after 24 h contact time was calculated
from the absorbance reading at 647 nm. The maximum
monolayer adsorption capacity was obtained by non-linear
fitting of the Langmuir equation to the adsorption isotherms.
Additionally, adsorption capacities of all pre-treated straw
fractions were determined at 0.1 g/L initial dye concentration
to assess the effect of pre-treatment severity on the equilibrium
adsorption capacity.

Enzymatic Hydrolysis of Pre-treated Wheat
Straw
Enzymatic hydrolysis assays were performed on the solid
fractions either at 2 wt-% or 5 wt-% concentration of solids
in the whole slurry with respective enzyme dosages of 15
FPU/g and 2 FPU/g. The enzyme mixture consisted on volume
basis of 85% Econase CE (AB enzymes), 10% Novozyme 188
(Sigma-Aldrich/Novozymes), and 5% GC 140 (Genencor). The
hydrolysis reactions were carried out in capped flasks agitated
at 50◦C. The liquid phase was sampled after 24 h reaction time
for sugar analysis with HPLC. Briefly, the system included a
Micro- Guard De-Ash pre-column (Bio-Rad, USA) connected
to a SPO810 analytical column (Shodex). The analytical column
was eluted with degassed deionized water at a flowrate of 0.7
mL/min isothermally at 60◦C. A refractive index detector RID-
10A was used to quantify monosaccharides identified based
on their retention times and external calibration. Enzymatic
hydrolysability was calculated as follows:

Enzymatic hydrolysability = 100% ·
msugar (enzymatic hydrolysis)

msugar (acid hydrolysis)
(2)
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where msugar (enzymatic hydrolysis) and msugar (acid hydrolysis) are the
total amounts of monosaccharides released from 1 g of pre-
treated straw in enzymatic and analytical acid hydrolysis (two-
step hydrolysis in concentrated and dilute sulfuric acid, see
section Compositional Analysis of Lignin and Carbohydrates).
Sugar recovery yield was calculated as follows:

Sugar recovery yield =

msolid fraction

mHT−straw
· Enzymatic hydrolysability

(3)

where msolid fraction is the mass of straw recovered after aqueous
ammonia extraction of mHT−straw amount of HT-straw (both
on dry basis). Reported results are mean values of two
independent experiments.

Characterization of Aqueous
Ammonia-Soluble Lignins
Molecular weight distributions and weight average molar
masses of lignin fractions from aqueous ammonia treatments
were analyzed by aqueous high-performance size-exclusion
chromatography (HPSEC). The first system was equipped with
three Ultrahydrogel columns (Waters) eluted with aqueous
0.01M sodium hydroxide containing 0.1M sodium nitrate. The
second system used a series of three PSS MCX 5µm 300mm
× 8mm, 100, 500, and 1,000 Å columns eluted with aqueous
0.1M sodium hydroxide. Both systems were calibrated with
poly(styrenesulfonate) standards and used a variable wavelength
detector set at 280 nm.

N-lignin from the up-scaled process was analyzed by 31P
NMR spectroscopy (Granata and Argyropoulos, 1995). The
samples were phosphitylated using 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane and analyzed as described more in detail
elsewhere (Sipponen et al., 2017b) except that the relaxation delay
d1 of 15 s was used in the present work. Reported results aremean
values of two independent experiments.

FTIR spectra of ammonolysis lignin and wheat straw soda
lignin (GreenValue SA, Switzerland) were recorded in the mid-
infrared region (400–4,000 cm−1) at a resolution of 4 cm−1 by
using a Bio-Rad FTS 6000 spectrometer (Digilab, Randolph, MA,
USA) equipped with a MTEC PAC300 photoacoustic detector.

Transmission electron microscopy (TEM) images were
recorded from drop-casted N-lignin on 3 nm carbon coated
copper grids. FEI Tecnai 12 microscope was operated at 120 kV
to acquire the images under bright field mode.

Water Purification by Dye Adsorption
N-lignin and GreenValue wheat straw soda lignin were tested
comparatively as adsorbents for water purification. Aqueous
lignin dispersions (5mL, 0.7 mg/mL) were adjusted to pH
6 and added to aqueous dye solutions of methylene blue,
malachite green oxalate, acid red 88 (5mL, 0.2mM), or
mordant red 11 (5mL, saturated solution) and magnetically
stirred at 22◦C during 8 h along with dye solutions at
similar initial concentrations as above but without lignin.

Absorbance spectra of the filtered (0.45µm pore size to ensure
exclusion of any submicrometer lignin particles that may have
affected spectrophotometric measurements) liquid phases were
recorded at 200–800 nm. Decolourization was calculated as
percentage reduction of absorbance (at λmax in the visible
region) compared to the absorbance of the dye solutions
without adsorbents. Reported results are mean values of two
independent experiments.

RESULTS AND DISCUSSION

The objective of this work was to develop a two-stage
hydrothermal-aqueous ammonia pre-treatment of wheat straw
with subsequent enzymatic saccharification and valorization of
the isolated lignin fraction. The pre-treatment process was scaled
up to allow for production of N-lignin for dye adsorption tests.
It is well-known that efficient saccharification of the pre-treated
biomass requires opening up the recalcitrant lignocellulose
structure by the removal or modification of lignin. Our first
important task was therefore to investigate the mass balances and
compositional changes as a result of the pre-treatment process.

Fractionation of Wheat Straw in the
Two-Stage Pre-treatment
The effects of ammonia concentration, treatment time and
temperature on ammonolysis of technical lignins have been
studied in a series of detailed investigations (Capanema et al.,
2001, 2002, 2006). Here, our objective was to use aqueous
ammonia to fractionate hydrothermally pre-treated wheat straw
(HT-straw) for enzymatic saccharification and isolation of
N-lignin for valorization. First, we used response surface
modeling to assess how extraction temperature and ammonia
concentration influenced dissolution of HT-straw in aqueous
ammonia. The yields of soluble lignin and solid fractions
are given in Table 1 along with the carbohydrate and lignin
compositions of the solids. In general, dissolution of HT-
straw increased as the ammonia concentration and treatment
temperature increased. The lowest yield of the solid fraction
was 68.6%, while the soluble lignin fraction was obtained at a
maximum yield of 15.8% following the treatment at 160◦C in 20%
aqueous ammonia. The resulting solid straw fraction contained
13.2% of lignin, compared to 23.6% lignin content in HT-straw.
It is noteworthy that almost as good yield of soluble lignin (14.2%,
entry 10 in Table 1) was obtained with 12 wt-% of ammonia
at 160◦C. This observation suggests that the extent of lignin
removal from HT-straw could be increased by increasing the
treatment temperature. However, previous results indicate that
maintaining hemicellulose and a low content of residual lignin
can be beneficial to the enzymatic hydrolysability, presumably by
avoiding the collapse of the porous cell wall matrix (Pihlajaniemi
et al., 2016; Zhang et al., 2016; An et al., 2019) While the content
of pentose sugars decreased slightly, extraction of lignin enriched
the solid fractions with cellulose and hemicellulose, reaching
78.1% total carbohydrate content at the highest treatment
temperature and ammonia concentration. Calculated from the
data in Table 1, the mass balance closure decreased only slightly
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TABLE 1 | Conditions of aqueous ammonia extraction, mass yield of solids and soluble lignin, and composition of the resulting solid fractions before
enzymatic saccharification.

Entry Pre-treatment Mass yield Composition of solids, % dry weight basis

NH3 (wt-%) T (◦C) Solids (%) Soluble lignin (% of HT-straw) Glca Xyla Araa Ligninb

1 0 0 100.0 0 39.8 ± 0.2 23.5 ± 0.4 2.7 ± 0.0 23.6 ± 0.2

2 0 140 80.2 n.a. 41.5 ± 0.3 21.2 ± 0.3 1.8 ± 0.1 23.9 ± 0.0

3 0 100 92.7 1.3 43.6 ± 0.5 21.1 ± 1.2 0.8 ± 0.1 22.9 ± 0.2

4 4 100 84.9 6.5 47.0 ± 0.6 20.9 ± 1.2 0.8 ± 0.2 22.0 ± 0.0

5 4 130 80.8 9.4 51.1 ± 0.3 20.0 ± 0.5 1.9 ± 1.0 19.7 ± 0.5

6 4 160 77.1 11.6 54.5 ± 0.7 18.3 ± 0.5 0.7 ± 0.2 19.5 ± 0.3

7 12 100 83.8 6.6 48.7 ± 0.5 20.5 ± 0.3 0.5 ± 0.5 20.6 ± 0.5

8 12 130 75.4 12.0 53.5 ± 1.3 18.6 ± 1.2 0.5 ± 0.5 17.3 ± 0.4

9 12 130 76.3 10.7 52.4 ± 0.4 19.2 ± 1.0 0.4 ± 0.4 18.0 ± 0.5

10 12 160 72.7 14.2 54.8 ± 0.8 18.1 ± 1.0 0.5 ± 0.2 16.2 ± 0.8

11 20 100 80.2 8.3 51.7 ± 0.6 20.9 ± 0.1 0.7 ± 0.2 20.1 ± 0.7

12 20 130 73.2 11.5 54.8 ± 0.7 17.5 ± 0.8 0.4 ± 0.4 16.2 ± 0.7

13 20 160 68.6 15.8 59.2 ± 0.5 18.2 ± 0.5 0.7 ± 0.2 13.2 ± 0.2

aCalculated as anhydrous sugars; b Includes acid-insoluble and acid-soluble lignin. n.a., not analyzed. Entries: 1 = original wheat straw, 2 = wheat straw subjected to 5 h hydrothermal

(HT) treatment at 140◦C; 3 =100◦C water-extracted HT-straw (entry 2), 4–13 = aqueous ammonia pre-treated HT-straw (entry 2).

from 94 to 84% in response to the increasing treatment severity.
Two aqueous ammonia pre-treatments that were carried out
under identical conditions (130◦C, 12 wt% ammonia solution)
gave similar results, indicating that the reproducibility of the
experiments was sufficient for the modeling of the data.

The response surface shown in Figure 1A was obtained
when the yield of solid straw fraction from the pre-treatment
was fitted to a quadratic model (R2 = 0.97). Though such
three-dimensional plots are effective for the visualization of
data, combination of the pre-treatment parameters (ammonia
concentration, treatment time, and temperature) into a single
parameter allows for further analysis of enzymatic hydrolysability
of the solid fractions from the pre-treatments at various
severities. The best-fit of ammonia concentration and treatment
temperature produced a coefficient of determination (R2) of 0.97
and an exponential factor (n) of 2.23 for the combined severity
parameter Log M0 (Figure 1B). A higher n-value of 3.90 has
been fitted for lignin removal from cotton stalks by sodium
hydroxide treatment (Silverstein et al., 2007), and also used to
calculate pre-treatment severity of aqueous ammonia soaking
(Huo et al., 2018). However, we reasoned that differences in
biomass type (in our case hydrothermally pre-treated straw)
and basicity (lower with ammonium hydroxide than sodium
hydroxide) rationalize using a different value here. Effectively, the
extent of dissolution of lignin increased from 5 to 55% in linear
correlation (R2 = 0.95) with the severity parameter, validating
its usefulness in comparison of the pre-treatment conditions
(Figure 1C). Taking into account the yield of the solid fraction,
we calculated the loss of individual straw components from
the mass balances (Figure 1D). There was a negligible loss of
glucose (≤4%), but the loss of xylose (maximum 41%) correlated
(linear regression, R2 = 0.94) with the loss of lignin (maximum
62%). This simultaneous removal of lignin with xylose suggest
that the two components are closely associated with each other.

To shed light into the interactions of these polymers, we
further analyzed the spent cooking liquor fractions from the
ammonia treatments.

Characterization of Aqueous
Ammonia-Soluble Lignin
Aqueous size-exclusion chromatography was used to analyze
molecular weight distribution of the lignins solubilized
during the aqueous ammonia treatment. Figure 2 shows three
chromatograms recorded from lignins obtained at low (Log M0

= 2.4), medium (Log M0 = 5.6), and high (Log M0 = 6.1)
severities. The most obvious observation that can be made
from the chromatograms is the disappearance of the sharp
static light scattering detector signal at 30.8min as the severity
increased. This peak outside of the column calibration range
was likely caused by lignin-carbohydrate complexes (LCCs) that
contained relatively few lignin fragments, since the associated
UV detector signal was very low. Although further analysis of
LCCs was out of scope of the present work, it is noted that LCCs
from wood and grass biomass have been characterized before
(Watanabe et al., 1989; Lawoko et al., 2006; Yuan et al., 2011).
The most pre-dominant covalent linkages in LCCs are phenyl
glycoside, γ-ester, and benzyl ether (Yuan et al., 2011). We expect
that cleavage of these LCCs occurred under the harsh alkaline
conditions of the aqueous ammonia pulping enabled retaining
a majority of the hemicelluloses in the solid straw fraction. In
turn, there was a weak correlation of increasing weight average
molecular weight (Mw) of aqueous ammonia-solubilized lignin
fractions with increasing severity (R2

= 0.48) or percentage
dissolution of lignin (R2 = 0.58). The Mw of the 10 lignin
fractions varied from 2,420 g/mol to 3,880 g/mol, which are in
the similar range compared to the values of aqueous ammonia
lignins isolated from wheat straw (2,200 g/mol) and Miscanthus
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FIGURE 1 | Optimization and modeling of aqueous ammonia extraction of hydrothermally pre-treated wheat straw (HT-straw). (A) Response surface showing the
effects of aqueous ammonia and maximum treatment temperature on the dry weight yield of solid fractions. Linear fitting of percentage dissolution of (B) straw (% of
HT-straw dry weight) and (C) lignin (% of lignin dry weight of HT-straw) as a function of the combined severity parameter: Log M0 = Log R0 + Log C2.23. (D) Loss of
glucose, xylose (both anhydrous basis) and total lignin from straw, based on mass balance calculated from the data in Table 1.

FIGURE 2 | Aqueous SEC traces of lignins extracted from hydrothermally pre-treated wheat straw with aqueous ammonia under varied severity. Dashed lines: light
scattering detector (90◦) signal.

× giganteus (3,140 g/mol) (Kondo et al., 1992; Vanderghem et al.,
2011).

Aqueous ammonia was expected to cause incorporation
of nitrogen by ammonolysis of lignin in HT-straw. Indeed,
elemental analysis revealed that nitrogen content of the
partially delignified solid fractions increased as the pre-
treatment severity increased (Figure 3A). A stronger linear
correlation to the severity parameter was observed when the
nitrogen content was related to the lignin content of the pre-
treated straw fractions (Figure 3B). Therefore, nitrogen seemed

to bind mainly to lignin as suggested by earlier literature
(Lapierre et al., 1994; Potthast et al., 1996).

Adsorption of Cationic Dye on Pre-treated
Straw With Different Lignin Content
The compositional and chemical analyses discussed above proved
that aqueous ammonia treatment caused severity-dependent
lignin removal from HT-straw. Adsorption of the cationic dye
Azure B on pre-treated solid fractions was used to assess whether
these modifications caused changes in their accessible surface
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FIGURE 3 | Effect of severity of aqueous ammonia pre-treatment (Log M0) on nitrogen content of recovered solid fractions (A) Nitrogen content of the pre-treated
solid fractions. (B) Nitrogen content calculated relative to the lignin content of the solid fractions.

FIGURE 4 | Characterization of aqueous ammonia extracted HT-straw by cationic dye adsorption. (A) Langmuir model fitted to adsorption isotherm of Azure B on
HT-straw and HT-straw pre-treated with 12% aqueous ammonia at 160◦C. Equilibrium adsorption capacities (0.1 g/L initial dye concentration) as a function of (B) The
severity parameter (Log M0) of aqueous ammonia extraction. (C) Lignin content of pre-treated straw. Data points show mean values ± one standard deviation.

areas. A further aim was to assess how the accessible surface
area of the pre-treated straw solids relates to their enzymatic
hydrolysability. The adsorption isotherms of Azure B on the
HT-straw before and after the aqueous ammonia pre-treatment
are shown in Figure 4A. The aqueous ammonia pre-treatment
caused a clear drop in the adsorption capacity due to the removal
of lignin from the solid straw fractions (Table 1). This was
expected on the basis of prior studies that have shown that
lignin has a significantly higher adsorption capacity for Azure B
compared to that of cellulose (Sipponen, 2015).

A fixed initial dye concentration (0.1 g/L) was used to compare
adsorption capacities and thus evaluate accessible surface area of
lignin in relation to the pre-treatment severity. The equilibrium
adsorption capacity remained unchanged at low severity levels,
but eventually decreased from 188 to 124 mg/g when the
severity increased from 2.4 to 6.1 (Figure 4B). This decrease
in the adsorption capacity correlated (R2

= 0.79, p < 0.01,
Figure 4C) with the decreasing lignin content of the solid
fractions, suggesting that aqueous ammonia removed lignin
solvolytically in contrast to melting and degradation of lignin
under acidic and hydrothermal conditions (Selig et al., 2007).

Enzymatic Hydrolysability of Solids After
Aqueous Ammonia Extraction
High yield and volumetric productivity of monomeric sugars
from pre-treated biomass is central for the production of
bioethanol or other products via microbial conversion routes
(Pihlajaniemi et al., 2014). The solid fractions were collected
after the various pre-treatments and subjected to enzymatic
hydrolysis at low (2 FPU/g) and high (15 FPU/g) cellulase
enzyme activity dosages. A response surface plot was created
by fitting the enzymatic hydrolysabilities to a quadratic model
(Figure 5A, R2 = 0.95). The response surface indicates that the
enzymatic hydrolysability increased with increasing ammonia
concentration and treatment temperature. The shape of the
surface suggests that additional increment in hydrolysability
could have been reached by further increasing severity of the
aqueous ammonia pre-treatment. Similar conclusion can be
reached by correlating enzymatic hydrolysability to the combined
pre-treatment severity (Log M0) in Figure 5B. There was a clear
trend of increasing hydrolysability as the pre-treatment severity
increased when using 15 FPU/g enzyme dosage. Enzymatic
hydrolysability remained at 41–43% until the pre-treatment
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FIGURE 5 | Enzymatic hydrolysability (24 h reaction time) of pre-treated straw solid fractions. (A) Response surface plot showing effects of ammonia concentration
and treatment temperature on enzymatic hydrolysability (15 FPU/g). (B) Hydrolysabilities at 15 FPU/g (filled circles) and 2 FPU/g (open circles) activity dosages as a
function of pre-treatment severity Log M0; (C) Hydrolysability (15 FPU/g) as a function of lignin content of pre-treated straw prior to enzymatic hydrolysis. Data points
show mean values ± one standard deviation.

severity value of 3.4, but increased linearly thereafter to reach a
value of 71.1% after the 24 h reaction. Taking into account the
mass balances, the most severe pre-treatment conditions (20%
NH3, 160◦C, Log M0 = 6.1) led to the highest sugar recovery
yield from HT-straw (39.8%), representing a clear augmentation
compared to 27.8% obtained from HT-straw without aqueous
ammonia treatment.

Inverse linear correlation of enzymatic hydrolysability with
the lignin content of the pre-treated solids (R2

= 0.90, Figure 5C)
also points to the fact that further selective removal of lignin
could increase the sugar recovery yield in the overall process.
Moreover, the enzymatic hydrolysability (15 FPU/g) showed an
inverse correlation with the equilibrium Azure B adsorption
capacity (0.1 g/L initial dye concentration, R2 = 0.89). That
essentially similar R2 values were obtained from the two factors is
opposite to what has been reported following the autohydrolysis
pre-treatment that melts lignin and reduces lignin surface area
without major changes in the lignin content (Sipponen et al.,
2014). In fact, multiple physical and chemicals changes occur in
plant biomass during thermochemical pre-treatment (Pedersen
and Meyer, 2010; Pihlajaniemi et al., 2016; Paës et al., 2017).
Although the single-parameter correlations do not necessarily
indicate causation, the results presented here support the earlier
conclusion that cationic dye adsorption can be used as an indirect
indicator of the constraint from residual lignin to enzymatic
hydrolysis of polysaccharides (Sipponen et al., 2014).

Several wood and grass biomass types have been subjected
to aqueous ammonia pre-treatment prior to the enzymatic
hydrolysis step for sugar production (Du et al., 2018; Huo et al.,
2018; An et al., 2019). The combination of ammonia pulping
with ultrasound treatment (Du et al., 2018) and oxidative agents
such as hydrogen peroxide (Huo et al., 2018) or oxygen gas (An
et al., 2019) has increased subsequent enzymatic hydrolysability
at least in a few cases. Sequential pre-treatment with dilute
acid and aqueous ammonia has been found beneficial regarding
hydrolysability of cellulose (An et al., 2019). Recent studies
reported a high sugar recovery yield of 78% (Du et al., 2018)
and an enzymatic digestibility of 84%, (Huo et al., 2018) but

these were achieved with 30 FPU/g (glucan) cellulase dosage,
i.e., much higher dosages than the ones used here. In addition
to differences in feedstock types and pre-treatment conditions,
it is also important to note that we obtained distinctively
different results when a low cellulase activity was used in the
saccharification reaction (Figure 6A). In contrast to what was
observed at 15 FPU/g, the hydrolysability at 2 FPU/g remained
low (∼20%) and essentially unchanged regardless of the severity.
In contrast to the present work, An et al. (2019) achieved a
reasonably high (72%) glucan conversion at 3 FPU/g cellulase
dosage, which may be due to the oxygen pressure that enhanced
lignin removal in the ammonolysis of dilute acid pre-treated
corn stover. Our results suggest that nitrogen incorporation in
the residual lignin is an important factor impeding enzymatic
hydrolysis at the low cellulase dosage and regardless of the
high extent of delignification. One plausible explanation is
the competitive adsorption of cellulases on nitrogen-containing
residual lignin. This reasoning is in agreement with our results
(Figure 3B) and recent findings showing a significantly higher
affinity and binding strength of cellulase on ammonia lignin
residue than on organosolv lignin (Yoo et al., 2017).

Characterization of N-lignin From the
Up-Scaled Process
To get a more comprehensive understanding of the nitrogen-
containing lignin and to isolate a sufficient amount of material
for application tests, a larger batch of hydrothermally pre-
treated wheat straw was extracted with aqueous ammonia,
and the isolated N-lignin was characterized. The fractionation
process involved hydrothermal treatment at 177◦C followed
by aqueous ammonia extraction (7.5% NH3, 140◦C). These
conditions were selected to remove a majority of hemicelluloses
before the aqueous ammonia extraction step (20% solubilization
of wheat straw, entry 2 in Table 1). Compositional analysis
showed that N-lignin mainly contained (on dry weight basis)
lignin (88.9 ± 0.6%), xylose (2.3 ± 0.3%, anhydrous basis),
ash (4.7 ± 0.1%), and trace amounts of other components
(Figure 6A). The lignin fraction was thus quite pure and had
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FIGURE 6 | (A) Composition of N-lignin. (B) Carbon, hydrogen, and nitrogen contents of N-lignin compared to the published values of wheat straw soda lignin
extracted from HT-straw (Sipponen, 2015). (C) HPSEC trace of N-lignin. (D) 31P NMR spectra of soda lignin (Sipponen, 2015) and N-lignin. (E) Quantities of aliphatic
and phenolic hydroxyl groups and carboxylic acid groups of N-lignin based on 31P NMR analysis. Error bars indicate ± one standard deviation relative to the mean
value.

a low amount of sugar contaminants. Despite their similar
carbon and hydrogen contents, the nitrogen content of N-
lignin (3.2%) was ∼5 times as high as that of soda lignin
that was previously isolated from the same batch of HT-
straw (Figure 6B).

The mass recovery yield of N-lignin (approximately 5% of
hydrothermally pre-treated straw dry weight) was lower than
expected (12%) based on the severity value (Log M0 = 4.8),
but its nitrogen content (32 mg/g) was similar as those of the
residual lignins in pre-treated straw at comparable severities
(Figure 3B). The lower extent of lignin dissolution is likely due
to the higher temperature (177◦C) used in the hydrothermal
treatment compared to the milder temperature in the small scale
experiments (140◦C). In fact, it is well known that acid-catalyzed
formation of condensed lignin under high temperatures hampers
extraction of lignin from lignocellulose (Lora and Wayman,
1978). Alkaline pulping involves fragmentation of the side chain
region of lignin and generation of free phenolic hydroxyl groups
(Sipponen et al., 2017a). Molecular weight is one of the key
parameters of polymers, and hence we recorded the molecular
weight distribution of N-lignin using SEC (Figure 6C). Most
of the molecules eluted at apparent molecular weights between
400 g/mol and 20,000 g/mol, with Mwof 3,100 g/mol (PDI =
2.3) that was in the same range as observed above in the small
scale experiments.

Quantitative 31P NMR spectra were recorded from N-lignin
to get further insight of the chemical changes that may have
occurred during the extraction process. The spectrum shown in
Figure 6D differed slightly from the one recorded earlier from
the wheat straw soda lignin (Sipponen, 2015). Quantification
of the hydroxyl group moieties (on dry weight basis) revealed
that N-lignin contained 4% more aliphatic hydroxyls, while
carboxylic acid and free phenolic hydroxyl groups were 24% and
9% lower compared to the values for the soda lignin (Figure 6E).
These small differences may result from the stronger alkalinity
of sodium hydroxide compared to ammonium hydroxide, and
effectively a lower extent of oxidation with the latter. Yoo et al.
(2017) recently reported that treatment of poplar lignin with
5% aqueous ammonia at 180◦C caused a moderate increase in
the content of C5-substituted phenolic hydroxyl groups with a
concomitant loss of G and H type of phenolic hydroxyl and
aliphatic hydroxyl groups.

FTIR spectroscopy was used to analyze the chemical structure
of N-lignin in comparison to commercial wheat straw soda
lignin. Figure 7 shows typical lignin signals in both of the lignins
that were assigned according to Faix (1992). The signal intensities
were calculated relative to the baseline values at 1,900 cm−1. The
two lignins showed similar intensities at 1,512 cm−1 (aromatic
skeletal vibrations) but differences were detected in bands
indicating the presence of amides at 3,744 cm−1, 1,653 cm−1,
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FIGURE 7 | FT-IR spectra of N-lignin and GreenValue wheat straw soda lignin. (A) Full spectra. (B) Overlaid spectra at 1900–600 cm−1. See text and Table 2 for
signal assignments.

TABLE 2 | Signal intensities relative to the baseline value at 1,900 cm−1 of N-lignin and GreenValue wheat straw soda lignin, and differences between the two.

No cm−1 N-lignin Soda lignin Difference Assignment

1 3744 1.30 1.28 0.02 Amide N-H stretching

2 3388 3.02 2.77 0.13 O–H stretching

3 2920 3.32 2.89 0.43 C–H stretch, methyl, and methylene groups

4 2849 2.84 2.44 0.40 C–H stretching, methyl, and methylene groups

5 1717 2.07 2.33 −0.26 C=O stretching, unconjugated carbonyl

6 1653 3.02 2.19 0.82 Amide I (C=O stretching)

7 1636 2.58 1.78 0.80 Imine (Shiff base) C=N stretching

8 1601 3.01 2.73 0.28 Ar. skeletal vibration; S>G

9 1558 2.58 1.78 0.80 Amide II (C–N stretch coupled with N–H bending)

10 1512 3.21 3.18 0.04 Ar. skeletal vibration; G>S

11 1456 3.21 2.92 0.29 C–H deform. methyl and methylene groups

12 1427 3.16 2.78 0.38 Ar. skeletal vibrations and C–H in-plane deform.

13 1339 2.92 2.60 0.31 Amide III (N–H in-plane bending coupled with C–N
stretching plus C–H and N–H deformation); S ring
plus G-cond

14 1113 3.71 3.20 0.51 Ar. C–H in-plane deform.; sec. alcohol;
C=O stretching

15 1036 3.04 2.87 0.17 Ar. in-plane C-H deform.; C-O deform.; C=O
stretching (unconj.)

1,558 cm−1, and 1,427 cm−1 (Fu et al., 1994; De Campos Vidal
and Mello, 2011; Yoo et al., 2014). Relative signal intensities of
these amide bands were stronger in N-lignin than in soda lignin
(Table 2). These results indicate that the formation of amides
occurs under considerably milder ammonolysis conditions than
those used in the previous studies (Lapierre et al., 1994; Potthast
et al., 1996).

The signal intensity of the unconjugated carbonyl band at
1,717 cm−1 was slightly lower in N-lignin compared to soda
lignin. In accordance with our results, Yoo et al. (2017) reported
that aqueous ammonia treatment of cellulolytic enzyme lignin

(CEL) resulted in lower abundance of unconjugated carbonyl
moieties. We postulate that the drop in unconjugated carbonyl
moieties was due to the Schiff base formation during the
aqueous ammonia treatment. This speculation is supported by
the appearance in N-lignin of a new band at 1,636 cm−1 that was
assigned to the C=N stretching in imine (Dos Santos et al., 2005),
and though overlapped with other signals in this region, the band
was absent in soda lignin.

TEM imaging was lastly employed to get a better
understanding of the nanoscaled morphology of the N-
lignin. It showed micrometer-sized flakes that contained partially
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FIGURE 8 | TEM micrographs of N-lignin dried from aqueous suspension.

FIGURE 9 | Dye adsorption (8 h, pH 6, 22◦C) on lignins. UV-Vis absorbance spectra showing apparent dilution-corrected molar absorptivity of aqueous dye solutions
before (dashed spectra) and after adsorption on N-lignin (blue spectra) and GreenValue wheat straw soda lignin (gray spectra): (A) Methylene blue; (B) Malachite green
oxalate; (C) Acid red 88; (D) Absorbance spectra of Mordant red 11 before and after adsorption. (E) Decolourization (absorbance decrement) of the dye solutions by
the different lignins. Error bars indicate ± one standard deviation relative to the mean value.

aggregated nanoparticles (Figure 8). The smallest particles were
∼20 nm and the majority of them were <100 nm in diameter.
We anticipated that this fine morphology combined with the
incorporated nitrogen could be beneficial for adsorption and
flocculation in water remediation applications. Therefore, we
carried out proof-of-concept experiments on dye adsorption
from aqueous media.

Water Purification Using the N-lignin
Particles
Due to their negative charge, many lignins have been shown to
adsorb cationic dyes such as methylene blue (Yu et al., 2016;

Albadarin et al., 2017) and malachite green (Tang et al., 2016)
but this is of limited use in practical applications requiring
purification of complex wastewaters. Hence our hypothesis was
that the N-lignin could be more universal adsorbent due to its
zwitterion character and hence we tested also anionic and neutral
dyes. N-lignin and wheat straw soda lignin (GreenValue) were
compared as adsorbents for two cationic dyes (methylene blue
and malachite green), one anionic dye (acid red 88), and one
uncharged dye (mordant red 11). The concentration of cationic
and anionic dyes in the adsorption experiments was 0.1mM.
Due to its low water-solubility, a filtered saturated solution of
mordant red 11 was used. Absorbance spectra were recorded after
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8 h contact time with the adsorbents, and decolourization was
calculated from the absorbance maxima in the visible wavelength
region (Figures 9A–D).

Both of the lignins turned out to be effective adsorbents for
methylene blue, with 93–96% decolourization and 84–86 mg/g
(non-maximum) equilibrium adsorption capacities, respectively,
for N-lignin and soda lignin (Figure 9E). In the case of malachite
green the highest extent of 75% decolourization was obtained
with soda lignin, compared to 63% with N-lignin. As mentioned
above, anionic dyes are more demanding pollutants to remove
by adsorption due to their electrostatic repulsion with negatively
charged lignins. It was thus important to observe that N-lignin
was clearly more effective adsorbent for Acid red 88 (29%
decolourization) than soda lignin (6% decolourization). In the
case of the uncharged dye mordant red 11, 87% decolourization
was reached with soda lignin, a slightly higher value compared
to 79% with N-lignin. This minor difference could be related to
differences in surface area or adsorption sites of the two lignins,
but further analysis of this matter was beyond the scope of the
present work.

One important feature of any adsorbent is its structural
stability in the wastewater. Due to their pH-dependent
solubility, leaching of lignin from solid particles is common in
aqueous media. Interestingly, due to the electrostatic complex
formation absorbance reading at 280 nm did not indicate
obvious leaching of lignins in the presence of cationic dyes,
unlike in the presence of anionic and non-charged dyes
(Figures 9A–D). Hydrogels represent another means to stabilize
lignin-based adsorbents. Yu et al. (2016) synthesized hydrogels
by grafting acrylic acid on the lignosulfonate backbone, and
reported that the maximum equilibrium adsorption capacity
of methylene blue reached 2,013 mg/g. The hydrogel was
quite stable, since the adsorption capacity decreased only to
1,681 mg/g after four desorption/reuse cycles. Combination
of lignin with chitin (Duan et al., 2018) and chitosan
(Albadarin et al., 2017) has been made to form structurally
stabilized composites for water purification. Tang et al. (2016)
grafted acrylamide to lignosulfonate, and cross-linked the
aromatic rings with formaldehyde under acidic conditions.
Others have synthesized cationic lignin for adsorption and
flocculation of pollutants (Wahlström et al., 2017). These
promising results encourage to continue water remediation
research with chemically tailored lignins and colloidal lignin
particles (Sipponen et al., 2017b). In retrospect, the sorption
of not only cationic but also anionic and uncharged dyes
on N-lignin may explain why cellulases tend to adsorb on
residual lignin in ammonia pre-treated straw. Cellulases contain

charged and uncharged amino acids that may bind non-
covalently with amphiphilic N-lignin, which may explain the
adsorption affinity of cellulases on ammonia-treated lignin
(Yoo et al., 2017).

CONCLUSIONS

This work had two interlinked objectives. The first was to
optimize aqueous ammonia extraction of hydrothermally pre-
treated wheat straw to isolate lignin and facilitate enzymatic
hydrolysis of the cellulosic fraction. The second important goal
was to provide improved understanding of the isolated nitrogen-
containing lignin, and to assess its valorization as adsorbent
in water remediation. Aqueous ammonia extraction improved
accessibility to hydrolytic enzymes of the straw polysaccharides
mainly by removing lignin without extensive oxidation. However,
incorporation of nitrogen in wheat straw lignin reduced
hydrolysability at low enzyme activity dosages, presumably by
competitive adsorption of cellulases. The nitrogen-containing
lignin showed beneficial broad spectrum adsorption of anionic,
cationic, and uncharged organic dyes from aqueous solutions.
Besides the demonstrated water purification applications, our
results suggest that N-lignins could find use as adsorbents in
enzyme immobilization.
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Lignin can be considered an essential under-exploited polymer from lignocellulosic

biomass representing a key for a profitable biorefinery. One method of lignin valorization

could be the improvement of physico-chemical properties by esterification to enhance

miscibility in apolar polyolefin matrices, thereby helping the production of bio-based

composites. The present work describes for the first time a succeeded chemical

esterification of industrial lignins with maleic anhydride in an acidic ionic liquid:

1-butyl-3-methyl imidazolium hydrogen sulfate without additional catalyst. This efficient

strategy was applied to four industrial lignins: two softwood Kraft lignins (Indulin AT,

Wayagamack), one hardwood Kraft lignin (Windsor), and one softwood organosolv lignin

(Lignol), distinct in origin, extraction process and thus chemical structure. The chemical,

structural, and thermal properties of modified lignins were characterized by 31P nuclear

magnetic resonance, infrared spectroscopy and thermal analyses, then compared to

those of unmodified lignins. After 4 h of reaction, between 30 to 52% of the constitutive

hydroxyls were esterified depending on the type of lignin sample. The regioselectivity of

the reaction was demonstrated to be preferentially orientated toward aliphatic hydroxyls

for three out of four lignins (66.6, 65.5, and 83.6% for Indulin AT, Windsor and Lignol,

respectively, vs. 51.7% for Wayagamack). The origin and the extraction process of the

polymer would thus influence the efficiency and the regioselectivity of this reaction. Finally,

we demonstrated that the covalent grafting of maleyl chain on lignins did not significantly

affect thermal stability and increased significantly the solubility in polar and protic solvent

probably due to additional exposed carboxylic groups resulted from mono-acylation

independently of H/G/S ratio. Blending with polyolefins could then be considered in

regard of compatibility with the obtained physico-chemical properties.

Keywords: lignin, chemical esterification, acidic ionic liquids, selectivity, thermal properties
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INTRODUCTION

The biorefinery concept consists of the development of
innovative and sustainable strategies for the valorization of a
whole biomass such as a plant in its entirety and in particular the
three main constitutive polymers; cellulose, hemicellulose and
lignin, respectively (Ferreira, 2017). Lignins are complex highly
branched amorphous polymers based on polyphenolic structures
constituted of phenylpropane units, e.g., syringylpropane (S),
guaiacylpropane (G), and hydroxyphenylpropane (H), providing
interesting reactivity for chemical modifications (Erdtman, 1972;
Stevanovic and Perrin, 2009; Laurichesse and Avérous, 2014).
Lignin is henceforth considered as an essential under-exploited
potential offering a key-issue for a profitable biorefinery (Calvo-
Flores and Dobado, 2010; Doherty et al., 2011). Indeed, to date,
only 2% of industrial lignin is valorized into applications other
than energy production: base materials for the production of
chemicals, adhesives or fertilizers are some examples (Gandini
and Belgacem, 2008; Ion et al., 2018). An emergent way
of valorization could be the blending of lignin with apolar
matrices of polyolefins to produce partially bio-based composites
with improved rheological and thermomechanical properties
and better carbon footprint (Thielemans and Wool, 2005;
Laurichesse and Avérous, 2014). However, the difference in
polarity between lignins and polyolefins such as polyethylene
impedes considerably their miscibility. To overcome this
constraint, physico-chemical properties of lignin can be modified
by chemical esterification with apolar moieties (Nadji et al., 2010;
Gordobil et al., 2015). The acyl donors generally used for these
modifications are short acyl chains present in acetic, butyric,
succinic or maleic anhydrides (Xiao et al., 2001; Thielemans and
Wool, 2005; Tamminen et al., 2012) or acyl chlorides (Koivu
et al., 2016). Some drawbacks can be the use of tetrahydrofurane,
1,4-dioxane orN-methyl pyrrolidone as organic solvents, thionyl
chloride as hazardous chemical reagents, and pyridine derivatives
or 1-methyl imidazole as catalysts. Besides the use of non-
environmentally friendly chemicals, drastic reaction conditions
are often applied (high temperature reaction, extreme pH)
together with the production of by-products and salts involving
purification steps, which are not in agreement with the current
environmental requirements and green chemistry framework
(Anastas and Eghbali, 2010; Zhao et al., 2017). The development
of alternative strategies thus remains a current scientific and
technological challenge in the biorefinery concept. In this way,
one can take advantage of the use of some ILs able to act
both as solvent for lignin and as catalyst for lignin esterification
based. For example, a recent study reported the IL to promote
lignin acetylation of aliphatic hydroxyl groups while aromatic
acetate were deacetylated, in DMSO as solvent (Suzuki et al.,
2018). Earlier, based on the acidic properties of 1-butyl-3-
methyl imidazolium hydrogen sulfate ([Bmim][HSO4]), it was
evidenced that this IL acts as a catalyst for esterification of linear
alcohols (Fraga-Dubreuil et al., 2002).

On the other hand, the access to a lignin fraction with
an adequate purity or structural integrity for considering
valorization requires an efficient fractioning of lignocellulosic
biomass (LCB) upstream. From now on, a very large panel

of fractioning, and delignification pretreatments of LCB is
described in the literature. These include the use of dilute
acid or alkali solutions, liquid hot water, organosolv, steam
explosion, liquid hot water, ultrasounds-assisted processes, or
high voltage electrical discharges methods (Park and Kim,
2012; Zhu et al., 2012; Putro et al., 2016; Brahim et al.,
2017; Gominho et al., 2019). Some imidazolium-based ionic
liquids (ILs) are now well-recognized for efficiently fractionate
LCB under mild conditions (Brandt et al., 2011; Papa et al.,
2012; Auxenfans et al., 2014; Husson et al., 2018; Singh
et al., 2018). These ILs constitute promising solvents with
unique properties such as low vapor pressure, recyclability,
thermostability, and acceptable toxicity for some of them,
particularly those with cation alkyl chain length inferior or
equal to 4 carbons (García-Lorenzo et al., 2008; Egorova
and Ananikov, 2014). In this context, it can be noticed that
[Bmim] [HSO4] would be a suitable candidate to induce lignin
removal from LCB as effective as acetate or chloride anion
imidazolium-based IL. The acidic properties of this IL coupled
with residual water content allow inducing acid-catalyzed
hydrolysis of the β-O-4 linkage resulting in its dissociation
from the carbohydrate matrix and then its dissolution (Brandt
et al., 2011; Carvalho et al., 2015; Bernardo et al., 2019).
It can then be imagined that chemical esterification of
lignin could be directly implemented in the IL used for
pretreatment/fractioning to avoid tremendous procedures of
lignin extraction.

Before considering the development of a one-batch process
including delignificaton of LCB and subsequent transformation
of lignin in the same IL, the study of both the feasibility of
chemical esterification of lignin in ([Bmim] [HSO4and the
versatility of this strategy is inherent. For this reason, we selected
four distinct industrials lignin as representative substrates:
two softwood Kraft lignins (Indulin AT, Wayagamack),
one hardwood Kraft lignin (Windsor) and one softwood
organosolv lignin (Lignol) distinct in origin, extraction process,
and thus chemical structure. The raw materials were firstly
characterized, especially the hydroxyl groups. Then, the impact
of single incubation in [Bmim][HSO4] on the structural and
physicochemical properties was studied. Finally, the feasibility
of lignin esterification with maleic anhydride was investigated
without additional catalyst. Extracted modified lignins were
finely characterized and the performances and selectivity of these
non-conventional reaction systems were discussed based on
quantitative data.

MATERIALS AND METHODS

Reagent
Maleic anhydride (>99%), 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane (95%), chromium acetylacetonate
(>97%), N-Hydroxyphtalimide (97%), acetonitrile (HPLC
grade), chloroform-d (99.8%), and pyridine (99.8%) were
acquired from Sigma-Aldrich (Steinheim, Germany). 1-butyl-3-
methylimidazolium hydrogen sulfate [Bmim][HSO4] (98%) was
produced by Solvionic SA (Verniole, France).
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Industrial Lignins
Kruger Wayagamack and Domtar Windsor furnished two
Kraft black liquors, used to precipitate Kraft lignin. Kruger
Wayagamack black liquor was extracted from softwood and
exhibited 50.9% of solid content with a pH = 14, and a
volumetric mass of 1.27 g.ml−1. Domtar Windsor black liquor
was from hardwood and contained 24.0% of solid with a
pH = 13 and a volumetric mass of 1.12 g.ml−1. Wayagamack
and Windsor lignins were extracted from black liquor followed
by a precipitation procedure using carbon dioxyde described
in a previous study (Schorr et al., 2014). Indulin AT lignin
was extracted from softwood by Kraft process and furnished
by the Westvaco Company. Composition in Klason and acid
soluble lignins, total sugars and ash contents of these three Kraft
lignins were reported by Schorr et al. (2014) and summarized
in Supplementary Table 1 and suggested a satisfactory purity
(>95% with around 1% of residual sugars) allowing to consider
as significant the result on lignin esterification. LignolTM lignin
was extracted by organosolv process applied on softwood and
produced by Lignol Innovation LTD (Berlin et al., 2011).

Esterification of Industrial Lignins
The four industrial lignins were lyophilized and [Bmim][HSO4]
was dried at 80◦C under vacuum for 4 h (Rotavapor R-200,
Büchi, France). Lignins and [Bmim][HSO4] were then stored
in desiccator for 48 h before each reaction. The water content
and water activity of the industrial lignins and [Bmim][HSO4]
were then determined by Karl Fischer coulometry method (831
KF Coulometer, Metrohm, France) and a thermoconstanter
(LabTouch Aw, Novasina, Switzerland), respectively. Data were
reported in Table 1 as a mean of two replicates. Reactions
were carried out in parallel with a synthesis station (Carousel
12+, Interchim, France) allowing to implement simultaneously
12 identical reactions. In a typical reaction, 300mg of
[Bmim][HSO4] (melting point 28◦C) were incubated at 75◦C
under vigorous stirring until total liquefaction. Reaction was
initiated by introducing lignin (10mg) and maleic anhydride
in distinct ratio: 1/1, 1/2, 1/5, 1/7.5, and 1/10 (w/w) and was
performed at 75◦C for 4 h under vigorous stirring. After this
duration, the mixture was cooled down in an ice bath in order
to stop the reaction. Acetonitrile was added in the reaction
medium to precipitate the modified lignin. The resulted solid
residue was collected by vacuum filtration, thoroughly washed
with acetonitrile to eliminate unreacted maleic anhydride and
[Bmim][HSO4], allowing to check that there is no residual IL, and
then dried for 4 h at 100◦C. Control experiments without maleic
anhydride were also carried out in [Bmim][HSO4] (30/1 IL/lignin
ratio, w/w) under the same conditions followed by similar
extraction procedure to evaluate the impact of [Bmim][HSO4] on
the four industrial lignins. Control, reaction and extraction were
replicated three times.

Solubility of Lignins and Their
Corresponding Esters
The solubility of Wayagamack and Windsor lignins (distinct
by their respective H/G/S ratio) before and after esterification
was determined in methanol and chloroform according to

TABLE 1 | Water content and water activity of lyophilized lignins and dried

[Bmim][HSO4].

Water content (%, w/w) aw

Lignins

Indulin AT 3.24 ± 0.04 0.32

Windsor 3.12 ± 0.88 0.38

Wayagamack 3.23 ± 1.14 0.33

LignolTM 2.04 ± 0.70 0.34

Ionic Liquid

[Bmim][HSO4] 0.02 ± 0.01 0.13

experimental procedure reported in previous studies (Cybulska
et al., 2012; Sameni et al., 2017). At room temperature, 5mL
of organic solvent were added to 50mg oven-dried lignin (or
maleated lignin). The samples were sonicated for 10min in a
water bath sonicator at 40◦C. The resulted suspensions were
filtered with paper filter (Whatman no 1). Filters and retentats
were air dried and then weighed. The soluble fraction was
calculated by subtracting the insoluble fraction from the initial
50mg lignin weight. Solubility values were expressed as mean
values of three replicates with standard deviations (±) in g.L−1.

Structural and Thermal Analyses
Pyrolysis-GC/MS
Pyrolysis-GC/MS analyses were performed in triplicate
according experimental procedure described by Schorr et al.
(2014). Each peak of chromatograms was identified according
to NIST Mass Spectral Library and literature data (Meier and
Faix, 1992). H/G/S ratio was calculated based on relative area
(%) of each degradation product. All results were presented in
Supplementary Table 2.

Infrared Spectroscopy
Raw, control and modified lignins were characterized by infrared
spectrometry using a FTIR-8400S (Shimadzu, France) equipped
with a universal ATR sampling accessory with diamond crystal.
Solid samples, without further preparation, were analyzed
between 4,000 and 600 cm−1 using 128 scans with a resolution
of 4 cm−1. All spectra were normalized at 1,510 cm−1, the band
assigned to aromatic rings vibration (Faix, 1991, 1992).

31P NMR Analyses
Based on reference works from Argyropoulos et al., the
quantification of lignin hydroxyls groups were performed
by 31P NMR analyses (Argyropoulos, 1994, 1995). The
sample preparation consisted in the derivatization of lignin
hydroxyls with the phosphorylating agent: 2-chloro-tetra-1,3,2-
dioxophospholane (TMDP). For this, 15mg of dried lignin or
modified lignin were introduced in a glass vial of 1.5mL. 350
µL of pyridine/deuterated chloroform mixture (1.6/1 v/v) were
then added followed by 100 µL of TMDP and 200 µL of
a solution containing 55mM of N-hydryphtalimide (internal
standard) and 7.15mM of chromium acetylacetonate solubilized
in pyridine/deuterated chloroform mixture (1.6/1 v/v). Once
prepared, the sample was immediately transferred in NMR
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TABLE 2 | Assignment of chemical shifts and integration regions in 31P NMR

spectra of lignin after derivatization with 2-chloro-tetra-1,3,2-dioxophospholane

adapted from literature data (Crestini and Argyropoulos, 1997; Crestini et al.,

1998; Pu et al., 2011; Fiţigǎu et al., 2013).

Structure Abbreviation Chemical shift δ (ppm)

Aliphatic-OH HOaliph 145.4–150.0

Aromatic-OH HOph 137.6–144.0

Syringyl-OH ∼142.7

Guaiacyl-OH 139.0–140.2

p-hydroxyphenyl ∼137.8

Carboxylic acid-OH HOCOOH 133.6–136.0

tube. In this way, TMDP reacts with hydroxyl groups of
lignin to generate phosphite derivatives, distinguishing aliphatic,
phenolic hydroxyls, and carboxylic acids groups by their distinct
chemical shift. 31P NMR spectra were acquired on a Bruker
Avance III HD 500 MHz spectrometer equipped with BBI
5mm probe operating at 202,4360 MHz (500,0800 MHz for 1H
canal). Spectra acquisition, adapted from literature data (Crestini
and Argyropoulos, 1997) was obtained by reverse pulse angle
decoupling at 30◦. Spectra consisted of 62 scans with spectral
width of 81.5 kHz collected with a relaxation delay of 25 s
at 298.1 K. Treatments of spectra were performed on Brucker
TopSpin 3.2 software. The residual 31P signal of product issued
from the reaction of water with the phosphorylating agent at
132.2 ppm was used as reference. Assignment was established
according to literature data and gathered in Table 2 (Crestini
and Argyropoulos, 1997; Crestini et al., 1998; Pu et al., 2011;
Fi̧tigǎu et al., 2013). After integration, esterification yield (Y%)
and regioselectivity (R%) were determined according to the
equations below:

(1) Y(HOtotal) = [(HOaliph+ HOph)control lignin - (HOaliph+

HOph) maleated lignin]/(HOaliph+HOph)control lignin x 100
(2) R(HOaliph) = [(HOaliph)control lignin - (HOaliph)

maleated lignin]/[((HOaliph)control lignin - (HOaliph) maleated lignin)
+ ((HOph)control lignin - (HOph) maleated lignin)] x 100

(3) R(HOph) = [(HOph)control lignin -
(HOph)lignin maleated]/[((HOaliph)control lignin - (HOaliph)

maleated lignin) + ((HOph)control lignin - (HOph) maleated lignin)]
x 100

where HOaliph, HOph and HOCOOH correspond, respectively,
to hydroxyls groups from aliphatic, phenolic and carboxylic
acid moieties.

Thermal Gravimetric Analyses
Thermal Gravimetric Analyses (TGA) were performed on
a Simultaneous Thermal Analyzer STA 449C Jupiter Unit
(Netzsch), at a heating rate of 10◦C.min−1 under a constant
argon flow of 50mL.min−1 and from room temperature to 800◦C
(approximately 20mg of each compound). Values of isothermal
drift and sensitivity are 0.6 µg h−1 and 0.1 µg, respectively. The
TGA apparatus is coupled with a Quadrupole QMS 403 Aeolos
mass spectrometer, MS (Detector SEV/Sekundär Elektronen
Vervielfacher (Channeltron), stainless steel capillary, counting

time 20ms per m/z with a resting time of 1 s, scanning width
1/51 amu).

Differential Scanning Calorimetry
Differential scanning calorimetric analyses (DSC) were carried
out on a Netzsch DSC 204 F1 heat flux differential calorimeter.
A constant heating rate of 10◦C.min−1 was selected for analyses,
from room temperature up to 160◦C (1st heating), then
cooling down to room temperature and finally heated to 200◦C
(2nd heating), under a constant argon flow of 200mL.min−1

(approximately 6.0mg of each compound).

RESULT AND DISCUSSION

Chemical esterification of four industrial lignins were
investigated in [Bmim][HSO4]. The catalytic properties of
this IL (Gupta et al., 2007) associated to its β parameter of
Kamlett Taft superior to 0.5 (Ventura et al., 2012) suggested that
this non-conventional solvent could be a suitable alternative for
our strategy in joining both lignin solvation and catalytic activity.
However, before considering chemical modification of lignin, the
structure of the starting lignins and the impact of incubation in
[Bmim][HSO4] were assessed.

Characterization of the Raw Lignins
As the potential of esterification depends on lignin hydroxyl
groups and their accessibility/reactivity, we propose to first
quantify each type of hydroxyl for all raw lignins and
their respective H/G/S ratio by two methods: pyrolysis-
GC/MS (Supplementary Table 2) and 31PNMRdiscussed below.
Indulin AT, Lignol, and Wayagamack lignins exhibited similar
distribution of the three phenylpropan units: 93–96% of G
units, 1–4% of H units, and 2–3% of S units. This similarity
can be explained by their softwood origin while the Windsor
lignin originated from hardwood exhibits a different H/G/S ratio
of 1/32/67. In Table 3 the hydroxyl quantification from 31P
NMR spectra is reported. Indulin AT exhibited a total hydroxyl
concentration (5.58 mmol.g−1 of lignin) superior to those of
all others lignins. Distribution between HOPh and HOaliph gave
a ratio of 0.89 in agreement with previous studies (Fi̧tigǎu
et al., 2013). Wayagamack lignin exhibited HOPh/HOaliph

ratio of 1.09 (with a total hydroxyl concentration of 2.79
mmol.g−1 of lignin). In comparison to Indulin AT, these lower
hydroxyls contents determined for Wayagamack lignin could
be due to condensation reactions. This could be in agreement
with the difference of condensation index between these two
lignins (Supplementary Table 3). The hydroxyl concentrations
can also decrease by oxidation reactions occurring during the
precipitation step of the recovery process and leading to the
formation of additional carboxylic functions (Gierer, 1985;
Asgari and Argyropoulos, 1998; Kouisni, 2011). This could be
correlated to the higher concentration of HOCOOH groups for
Wayagamack in comparison to Indulin AT (0.64 mmol.g−1 of
lignin for Wayaagmack vs. 0.40-0.48 mmol.g−1 of lignin for
the three other). The Windsor lignin presented a total hydroxyl
concentration of 3.87 mmol.g−1 of lignin with a HOPh/HOaliph

ratio of 1.25. 60% of HOPh provided from S units. HOPh amount
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TABLE 3 | Quantification by 31P NMR of hydroxyl groups (mmol.g−1 of lignin) in

raw lignins.

Concentration

(mmol.g−1 of lignin)

Industrial lignins

Indulin AT Wayagamack Lignol Windsor

HOaliph 2.19 ± 0.01 1.34 ± 0.07 1.39 ± 0.02 1.56 ± 0.12

HOPh 1.95 ± 0.06 1.45 ± 0.28 1.37 ± 0.14 1.93 ± 0.01

HOSyringyl nd nd nd 1.17 ± 0.06

HOGuaiacyl 1.43 ± 0.01 1.17 ± 0.01 1.14 ± 0.11 0.56 ± 0.04

HOHydroxyphenyl 0.08 ± 0.01 0.03 ± 0.01 0.05 ± 0.02 0.04 ± 0.01

Condensed HOPh 0.44 ± 0.07 0.25 ± 0.04 0.19 ± 0.01 0.17 ± 0.10

HOCOOH 0.44 ± 0.03 0.64 ± 0.01 0.48 ± 0.02 0.39 ± 0.02

HOa
total 4.58 ± 0.07 3.43 ± 0.05 3.23 ± 0.14 3.87 ± 0.14

HOb
esterifiable 4.14 ± 0.04 2.79 ± 0.04 2.75 ± 0.12 3.49 ± 0.13

Ratio HOPh/HOaliph 0.89 ± 0.04 1.09 ± 0.08 0.99 ± 0.11 1.25 ± 0.09

Ratio H/G/S 4/96/0 2/98/0 3/97/0 2/38/60

Ratio H/G/Sc 4/94/2 1/96/3 4/93/3 1/32/67

aHOtotal = HOaliph + HOPh + HOCOOH.
bHOesterifiable = HOaliph + HOPh.
cCalculated using pyrolysis-GC-MS analyses.

nd, not detected.

of Lignol lignin was similar to those from Indulin AT while
the HOaliph was lower. This lignin, issued from hardwood does
not seem as sensitive to oxydation reaction as Wayagamack.
Finally, Lignol lignin presented a hydroxyl group concentration
of 3.23 mmol.g−1 of lignin with a HOPh/HOaliph ratio close
to 1.Among the three lignins extracted from softwood, Lignol
showed a lower condensed HOPh content, in agreement with the
mild conditions of organosolv process. As the ratios evaluated
by both methods are in close agreement, a classification of
the four lignins according to their potential of esterification
(concentration of hydroxyl groups susceptible to be implied in
O-acylation reaction) can be suggested: Indulin AT > Windsor
> Wayagamack≈ Lignol.

Impact of Incubation in [Bmim][HSO4] on
Lignin Properties in View of Further
Transformation
Structural Properties
FTIR analyses of the four industrial lignins (Indulin AT,
Wayagamack, Lignol, and Windsor) were performed after
incubation in [Bmim][HSO4] for 4 h at 75◦C, and extraction
process. The obtained data were compared to the corresponding
rawmaterials (Figure 1). FTIR spectra of Indulin AT (Figure 1A)
before and after incubation in [Bmim][HSO4] did not evidence
significant differences suggesting the preservation of overall
structural integrity of this lignin in these conditions, as already
suggested in the literature for other imidazolium-based ILs
(Hulin et al., 2015). This observation is in agreement with
the similar quantification of hydroxyl group of Indulin AT
before (Table 3) and after incubation in the IL (Table 4). For
Wayagamack, Lignol and to a lesser extent Windsor lignins
(Figures 1B–D), a slight decrease in intensity of the band at 1,707

cm−1, characteristic of carbonyl stretching, was observed. This
could be due to reaction implying ketone functions catalyzed
by [Bmim][HSO4] (Gupta et al., 2007). It was also noticed
that for the Wayagamack and Lignol lignins a slight increase
in the band intensity at 1,080 cm−1 occurred, assigned to the
C-O deformation in aliphatic esters and secondary hydroxyls
(Casas et al., 2012). In this way, aldolization and/or ketolization
catalyzed by [HSO4] anion may occur between lignin ketones
and electrophile groups, leading to the formation of C-C covalent
bonds and secondary alcohols. This aldolization can also be
suggested for the Windsor lignin by the diminution of the
band intensity at 1,111 cm−1, assigned to C-O of aliphatic
ethers. Anyhow, these modifications on FTIR spectra, revealed
after incubation in [Bmim][HSO4] of raw lignins, remained
minor. Additional information was provided by 31P NMR
spectra on the distinct types of hydroxyl groups than FTIR
cannot discriminate (Pu et al., 2011). Figure 2 shows 31P NMR
spectra of the four phosphorylated industrial lignins (Indulin AT,
Wayagamack, Windsor and Lignol) before and after incubation
in [Bmim][HSO4]. Decreases of peak intensity of phenolic
hydroxyls from G units (HOph, 139.0–140.2 ppm) and carboxylic
acid hydroxyls (HOCOOH, 133.6–136.0 ppm) were observed for
Wayagamack, Windsor, and Lignol lignins (Figures 2B–D). In
the case of Indulin AT, the intensity decrease was much less
marked (Figure 2A). Contrary to other lignins, intensity of
HOaliph peak from Lignol decreased significantly (Figure 2C).
Concerning the Windsor, intensity of peaks assigned to HOph

from the S units was more strongly decreased than those from G
units after incubation in [Bmim][HSO4] (Figure 2D). Although
the overall structural integrity of lignins would be preserved
after incubation in [Bmim][HSO4], some chemical modifications
specifically affecting amount aliphatic, phenolic, and carboxylic
acid hydroxyl groups occurred. These observations are reinforced
by quantifications reported before incubation in IL of raw lignins
(Table 3) and after incubation (Table 4). This could be due to
condensation reactions between β-ketone and hydroxyl or β-
carbonyl groups in acidic conditions (Wayman and Lora, 1980;
Hussin et al., 2014). In addition, decrease in HOph may be due to
dehydration resulting from acid-catalyzed elimination reactions
(El Hage et al., 2009; Hussin et al., 2014).

Thermal Properties
The thermal properties of the four industrial lignins were
characterized by thermogravimetric analysis (TGA) before
(Supplementary Figure 1) and after (Supplementary Figure 2)
incubation in [Bmim][HSO4]. TGA curves represent weight
loss of lignin relative to temperature of thermal degradation.
The first derivative of the corresponding curve (DTG) shows
rate of weight loss. The peaks of the DTG curves may be
defined as thermal degradation temperatures: Tonset as the
temperature at which the degradation of the polymer starts,
T50% as the temperature at which lignin sample attained 50%
of degradation and DTG as thermal decomposition temperature
at which maximal decomposition occurs. Table 5 summarizes
thermal analyses data relative to the four lignins before and
after incubation in [Bmim][HSO4]. TGA thermograms suggested
that thermal degradation behavior was different after incubation
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FIGURE 1 | ATR–FTIR spectra of the four industrial lignins: Indulin AT (A), Wayagamack (B), Lignol (C), and Windsor (D) before (blue) and after incubation in

[Bmim][HSO4] for 4 h at 75◦C (red).

TABLE 4 | Quantification by 31P NMR of hydroxyl groups concentration (mmol.g−1 of lignin) in control lignin (incubated in [Bmim][HSO4] for 4 h at 75◦C without maleic

anhydride) and in maleated lignins and regioselectivity of the reaction (R%).

Control lignin (mmol.g−1 of lignin) Lignin maleate (mmol.g−1 of lignin) Regioselectivity (%)

HOaliph HOph HOaliph HOph HOaliph HOph

Indulin AT 2.29 ± 0.17 1.66 ± 0.16 0.88 ± 0.47 1.00 ± 0.36 66.6 ± 3.7 33.4 ± 3.7

Wayagamack 0.79 ± 0.38 1.10 ± 0.07 0.31 ± 0.02 0.77 ± 0.08 51.7 ± 11.7 48.3 ± 11.7

Lignol 1.18 ± 0.29 1.20 ± 0.04 0.50 ± 0.10 1.07 ± 0.01 83.6 ± 0.9 16.4 ± 0.9

Windsor 1.26 ± 0.42 1.43 ± 0.16 0.55 ± 0.01 1.00 ± 0.20 65.5 ± 4.9 34.5 ± 4.9

in IL (Supplementary Figures 1, 2). The incubation seemed to
minimize the differences between Tonset value of each lignin.
Indeed, these values ranged between 200.0 and 215.7◦C after
incubation vs. 145.0 and 183.3◦C for raw materials. After
incubation in IL, thermal degradation of the four lignins was
slower and required higher temperature for starting. However,
IndulinAT exhibited a decrease in T50% and relative mass loss
at 798◦C after incubation in [Bmim][HSO4]. The increase of
Tonset after incubation could be related to the decrease in
carboxylic acid hydroxyl groups evidenced by 31P NMR and
FTIR spectra. This effect would be particularly marked for
Lignol lignin. Previous results obtained by 31P NMR suggested
that incubation in [Bmim][HSO4] decreases the concentration

in HOph of lignins. These HOph groups allow the prevention
of autocondensation of lignin during thermal decomposition
(Zhao et al., 2014). We suggested that IL incubation of
Wayagamack, Lignol, and Windsor lignins would generate some
more condensed aromatic structures leading to higher stability
as revealed by increase in Tonset. Glass transition temperature
(Tg) of the raw lignins were then determined by DSC and
ranged between 135.5 and 150.0◦C. Although not precisely
ascertainable in our experiments, there is an effect of IL
incubation that could be due to variation in hydroxyl groups,
or maybe the presence of low molecular weight contaminants or
residual solvent (Vasile and Zaikov, 2006; Sadeghifar et al., 2012
Cui et al., 2013).
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FIGURE 2 | 31P NMR spectra of the four phosphorylated industrial lignins: Indulin AT (A), Wayagamack (B), Lignol (C), and Windsor (D) before (blue) and after

incubation in [Bmim][HSO4] for 4 h at 75◦C (red). N-hydroxyphtalimide was used as internal standard with chemical shifts of phosphitylated N-hydroxy

N-hydroxyphtalimide centered on 152.2 ppm.

TABLE 5 | Thermal analyses summary of lignins before and after incubation in [Bmim][HSO4] for 4 h at 75◦C.

Lignins Tonset (
◦C) T50% (◦C) Residual relative massa (%) DTG max (◦C)

Raw Indulin AT 145.0 645.7 46.6 349.0

Wayagamack 183.3 516.0 41.3 397.3

Lignol 162.5 461.2 38.5 390.9

Windsor 165.0 482.8 39.7 359.9

After incubation in [Bmim][HSO4] Indulin AT 215.7 572.3 44.0 338.4

Wayagamack 211.3 552.0 43.6 338.8

Lignol 200.0 631.6 46.9 335.5

Windsor 208.8 632.9 46.8 342.4

aResidual relative mass (%) determined at 798◦C.

All together, these characterizations provided evidence that
control lignins obtained after IL incubation of raw lignins left a
good potential in hydroxyl groups for esterification.

Chemical Esterification of Lignins in
[Bmim][HSO4]
Determination of Suitable Lignin/Maleic

Anhydride Ratio
Chemical esterifications of Indulin AT and Lignol, two industrial
softwood lignins distinct by their respective extraction processes

(Kraft vs. organosolv), were firstly performed in [Bmim][HSO4]
with various lignin/maleic anhydride ratio (w/w) to target the
optimal conditions. For this study, a temperature of 75◦C and
a duration of 4 h were selected based on a previous work
concerning chemical esterification of lignin in dioxane (Schorr
et al., 2014). After incubation in [Bmim][HSO4] in presence of
various maleic anhydride amount, all FTIR spectra of recovered
Indulin AT (Figure 3) showed the presence of a characteristic
band of ester carbonyl at 1,718 cm−1 not observed on the
FTIR spectrum of incubated Indulin AT without acyl donor
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FIGURE 3 | ATR–FTIR spectra of Indulin AT after incubation in [Bmim][HSO4]

for 4 h at 75◦C (A) and after esterification in similar conditions with the

lignin/maleic anhydride ratio of 1/1 w/w (B), 1/2 w/w (C), 1/5 w/w (D), 1/7.5

w/w (E), and 1/10 w/w (F).

FIGURE 4 | ATR–FTIR spectra of Lignol after incubation in [Bmim][HSO4] for

4 h at 75◦C (A) and after esterification in similar conditions with the

lignin/maleic anhydride ratio of 1/1 w/w (B), 1/2 w/w (C), 1/5 w/w (D), 1/7.5

w/w (E), and 1/10 w/w (F).

(Figure 1A). This carbonyl ester band is distinct from those
of maleic anhydride (1,737 cm−1) and those assigned to free
carboxylic group (1,707 cm−1). The presence of this band at 1,718
cm−1 was supported by significant increase of band intensities
at 1,206 cm−1 and 1,160 cm−1, corresponding to C-C and C=O
stretching and C=O from conjugated ester groups, respectively
(Faix, 1992; Boeriu et al., 2004). These characteristic bands
suggested the feasibility of the chemical esterification of Indulin
AT lignin in [Bmim][HSO4]. Esterification in this IL would be
more efficient with the lignin/maleic anhydride ratio of 1/7.5
w/w (Figure 3E and Figure 5A) while the best ratio in dioxane

FIGURE 5 | ATR–FTIR spectra of the four maleated lignins: Indulin AT (A),

Lignol (B), Wayagamack (C), and Windsor (D) after esterification in

[Bmim][HSO4] for 4 h at 75◦C with the lignin/maleic anhydride ratio of 1/7.5

w/w.

was 1/2 w/w (Schorr et al., 2014). To confirm the relevance
of this lignin/maleic anhydride ratio, similar reactions were
performed with Lignol lignin. The FTIR spectra of recovered
Lignol were presented in Figure 4. From the ratio of 1/1 w/w, the
band at 1,721 cm−1, characteristic of ester carbonyl, appeared.
The intensity of this band increased as the higher ratio. A
slight band at 1,176 cm−1 (see red arrow on Figure 4C) can
be observed, maybe assigned to carbonyl from aromatic ester
(Barra et al., 1999; Maldhure et al., 2012). The increase of band
intensity at 1,124 cm−1, assigned to secondary alcohols and
ester carbonyl groups, also confirmed the synthesis of lignin
maleate (Faix, 1992; Casas et al., 2012). For 1/7.5 and 1/10 w/w
ratio, the intensity of the band at 1,161 cm−1 increased and
constituted thus a supplementary proof of chemical esterification
of lignin (see spectra on Figures 4D–F and Figure 5B). Based on
these results, chemical esterifications of the two other industrial
lignins (Wayagamack and Windsor) with maleic anhydride were
performed with the ratio lignin/maleic anhydride1/7.5 w/w. After
extraction from reaction media, FTIR analyses of recovered
lignins confirmed the feasibility of chemical esterification of
Wayagamack, and Windsor lignins as illustrating by their
corresponding infrared footprint (Figures 5C,D).

Reaction Performances and Selectivity
Figure 6 evidences significant differences between 31P NMR
spectra of control lignins (incubated in [Bmim][HSO4] for 4 h
at 75◦C without maleic anhydride) and esterified lignins. In
most of the case, 31P NMR spectra of esterified lignins present
a decrease of peak intensity of HOaliph (145.4–150.0 ppm) and
HOph (139.0–140.2 ppm) as compared to control lignins spectra.
A sharp increase of peak intensity corresponding to HOCOOH

(133.6–136.0 ppm) can be noticed. The esterification would
thus target both aliphatic and phenolic hydroxyls of lignins
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FIGURE 6 | 31P NMR spectra of the four industrial lignins: Indulin AT (A), Wayagamack (B), Lignol (C), and Windsor (D) after incubation in [Bmim][HSO4] for 4 h at

75◦C without maleic anhydride (control lignins, red spectra) and with maleic anhydride (maleated lignins, blue spectra). N-hydroxyphtalimide was used as internal

standard with chemical shifts of phosphitylated N-hydroxy N-hydroxyphtalimide around 150.7–153.6 ppm. Esterification was performed with the lignin/maleic

anhydride ratio of 1/7.5 w/w.

as already observed in FTIR spectra. Moreover, the increase
of hydroxyls from carboxylic groups confirmed the presence
of grafted maleyl chains on lignin by exposing free one-end
carboxylic groups of anhydride. Quantitative analyses of 31P
NMR spectra were used to determine esterification yield (Y in%)
and then to deduce the regioselectivity of the reaction (Table 4).
Global esterification yields obtained for Lignol and Wayagamack
(30.1 and 38.5%, respectively) were significantly lower than
those obtained with Windsor and Indulin AT (47.4 and 52.5%,
respectively). The quantitative results thus suggested a difference
of esterification performances between these four industrial
lignins, maybe influenced either by the origin (softwood or
hardwood) or the extraction process (Kraft or organosolv). The
comparison of these performances with literature data is not
an easy one. Indeed yields were often expressed as the mass
increase of recovered lignin after esterification, unfortunately
biased by mass loss during extraction from reaction medium
and/or residual adsorption of acyl donor (Nadji et al., 2010;
Cachet et al., 2014; Chatterjee et al., 2014; Gordobil et al., 2016).
However, our obtained yields seemed to be competitive with
some of those reported in literature. For instance, a mass increase
of 3.3% was determined for esterification of the organosolv
lignin with maleic anhydride in tetrahydrofuran. This yield
corresponded to 0.5 mmol of esterified hydroxyl groups per
gram of lignin (mmol/glignin) (Chatterjee et al., 2014). This result
was significantly lower than those obtained with our greener

strategy for the four tested lignins: in average 1.20 mmol/glignin
of esterified hydroxyls achieved in shorter duration.

Literature data usually suggests that esterification would
mainly occur directly or indirectly on aliphatic hydroxyls
(Thielemans and Wool, 2005; Nadji et al., 2009; Ahvazi et al.,
2011; Maldhure et al., 2011, 2012; Chatterjee et al., 2014; Suzuki
et al., 2018). In this context, we proposed to finely define
the resulted regioselectivity from our reaction system for the
four industrial lignins. It can be observed that HOaliph were
preferentially esterified for Indulin AT, Lignol, and Windsor
lignins (Table 4). These results agreed with the low selectivity
in favor to HOph from lignin suggested in a previous study
(Ahvazi et al., 2011). Interestingly, similar part of HOph were
esterified (around 33% of total esterified hydroxyl groups) for
Indulin AT and Windsor: two lignins extracted from wood
by Kraft process. This regioselectivity could be explained by
the high amount of syringyl units with two methoxy groups
on the aromatic ring inducing probably steric hindrance in
the molecular environment of HOph (Thielemans and Wool,
2005). Concerning the Wayagamack lignin, hydroxyl groups
were esterified regardless of their respective nature (51.7% of
HOaliph vs. 48.3% of HOph). This absence of regioselectvity
could suggest that chemical modification of lignin occurred
during extraction process. About Lignol lignin, HOaliph were
preferentially esterified with a regioselectivity of 83.6%. Although
organosolv process preserved the native structure of lignin and
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thus the amount in coniferyl alcohol, we expected a higher
availability of HOph for esterification with maleic anhydride.
By this way, we suggested that the solvation in [Bmim][HSO4]
could affected the reactivity of HOph in agreement with results
in dioxane previously reported in the literature (Ahvazi et al.,
2011). In solution, maleic anhydride exhibits two carboxylic
functions allowing either mono-acylation or di-acylation. The
HOCOOH/HOesterified ratio can distinguish between these two
possible reactions. For Lignol and Wayagamack lignins, the
ratio was, respectively, of 0.94 and 0.92 suggesting a mechanism
exclusively oriented towardmono-acylation. On the contrary, the
ratio of 0.59 determined for Indulin AT, suggested that 1/3 of
maleic anhydride induced di-acylation on lignin.

Thermal Properties of Lignin Maleate
Table 6 compares thermal analyses data relative to the
four lignins after esterification in [Bmim][HSO4] with
maleic anhydride. TGA and DTG thermograms of the four
lignins after esterification exhibited significant differences in
comparison with control lignins (Supplementary Figure 3

vs. Supplementary Figure 2). Indeed, thermograms of the
four maleated lignins presented henceforth two characteristic
temperatures of maximal degradation (DTG1max and DTG2max).
DTG1max ranged between 192.2 and 196.3◦C (Table 6). This
new DTG1max could be due to the thermal decomposition
of the covalently grafted maleyl chains on polymers. Overall,

it can be noticed a decrease in thermal stability for the
four maleated lignins as illustrated by the lower Tonset and
T50% (except for maleated Wayagamack lignin) than those
determined for corresponding control (Table 2). About maleated
Wayagamack, no significative change of T50% was detected as
already reported (Schorr et al., 2014). In addition, TGA-MS
coupled analyses of lignin maleates evidenced the generation of
degradation fragments with m/z of 26 (C2H2) and 44 (CO2).
Example of fragments generated during TGA-MS coupled
analysis of maleated Indulin AT lignin was presented in
Supplementary Figure 4. These fragments would be assigned
to thermal decomposition of maleic chains (Cascaval et al.,
1996; Chen et al., 2013). Combined with 31P NMR analyses,
these thermal degradation fragments strengthen the proof of
concept of efficient lignin esterification in [Bmim][HSO4] with
maleic anhydride without additional catalyst. Previous works
about esterification of lignins demonstrated that Tg decreased
drastically after efficient covalent grafting of alkyl chain on
the polymer (Schorr et al., 2014; Hulin et al., 2015). This
thermal behavior of modified lignins was thus consistent with a
succeeded esterification.

Solubility of Raw Lignins vs. Maleated
Lignins
Wayagamack and Windsor lignins were selected for their
contrasted H/G/S ratio (1/96/3 vs. 1/32/67, respectively).

TABLE 6 | Thermal analyses summary of lignins after chemical esterification in [Bmim][HSO4] with maleic anhydride for 4 h at 75◦C.

Modified Lignins Tonset (
◦C) T50% (◦C) Residual relative massa (%) DTG1 maxb (◦C) DTG2 maxc (◦C)

Indulin AT 147.1 478.4 40.0 196.3 324.1

Wayagamack 172.4 557.9 43.8 196.8 318.2

Lignol 155.8 491.5 41.1 192.2 325.0

Windsor 160.0 499.2 40.7 193.5 336.9

aResidual relative mass (%) determined at 798 ◦C.
bFirst maximum degradation temperature.
cSecond maximum degradation temperature.

FIGURE 7 | Solubility values of Wayagamack and Windsor lignins in methanol and chloroform before and after esterification. *Insoluble.
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Methanol and chloroform, distinct by their solubility parameter δ

from Hildebrand theory (14.3 vs. 9.2 (cal/cm−3)1/2, respectively)
and hydrogen bonding parameter δH from the Hansen theory
(10.9 vs. 2.8 (cal/cm−3)1/2, respectively), were chosen for this
study. The solubility values of Wayagamack and Windsor
lignins before and after esterification were presented in the
Figure 7. Windsor lignin exhibited a higher solubility values
than Wayagamack lignin in methanol (3.3 vs. 1.8 g.L−1) and
chloroform (0.43 g.L−1 vs. insoluble). As expected, methanol
was a more suitable solvent than chloroform to solubilize
lignins according to their respective δ and δH parameters. Based
on molecular weight measurements reported in Schorr et al.
(2014), we suggested that the higher solubility of Windsor
lignin in a given solvent in comparison to Wayagamack
lignin could be explained by its lower molecular weight (Mw
3863 vs. 4859, respectively). In addition, this higher solubility
could be also related to the higher HOtotal concentration in
Windsor lignin than in Wayagamack lignin (Table 3) as already
suggested (Sameni et al., 2017). In addition, whatever the
lignin, esterification induced an increase in solubility values
in methanol (x 2.7 for Wayagamack lignin and x 1.6 for
Windsor). This improvement could be related to mono-acylation
by maleic anhydride leading to additional exposed carboxylic
groups. Indeed, these groups would allow additional hydrogen
bonding with solvent and so a better solvation of the polymer.
In chloroform, this improvement was less marked with a
solubility of maleated lignins inferior to 1 g.L−1. Nevertheless,
Wayagamack lignin, initially insoluble in this solvent became
slightly more soluble. This weak solubility improvement in
aprotic organic solvent as chloroform seemed to be due to
a compromise induced by the covalent grafting of maleic
anhydride, providing both additional alkyl chains favorable to
solvation in this solvent and additional free carboxylic groups
which might be unfavorable.

CONCLUSION

Chemical esterifications of four industrial lignins, distinct
by their origin, and extraction process, were succeeded for
the first time with maleic anhydride in acidic ionic liquid.
This route was easy to implement, fast and did not require
additional catalyst. An excess of acyl donor favored the efficiency
of the reaction whatever the origin and extraction process
of lignin. Between 30 to 52% of hydroxyls of lignin were
esterified. For three out of four lignins (Indulin AT, Windsor,
Lignol), the regioselectivity of the reaction system was mainly
orientated toward aliphatic hydroxyls (>60%) reflecting both
their accessibility in the molecular environment and their

reactivity. For the Wayagamack lignin, esterification yield was
the lowest but the absence of selectivity between aliphatic and
phenolic hydroxyl suggested an improved reactivity of phenolic
hydroxyls in our reaction system. Esterification of lignins with
maleic anhydride increased significantly their solubility in polar
and protic solvent probably due to additional exposed carboxylic
groups resulted from mono-acylation. Although the covalent
grafting of maleyl chains on lignin induced a very slight decrease
in thermal stability, this remained compatible with temperature
conditions of extrusion process for the conception of partially
biosourced composites.
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Fi̧tigǎu, I. F., Peter, F., and Boeriu, C. G. (2013). Structure analysis of lignins from
different sources.World Acad. Sci. Eng. Technol. 7, 98–103.

Fraga-Dubreuil, J., Bourahla, K., Rahmouni, M., Bazureau, J. P., and Hamelin,
J. (2002). Catalysed esterifications in room temperature ionic liquids with
acidic counteranion as recyclable reaction media. Catal. Commu. 3, 185–190.
doi: 10.1016/S1566-7367(02)00087-0

Gandini, A., and Belgacem, M. N. (2008). “Chapter 11 - lignins as components
of macromolecular materials,” in Monomers, Polymers and Composites from

Renewable Resources, eds M. N. Belgacem and A. Gandini (Amsterdam:
Elsevier), 243–271.

García-Lorenzo, A., Tojo, E., Tojo, J., Teijeira, M., Rodríguez-Berrocal, F.
J., González, M. P., et al. (2008). Cytotoxicity of selected imidazolium-
derived ionic liquids in the human Caco-2 cell line. sub-structural
toxicological interpretation through a QSAR study. Green Chem. 10, 508–516.
doi: 10.1039/b718860a

Gierer, J. (1985). Chemistry of delignification.Wood Sci. Technol. 19, 289–312.
Gominho, J., Costa, R., Lourenço, A., Neiva, D. M., and Pereira, H.

(2019). The effect of different pre-treatments to improve delignification of
eucalypt stumps in a biorefinery context. Biores. Technol. Rep. 6, 89–95.
doi: 10.1016/j.biteb.2019.02.004

Gordobil, O., Delucis, R., Egüés, I., and Labidi, J. (2015). Kraft lignin as filler in
PLA to improve ductility and thermal properties. Ind. Crops Prod. 72, 46–53.
doi: 10.1016/j.indcrop.2015.01.055

Gordobil, O., Robles, E., Egüés, I., and Labidi, J. (2016). Lignin-ester
derivatives as novel thermoplastic materials. RSC Adv. 6, 86909–86917.
doi: 10.1039/C6RA20238A

Gupta, N., Sonu, Kad, G. L., and Singh, J. (2007). Acidic ionic liquid [bmim]HSO4:
an efficient catalyst for acetalization and thioacetalization of carbonyl
compounds and their subsequent deprotection. Catal. Commun. 8, 1323–1328.
doi: 10.1016/j.catcom.2006.11.030

Hulin, L., Husson, E., Bonnet, J.-P., Stevanovic, T., and Sarazin, C. (2015).
Enzymatic transesterification of kraft lignin with long acyl chains in ionic
liquids.Molecules 20:16334. doi: 10.3390/molecules200916334

Hussin, M. H., Rahim, A. A., Mohamad Ibrahim, M. N., Yemloul, M.,
Perrin, D., and Brosse, N. (2014). Investigation on the structure and
antioxidant properties of modified lignin obtained by different combinative
processes of oil palm fronds (OPF) biomass. Ind. Crops Prod. 52, 544–551.
doi: 10.1016/j.indcrop.2013.11.026

Husson, E., Auxenfans, T., Herbaut, M., Baralle, M., Lambertyn, V.,
Rakotoarivonina, H., et al. (2018). Sequential and simultaneous strategies for
biorefining of wheat straw using room temperature ionic liquids, xylanases and
cellulases. Bioresour. Technol. 251, 280–287. doi: 10.1016/j.biortech.2017.12.047

Ion, S., Opris, C., Cojocaru, B., Tudorache, M., Zgura, I., Galca, A. C., et al.
(2018). One-pot enzymatic production of lignin-compositesv. Front. Chem.

6:124. doi: 10.3389/fchem.2018.00124
Koivu, K. A. Y., Sadeghifar, H., Nousiainen, P. A., Argyropoulos, D. S.,

and Sipilä, J. (2016). Effect of fatty acid esterification on the thermal
properties of softwood kraft lignin. ACS Sustain. Chem. Eng. 4, 5238–5247.
doi: 10.1021/acssuschemeng.6b01048

Frontiers in Chemistry | www.frontiersin.org 12 August 2019 | Volume 7 | Article 57871

https://doi.org/10.1139/cjc-76-11-1606
https://doi.org/10.1016/j.enconman.2014.04.027
https://doi.org/10.1590/S0103-50531999000100006
http://www.freepatentsonline.com/WO2011097720.html
http://www.freepatentsonline.com/WO2011097720.html
https://doi.org/10.3390/molecules24040808
https://doi.org/10.1016/j.indcrop.2004.04.022
https://doi.org/10.1016/j.biortech.2017.04.003
https://doi.org/10.1039/c1gc15374a
https://doi.org/10.1016/j.indcrop.2014.03.039
https://doi.org/10.1002/cssc.201000157
https://doi.org/10.1039/C5RA07159C
https://doi.org/10.1002/jctb.2724
https://doi.org/10.1016/0040-6031(95)02698-3
https://doi.org/10.1039/C3RA46928J
https://doi.org/10.1016/j.indcrop.2013.02.023
https://doi.org/10.1021/jf960568k
https://doi.org/10.1016/S0968-0896(98)00047-9
https://doi.org/10.1016/j.biortech.2012.05.073
https://doi.org/10.1016/j.indcrop.2010.10.022
https://doi.org/10.1002/cssc.201300459
https://doi.org/10.1016/j.polymdegradstab.2009.07.007
https://doi.org/10.1002/pol.1972.110100315
https://doi.org/10.1007/BF02662706
https://doi.org/10.1016/S1566-7367(02)00087-0
https://doi.org/10.1039/b718860a
https://doi.org/10.1016/j.biteb.2019.02.004
https://doi.org/10.1016/j.indcrop.2015.01.055
https://doi.org/10.1039/C6RA20238A
https://doi.org/10.1016/j.catcom.2006.11.030
https://doi.org/10.3390/molecules200916334
https://doi.org/10.1016/j.indcrop.2013.11.026
https://doi.org/10.1016/j.biortech.2017.12.047
https://doi.org/10.3389/fchem.2018.00124
https://doi.org/10.1021/acssuschemeng.6b01048
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Husson et al. Esterification of Industrial Lignins in Ionic Liquid

Kouisni, L. L. M. (2011). Method for Separating Lignin From Black Liquor.

International US 2011/0297340 A1.
Laurichesse, S., and Avérous, L. (2014). Chemical modification of

lignins: towards biobased polymers. Prog. Polym. Sci. 39, 1266–1290.
doi: 10.1016/j.progpolymsci.2013.11.004

Maldhure, A. V., Chaudhari, A. R., and Ekhe, J. D. (2011). Thermal and structural
studies of polypropylene blended with esterified industrial waste lignin. J.
Thermal Anal. Calorimetry 103, 625–632. doi: 10.1007/s10973-010-1048-6

Maldhure, A. V., Ekhe, J. D., and Deenadayalan, E. (2012). Mechanical properties
of polypropylene blended with esterified and alkylated lignin. J. Appl. Poly. Sci.
125, 1701–1712. doi: 10.1002/app.35633

Meier, D., and Faix, O. (1992). “Pyrolysis-gas chromatography-mass
spectrometry,” in Methods in Lignin Chemistry, eds S. Y. Lin, and D. W.
Dence (Berlin: Springer Berlin Heidelberg), 177–199.

Nadji, H., Bedard, Y., Benaboura, A., Rodrigue, D., Stevanovic, T., and Riedl,
B. (2010). Value-added derivatives of soda lignin from alfa grass (Stipa
tenacissima). I. modification and characterization. J. Appl. Poly. Sci. 115,
1546–1554. doi: 10.1002/app.31141

Nadji, H., Rodrigue, D., Benaboura, A., Bédard, Y., Stevanovic, T., and Riedl, B.
(2009). Value-added derivatives of soda lignin Alfa grass (Stipa tenacissima).
II. uses as lubricants in plastic processing. J. Appl. Poly. Sci. 114, 3003–3007.
doi: 10.1002/app.30925

Papa, G., Varanasi, P., Sun, L., Cheng, G., Stavila, V., Holmes, B., et al.
(2012). Exploring the effect of different plant lignin content and composition
on ionic liquid pretreatment efficiency and enzymatic saccharification
of Eucalyptus globulus L. mutants. Bioresour. Technol. 117, 352–359.
doi: 10.1016/j.biortech.2012.04.065

Park, Y. C., and Kim, J. S. (2012). Comparison of various alkaline
pretreatment methods of lignocellulosic biomass. Energy 47, 31–35.
doi: 10.1016/j.energy.2012.08.010

Pu, Y., Cao, S., and Ragauskas, A. J. (2011). Application of quantitative 31P NMR
in biomass lignin and biofuel precursors characterization. Energy Environ. Sci.
4, 3154–3166. doi: 10.1039/c1ee01201k

Putro, J. N., Soetaredjo, F. E., Lin, S.-Y., Ju, Y.-H., and Ismadji, S. (2016).
Pretreatment and conversion of lignocellulose biomass into valuable chemicals.
RSC Adv. 6, 46834–46852. doi: 10.1039/C6RA09851G

Sadeghifar, H., Cui, C., and Argyropoulos, D. S. (2012). Toward thermoplastic
lignin polymers. Part 1. Selective masking of phenolic hydroxyl groups in kraft
lignins via methylation and oxypropylation chemistries. Ind. Eng. Chem. Res.

51, 16713–16720. doi: 10.1021/ie301848j
Sameni, J., Krigstin, S., and Sain, M. (2017). Solubility of lignin and

acetylated lignin in organic solvents. Bioresources 12, 1548–1565.
doi: 10.15376/biores.12.1.1548-1565

Schorr, D., Diouf, P. N., and Stevanovic, T. (2014). Evaluation of industrial
lignins for biocomposites production. Ind. Crops Prod. 52, 65–73.
doi: 10.1016/j.indcrop.2013.10.014

Singh, J. K., Sharma, R. K., Ghosh, P., Kumar, A., and Khan, M. L. (2018).
Imidazolium based ionic liquids: a promising green solvent for water hyacinth

biomass deconstruction. Front. Chem. 6:548. doi: 10.3389/fchem.2018.0
0548

Stevanovic, T., and Perrin, D. (2009). Chapitre 5. La Lignine. Chimie du Bois.
Lausanne: Presses Polytechniques et Universitaires Romandes, 145–177.

Suzuki, S., Ishikuro, A., Hirose, D., Ninomiya, K., and Takahashi, K. (2018). Dual
catalytic activity of an ionic liquid in lignin acetylation and deacetylation.Chem.

Lett. 47, 860–863. doi: 10.1246/cl.180350
Tamminen, T., Ropponen, J., Hult, E.-L., and Poppius-Levlin, K. (2012).

Functionalized Lignin and Method of Producing the Same WO2013050661A1.
Thielemans, W., and Wool, R. P. (2005). Lignin esters for use in unsaturated

thermosets: lignin modification and solubility modeling. Biomacromolecules 6,
1895–1905. doi: 10.1021/bm0500345

Vasile, C., and Zaikov, G. E. (2006). New Trends in Natural and Synthetic Polymer

Science. Nova Publishers.
Ventura, S. P. M., de Barros, R. L. F., Sintra, T., Soares, C. M. F., Lima, Á. S., and

Coutinho, J. A. P. (2012). Simple screening method to identify toxic/non-toxic
ionic liquids: agar diffusion test adaptation. Ecotoxicol. Environ. Saf. 83, 55–62.
doi: 10.1016/j.ecoenv.2012.06.002

Wayman, M., and Lora, J. H. (1980). Simulated autohydrolysis of aspen milled
wood lignin in the presence of aromatic additives: structural modifications. J.
Appl. Polym. Sci. 25, 2187–2194. doi: 10.1002/app.1980.070251005

Xiao, B., Sun, X. F., and Sun, R. (2001). The chemical modification of lignins
with succinic anhydride in aqueous systems. Polym. Degrad. Stab. 71, 223–231.
doi: 10.1016/S0141-3910(00)00133-6

Zhao, J., Xiuwen, W., Hu, J., Liu, Q., Shen, D., and Xiao, R. (2014).
Thermal degradation of softwood lignin and hardwood lignin
by TG-FTIR and Py-GC/MS. Polym. Degrad. Stab. 108, 133–138.
doi: 10.1016/j.polymdegradstab.2014.06.006

Zhao, X., Zhang, Y., Wei, L., Hu, H., Huang, Z., Yang, M., et al. (2017).
Esterification mechanism of lignin with different catalysts based on lignin
model compounds by mechanical activation-assisted solid-phase synthesis.
RSC Adv. 7, 52382–52390. doi: 10.1039/C7RA10482K

Zhu, Z., Zhu, M., and Wu, Z. (2012). Pretreatment of sugarcane
bagasse with NH4OH–H2O2 and ionic liquid for efficient hydrolysis
and bioethanol production. Bioresour. Technol. 119, 199–207.
doi: 10.1016/j.biortech.2012.05.111

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Husson, Hulin, Hadad, Boughanmi, Stevanovic and Sarazin.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Chemistry | www.frontiersin.org 13 August 2019 | Volume 7 | Article 57872

https://doi.org/10.1016/j.progpolymsci.2013.11.004
https://doi.org/10.1007/s10973-010-1048-6
https://doi.org/10.1002/app.35633
https://doi.org/10.1002/app.31141
https://doi.org/10.1002/app.30925
https://doi.org/10.1016/j.biortech.2012.04.065
https://doi.org/10.1016/j.energy.2012.08.010
https://doi.org/10.1039/c1ee01201k
https://doi.org/10.1039/C6RA09851G
https://doi.org/10.1021/ie301848j
https://doi.org/10.15376/biores.12.1.1548-1565
https://doi.org/10.1016/j.indcrop.2013.10.014
https://doi.org/10.3389/fchem.2018.00548
https://doi.org/10.1246/cl.180350
https://doi.org/10.1021/bm0500345
https://doi.org/10.1016/j.ecoenv.2012.06.002
https://doi.org/10.1002/app.1980.070251005
https://doi.org/10.1016/S0141-3910(00)00133-6
https://doi.org/10.1016/j.polymdegradstab.2014.06.006
https://doi.org/10.1039/C7RA10482K
https://doi.org/10.1016/j.biortech.2012.05.111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


ORIGINAL RESEARCH
published: 23 August 2019

doi: 10.3389/fchem.2019.00585

Frontiers in Chemistry | www.frontiersin.org 1 August 2019 | Volume 7 | Article 585

Edited by:

Pascal Granger,

Lille University of Science and

Technology, France

Reviewed by:

Jipeng Yan,

Lawrence Berkeley National

Laboratory, United States

Federica Valentini,

University of Rome Tor Vergata, Italy

*Correspondence:

Catherine Sarazin

catherine.sarazin@u-picardie.fr

†Present address:

Monica Araya-Farias,

Macromolecules and Microsystems in

Biology and Medicine, Institut Curie -

Centre de Recherche- UMR 168,

Institut Pierre Gilles de Gennes pour la

Microfluidique, Paris, France

Specialty section:

This article was submitted to

Green and Sustainable Chemistry,

a section of the journal

Frontiers in Chemistry

Received: 14 May 2019

Accepted: 05 August 2019

Published: 23 August 2019

Citation:

Araya-Farias M, Husson E,

Saavedra-Torrico J, Gérard D,

Roulard R, Gosselin I,

Rakotoarivonina H, Lambertyn V,

Rémond C and Sarazin C (2019)

Wheat Bran Pretreatment by Room

Temperature Ionic Liquid-Water

Mixture: Optimization of Process

Conditions by PLS-Surface Response

Design. Front. Chem. 7:585.

doi: 10.3389/fchem.2019.00585

Wheat Bran Pretreatment by Room
Temperature Ionic Liquid-Water
Mixture: Optimization of Process
Conditions by PLS-Surface
Response Design

Monica Araya-Farias 1†, Eric Husson 1, Jorge Saavedra-Torrico 2, Doriane Gérard 3,

Romain Roulard 4, Isabelle Gosselin 1, Harivoni Rakotoarivonina 3, Virginie Lambertyn 1,

Caroline Rémond 3 and Catherine Sarazin 1*

1Unité de Génie Enzymatique et Cellulaire, UMR 7025 CNRS, Université de Picardie Jules Verne, Amiens, France, 2 Escuela

de Ingenieria de Alimentos, Pontificia Universidad Catolica de Valparaíso, Valparaíso, Chile, 3Chaire AFERE, UMR

Fractionnement des AgroRessources et Environnement 614 INRA, Université de Reims Champagne-Ardenne, Reims,

France, 4 Plate-forme de Microscopie Electronique, Université de Picardie Jules Verne, Amiens, France

Room Temperature Ionic Liquids (RTILs) pretreatment are well-recognized to improve

the enzymatic production of platform molecules such as sugar monomers from

lignocellulosic biomass (LCB). The conditions for implementing this key step requires

henceforth optimization to reach a satisfactory compromise between energy saving,

required RTIL amount and hydrolysis yields. Wheat bran (WB) and destarched

wheat bran (DWB), which constitute relevant sugar-rich feedstocks were selected

for this present study. Pretreatments of these two distinct biomasses with various

1-ethyl-3-methylimidazolium acetate ([C2mim][OAc])-water mixtures prior to hydrolysis

catalyzed by hemicellulolytic cocktail (Cellic CTec2) were finely investigated. The main

operating conditions such as pretreatment temperature (25–150◦C), time (40–180min),

WB and DWB loading (2–5%w/v) and concentration of [C2mim][OAc] in water [10–100%

(v/v)] were screened through glucose and xylose yields and then optimized through a

Partial Least Square (PLS)—Second Order Design. In an innovative way, the PLS results

showed that the four factors and their interactions could be well-fitted by a second-order

model (p < 0.05). The quadratic PLS models were used to predict optimal pretreatment

conditions. Thus, maximum glucose (83%) and xylose (95%) yields were obtained from

enzymatic hydrolysis of WB pretreated at 150◦C for 40min with 10% of [C2mim][OAc]

in water and 5% of WB loading. For DWB, maximum glucose (100%) and xylose (57%)

yields were achieved for pretreatment temperatures of 150◦C and 25◦C, respectively.

The required duration was still 40min, with 20% of [C2mim][OAc] in water and a 5%

DWB loading. Then, Multiple Response Optimization (MRO) performed by Nelder-Mead

Simplex Method displayed sugar yields similar to those obtained by individual PLS

optimization. This complete statistical study confirmed that the established models were

appropriate to predict the sugar yields achieved after different pretreatment conditions
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from WB and DWB biomasses. Finally, Scanning Electron microscopy (SEM) studies

allowed us to establish clearer link between structural changes induced by pretreatment

and the best enzymatic performances obtained.

Keywords: wheat bran, room temperature ionic liquid, pretreatment, ionic liquid-water mixture, hemicellulolytic

cocktail, enzymatic hydrolysis, partial least square surface response design

INTRODUCTION

Among the sustainable energy resources, lignocellulosic biomass
(LCB) constitutes a vast and biorenewable source for producing
high value-added molecules and fuels. LCB is composed of
two main carbohydrate polymers (cellulose and hemicellulose)
and an aromatic polymer (lignin) (Balat, 2011). Cellulose and
hemicellulose are starting raw materials for the production of
sugar which can be fermented for example into bioethanol while
lignin is a potential source for the production of bioplastics,
dispersants, and nanocomposites (Norgren and Edlund, 2014).
However, as a complex matrix, LCB needs to be pretreated prior
to conversion into chemicals and biofuels (Kumar et al., 2009;
Alvira et al., 2010; Akhtar et al., 2016). Diluted acid hydrolysis,
organosolv pulping, steam explosion have been proposed in
the literature as effective pretreatments to improve the biomass
digestibility by reducing its recalcitrance (Chandra et al., 2007;
Hendriks and Zeeman, 2009; Alvira et al., 2010; Perez-Cantu
et al., 2013; Xu et al., 2013; Shi et al., 2014). However, they
exhibit some drawbacks such degrading fermentable sugars and
producing by-products inhibitory toward biocatalysts (Hendriks
and Zeeman, 2009; Ahmed et al., 2016; Akhtar et al., 2016;
Elgharbawy et al., 2016). Hot water extraction pretreatment has
been proposed as an environmental-friendly as water is the
only agent used. For example, from woody biomass, hot water
extraction in a pilot-scale allowed to achieve high release of
glucose and xylosemainly originated from hemicellulose and also
xylose oligomers. Reducing extraction time helped to limit sugars
degradation although decreasing sugar yields (Yan and Liu, 2015;
Yan et al., 2016).

Alternatively, some Room Temperature Ionic Liquids (RTILs)
have achieved success as green solvents for biomass pretreatment
due to their double ionic and organic nature that gives them
advantageous properties including the ability to dissolve
biopolymers, negligible vapor pressure, low flammability,
chemical, and thermal stability (Li et al., 2009; Olivier-Bourbigou
et al., 2010; Liu et al., 2012; Wang et al., 2012; Elgharbawy et al.,
2016; Shi and Wang, 2016; Zhang et al., 2017). It has also been
reported that some imidazolium-based RTILs with alkyl chain
length of cation inferior to 4 carbons exhibit lower toxicity
than those with alkyl chain superior to 4 carbons (Egorova
and Ananikov, 2014). Up to date, most reported biomass
pretreatment involves 1-ethyl-3-methylimidazolium acetate
([C2mim][OAc]) which have proved to be highly effective to
breakdown the lignocellulosic complex and improve enzymatic
hydrolysis (Sun et al., 2009; Fu and Mazza, 2011a; Shill et al.,
2011; Auxenfans et al., 2012, 2014a, 2017b; Liu et al., 2012, 2016;
Yoon et al., 2012; Brandt et al., 2013; da Costa Lopes et al., 2013;
Liu and Ng, 2016; Papa et al., 2017; Perez-Pimienta et al., 2017).
Moreover, imidazolium-based RTILs can be reused without

loss of pretreatment efficiency (Shill et al., 2011; Auxenfans
et al., 2012, 2014a,b) present biocompatibility with cellulolytic
enzymes (Engel et al., 2012; Auxenfans et al., 2017b) and
fermentative microorganisms (Mehmood et al., 2015; Ryu et al.,
2015). Moreover, the feasibility of scale-up with this ionic liquid
(IL) was demonstrated on switchgrass pointing out as well
challenges still existing prior to pilot scale demonstration such
as IL recycling and reuse, development of IL-tolerant enzyme
cocktails or one-pot process for an economically viable process
(Liang et al., in press).

One strategy involves minimizing of the required amount
of RTIL in an integrated process. As water is already used
in the process (regeneration step, enzymatic hydrolysis, and
fermentation), mixing RTIL and water can reduce viscosity
of medium facilitating the handling and recycling operations.
Indeed, some studies have reported that the addition of water
to RTIL can reduce the viscosity of medium and maintain
the effectiveness of pretreatment even in the presence of high
contents of water (Kamiya et al., 2008; Fu andMazza, 2011a; Hou
et al., 2013; Shi et al., 2013, 2014; Viell et al., 2016; Perez-Pimienta
et al., 2017; Hu et al., 2018). On the contrary, several authors have
reported that the pretreatment efficiency is drastically reduced
when RTIL is mixed with water reinforcing the importance of
the use of pure RTIL (Swatloski et al., 2002; Liu et al., 2008;
Mazza et al., 2009; Doherty et al., 2010). This raised a dependency
on the nature of the IL and the conditions of implementation.
It is thus difficult to perform a fair conclusion about the real
impact of RTIL-water mixture as biomass pretreatment which
raises immediately a question: “Could we minimize the amount
of RTIL without incurring a loss of pretreatment efficiency?”
Recently, it was highlighted that the success of any pretreatment
depends on the physico-chemical properties of the pretreated
material as well as the conditions employed which can interact
with each other in numerous complex ways (Badgujar and
Bhanage, 2015; Papa et al., 2017). Consequently, optimization
of pretreatment conditions is highly necessary not only to
improve the performance of enzymatic hydrolysis but also
to provide additional comprehensive information about the
efficiency of the pretreatment. Optimization by the conventional
“one-factor-at-one-time” (OFAT) method is time consuming
and the interactions between the factors are not estimable
from OFAT experiments (Czitrom, 1999). Experimental Design
(ED) is an effective statistical approach to investigate and to
optimize multivariate processes. To date, many types of LCB
have been pretreated by RTILs and optimized by Response
Surface Methodology (RSM) (Bajaj and Wani, 2011; Fu and
Mazza, 2011b; Tan et al., 2011; Yoon et al., 2012; Lee et al.,
2013; Sidik et al., 2013; Qiu et al., 2014; Singh et al., 2015;
Wang et al., 2015; Li et al., 2017; Saha et al., 2017; Oliveira
Ribeiro et al., 2018; Trinh et al., 2018). Only very few research
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groups have investigated the optimum conditions for RTIL-
based pretreatment using another statistical design (Elgharbawy
et al., 2017; Papa et al., 2017; Vergara et al., 2018). The
standard Multiple Linear Regression (MLR), which is extensively
described in the literature (Myers et al., 2016), requires that
each one of variables in the X matrix must be independent
(no collinearity and no auto-correlation) and fit to a Normal
Statistical Distribution (Gauss). However, these conditions are
not alwaysmet experimentally. Alternatively, Partial Least Square
Regression (PLS) which is supported by the Nonlinear Iterative
Partial Least Squares (NIPALS) algorithm (Wold et al., 2001)
allows to analysis of a large number of variables, highly correlated
and ill-conditioned matrices (Ferrer, 2007) which represents the
main advantage of this method compared to MLR.

In the present study, wheat bran (WB) and destarched wheat
bran (DWB) were selected as lignocellulosic materials. WB is
one of the most important agricultural by-products from wheat
milling industry and biorefineries. Annually, over 150 million
tons of WB are produced in the world which are basically
used for animal feed (Prückler et al., 2014). WB is a complex
matrix of cellulose (40–50% of dry matter), hemicellulose (25–
35% of dry matter), and lignin (15–20% of dry matter), it
constitutes a valuable resource to produce platform molecules
and bioethanol (Celiktas et al., 2014; Prückler et al., 2014).
Here, we investigated the pretreatments of WB and DWB using
RTIL [C2mim][OAc] pure or diluted in aqueous solution. The
influence of main operating conditions such as pretreatment
temperature, time, RTIL percentage (RTIL to water ratio), and
biomass loading (RTIL to WB or DWB ratio) were investigated
and optimized through of PLS Methodology never described in
the literature for biomass pretreatment. This modeling technique
establishes the relationship between a set of predictors (or factors
in an Experimental Design) and response variables which can
be used to investigate the optimum process conditions (Yañez
et al., 2012). The obtained model was experimentally validated
and supported by a comprehensive study including chemical
composition analysis and structural characterization.

MATERIALS AND METHODS

Wheat Bran, Chemicals, and Enzyme
Wheat Bran (WB)was provided by Chamtor, Bazancourt, France.
For the preparation of DWB, WB was washed with water at 40◦C
during 10min (solid/liquid ratio: 1/10) and filtrate through a
glass filter (40–100µm pososity). Four successive washings were
performed to obtain a total destarching. [C2mim][OAc] were
purchased from Solvionic S.A. (Verniole, France). Standards
(arabinose, galactose, glucose, xylose, cellobiose, and cellotriose)
were purchased from Sigma Aldrich (Steinheim, Germany).
All other chemical reagents were purchased from commercial
sources in France and used as received. Cellic CTec2 enzymatic
cocktail including both cellulolytic and hemicellulolytic activities
was supplied by Novozymes (Bagsvaerd, Denmark) and prepared
at 15 FPU/g of WB or DWB for the production of hydrolysates
rich in glucose and xylose. The value of 2.0mg of reducing sugar
as glucose from 50mg of filter paper (4% conversion) in 60min

TABLE 1 | Experimental range of levels and coding of factors used to evaluate the

sugar yields after pretreatment by [C2mim][OAc].

Factors Coding Range of levels

Low Middle High

Temperature (◦C) X1 25 87.5 150

Time (min) X2 40 110 180

RTIL percentage (% v/v) X3 10 55 100

Biomass loading (% w/v) X4 2.0 3.5 5.0

has been designated as the intercept for calculating filter paper
cellulase units (FPU) by IUPAC.

Pretreatment of WB and DWB Samples
With RTIL-Water Mixture
Before the pretreatment, WB and DWB samples were dried at
105◦C during 24 h. The dried samples were then weighted in
a screw capped Teflon tube and 10mL of pure RTIL or RTIL-
water mixture were added. The pretreatment was performed in
a silicone oil bath under vigorous stirring (700 rpm) at various
temperature and reaction time ranges as given in Table 1. After
incubation, the pretreated sample was cooled and mixed with
20mL of anti-solvent (ultrapure water, 20◦C) for 30min. The
resulting suspension was subsequently centrifuged (10.1733 g)
(Allegra R© 64R Beckman Coulter, Indianapolis, United States) at
20◦C for 20min. This step was repeated 6 times until amber-
colored suspension became clear with conductivity lower than
200 µS/cm. This extensive washing step ensured minimization
of residual IL to prevent interference with the enzymatic
hydrolysis (Liang et al., in press). The resulting insoluble
substrate was then freeze-dried at room temperature for 24 h
and collected for subsequent enzymatic hydrolysis. Recovered
permeate solutions (solvent-RTIL mixture) were stored for a
subsequent RTIL-recycling.

Enzymatic Hydrolysis
The enzymatic hydrolysis procedure is adapted from Auxenfans
et al. (2014b, 2017a). The Cellic CTec2-catalyzed hydrolysis of
the different WB and DWB substrates (untreated or pretreated)
was carried out in 1mL Eppendorf tubes. For hydrolysis reaction,
20mg of sample was added to 590 µL of citrate-phosphate
buffer (50mM, pH 5.5), 100 µL of fucose preparation (2
mg/mL) which was used as internal standard and 310 µL of
Cellic CTec2 preparation (0.974 FPU/mL) with the aim to
have an enzyme loading of 15 FPU/g of WB or DWB. The
mixture was incubated in a thermomixer (700 rpm) (Eppendorf
Thermomixer C, Eppendorf, Hambourg, Germany) at 50◦C
for 72 h. The reaction was stopped by incubating the mixture
at 90◦C for 20min. Then, the sample was dilute (100x) in
ultrapure water and filtered (0.22µm Syringe PTFE filter) prior
to quantify the sugar content by High Performance Anion
Exchange Chromatography (HPAEC-PAD) (Dionex ICS 5000+
DC, Thermo Fisher Scientific, Massachusetts, United States). The
hydrolysis reaction was repeated in duplicate.
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Sugar Analysis
To determine the sugar concentrations a method was developed
by HPAEC using an analytical CarboPac PA-20 (150 × 3mm)
column equipped with a guard column (30 × 3mm) (DIONEX,
Thermo Fisher Scientific, Massachusetts, United States) and kept
at 25◦C. Elution was carried out at a flow rate of 0.5 mL/min. A
gradient method was used for the separation of monosaccharides
and disaccharides using solvent A: 10mM NaOH, solvent B:
200mM NaOH, and solvent C: ultra-pure water. The gradient
consisted of 25% A and 75% C (0–20min) followed by a linear
increase of A to 100% (20–25min) then a linear decrease of
A to 0% and a linear increase of B to 27.5% and D to 62.5%
(25–35min) after the gradient was maintained to 27.5% B and
62.5% D (35–50min) followed by a linear increase of B to 100%
and a linear decrease of D to 0% (50–60min). The column
was then regenerated with 100% B (60–80min) and equilibrated
with 25% A and 75% C (20min). The injection volume was
10 µL. Quantification was based on calibration curve using
standard sugar solutions (0–0.1 g/L). The retention times of
arabinose, galactose, glucose, xylose, mannose, cellobiose, and
cellotriose were: 7.90, 9.90, 11.50, 13.6, 14.60, 34.8, and 45.5min,
respectively. The sugar concentrations were expressed in (g/L)
from total of each sugar contained in native biomass.

For statistical analysis, the relative glucose and xylose
yields for both untreated and pretreated samples were
determined after 72 h of enzymatic hydrolysis according to
the following equations:

Glucose yield (Y1) (%)

=
glucose released after enzymatic hydrolysis

(
g
)

glucose of untreated biomass
(
g
) (1)

Xylose yield (Y2) (%)

=
xylose released after enzymatic hydrolysis

(
g
)

xylose of untreated biomass
(
g
) (2)

Experimental Design and Statistical
Analysis
In this research, two kinds of models were performed (a linear
and a second order models) to estimate the effect of four factors
pertaining ionic liquid pretreatment on the response. Thus,
pretreatment temperature (X1), time (X2), RTIL percentage
i.e., RTIL to water ratio (X3) and biomass loading (X4) were
studied on glucose (Y1) or xylose (Y2) yields, the two major
monosaccharides released by enzymatic hydrolysis fromWB and
DWB. The highest and lowest levels of factors were selected
based on the results achieved in preliminary tests. The levels of
factors are shown in Table 1. The experiments were designed
by Statgraphics Centurion XVIII R© (FranceSTAT, Neuilly sur
Seine, France) and MODDE 12 R© (Umetrics, Umea, Sweeden)
software. The experimental design consists of 24 factorial
points and 2 central points. A total of 18 experiments were
randomly performed in duplicate with 2 repetitions of central
point (Table 2).

The experimental design was submitted to goodness of fit
routine using a first and second order equation by MODDE 12 R©

software as shown in Equations (3) and (4).

Y1,2 = β0 +

4∑

i=1

βiXi +

4∑

i,j=1

βijXiXj + ε (3)

Y1,2 = β0 +

4∑

i=1

βiXi +

4∑

i=1

βiiX
2
i +

4∑

i,j=1

βijXiXj + ε (4)

Where Y1 is the response variable for glucose and Y2 for xylose,
Xi’s are the independent factor variables. β0, βi, βii, and βij

are the constant, linear, quadratic and two factor interaction
coefficients, respectively. Each coefficient in the second-order
polynomial model was calculated and the possible interaction
effects of pretreatment factors on the glucose and xylose yields
were obtained. The experimental error ε is assumed to be
randomly drawn from a normal distribution with a mean of 0
and a standard variance equal to σ2.

The method used to fit the models was PLS supported by
NIPALS algorithm (Wold et al., 2001). This method has the
properties of support collinearity, no-normality, missing data,
and statistical noise (Ferrer, 2007). These conditions allow fitting
phenomena with high variability improving the features of
the standard method MLR than cannot explain these kinds of
situations. We applied a Variable Importance to the Projection
(VIP) as part of the PLS computes (Eriksson et al., 2013). This
analysis creates a hierarchy of the explanatory capacity of the
independent variables on the variable(s). The VIP is based on
the weighted sum of squares of the weights of the model factors,
allowing a hierarchical ordering of the independent variables
(Wold et al., 2001).

The significance of the developed models was checked by
Analysis of Variance (ANOVA). The quality of the goodness
of fit of second-order model was expressed by the coefficient
of determination R2, R2adj, and the statistical significance of

model was determined by the F-test (p < 0.05). Optimization
(maximum of glucose and xylose yields) was also determined by
PLS method and D-Desirability Function. A Multiple Response
Optimization (MRO) for Glucose and Xylose yields was also
performed using Nelder-Mead Simplex Method (Eriksson et al.,
2013). VIP charts and surface response plots were drawn using
MODDE 12 software to illustrate the effects of pretreatment
factors on sugar yields.

Characterization of WB and DWB Samples
Compositional Analysis
The moisture content of samples (g water/100 g WB or DWB)
was determined by drying the samples (1 g) in a hot air oven
at 105◦C overnight. Protein content was determined using the
Kjeldahl method. A factor of 5.7 was used for conversion from
nitrogen (N) to protein content (AOAC Official Method, 2001).
In order to obtain the destarched WB sample, the soluble starch
was removed by washing the WB in hot water (50◦C). Starch
content in WB and in DWB was quantified with the kit K-TSHK
from Megazyme (Megazyme, Pontcharra Sur Turdine, France).
Relative contents of cellulose, hemicellulose, lignin and ash were
determined according to the Goering and Van Soest method
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TABLE 2 | Experimental design matrix of four factors and data for glucose and xylose yields after pretreatment of WB and DWB with [C2mim][OAc].

Pretreatment Temperature

(◦C)

X1

Time

(min)

X2

RTIL

(% v/v)

X3

Biomass

loading (% w/v)

X4

WB DWB

Glucose yieldsa

Y1

Xylose yieldsb

Y2

Glucose yields

Y1

Xylose yields

Y2

Untreated n.a n.a n.a n.a 0.10 ± 0.00c 0.28 ± 0.02 0.26 ± 0.01 0.22 ± 0.01

P1 150 40 10 2.0 0.30 ± 0.00 0.45 ± 0.00 1.00 ± 0.09 0.79 ± 0.04

P2 25 180 10 2.0 0.17 ± 0.00 0.25 ± 0.00 0.16 ± 0.03 0.18 ± 0.00

P3 25 40 100 2.0 0.15 ± 0.00 0.36 ± 0.01 0.14 ± 0.02 0.16 ± 0.03

P4 150 180 100 2.0 0.26 ± 0.01 0.07 ± 0.08 0.80 ± 0.01 0.10 ± 0.03

P5 25 40 10 5.0 0.50 ± 0.16 0.74 ± 0.17 0.73 ± 0.03 0.58 ± 0.03

P6 150 180 10 5.0 0.27 ± 0.16 0.39 ± 0.05 0.97 ± 0.04 0.82 ± 0.01

P7 150 40 100 5.0 0.27 ± 0.03 0.54 ± 0.06 0.75 ± 0.01 0.41 ± 0.02

P8 25 180 100 5.0 0.53 ± 0.02 0.69 ± 0.01 0.17 ± 0.01 0.17 ± 0.05

P9 25 40 10 2.0 0.10 ± 0.00 0.63 ± 0.03 0.22 ± 0.01 0.23 ± 0.00

P10 150 180 10 2.0 0.84 ± 0.03 0.54 ± 0.01 1.00 ± 0.08 0.58 ± 0.04

P11 150 40 100 2.0 0.48 ± 0.19 0.22 ± 0.00 0.93 ± 0.00 0.29 ± 0.00

P12 25 180 100 2.0 0.76 ± 0.02 0.76 ± 0.07 0.86 ± 0.07 0.64 ± 0.01

P13 150 40 10 5.0 0.87 ± 0.02 0.91 ± 0.03 1.00 ± 0.11 0.54 ± 0.05

P14 25 180 10 5.0 0.69 ± 0.02 0.84 ± 0.11 0.20 ± 0.06 0.17 ± 0.06

P15 25 40 100 5.0 0.12 ± 0.01 0.26 ± 0.19 0.37 ± 0.02 0.56 ± 0.02

P16 150 180 100 5.0 0.86 ± 0.18 0.51 ± 0.01 0.95 ± 0.02 0.53 ± 0.09

P17 87.5 110 55 3.5 0.26 ± 0.01d 0.39 ± 0.03d 0.17 ± 0.02d 0.40 ± 0.01d

P18 87.5 110 55 3.5 0.31 ± 0.01d 0.46 ± 0.16d 0.22 ± 0.00d 0.35 ± 0.00d

a Glucose yield (Y1) =
glucose released after enzymatic hydrolysis (g)

glucose of untreated biomass (g )
.

b Xylose yield (Y2) =
xylose released after enzymatic hydrolysis (g)

xylose of untreated biomass(g )
.

cMean ± SD of duplicate.
dCentral points.

n.a, not applicable.

(Goering and Van Soest, 1970). Before the experiment, solid
samples were dried at 105◦C overnight and all the measurements
were conducted duplicate. Five hundred milligram of sample
(W0) were mixed with 100mL of neutral detergent at 100◦C
for 1 h. After filtration and washing with water and acetone, the
residue was dried at 105◦C for 8 h and then weighed (W1). The
residue was then mixed with 100mL of acid detergent, 0.5 g of
sulfite de sodium and 2mL de decahydronaphtalene at 100◦C for
1 h to remove hemicellulose. After this step, the residue was dried
at 105◦C for 8 h and weighed (W2). Then, the residue was treated
with 72% H2SO4 at 25◦C for 3 h to remove cellulose. After the
removal of cellulose, the residue was dried at 105◦C for 8 h and
weighed (W3). Finally, the residue was incinerated at 550◦C for
3 h to remove lignin. After incineration, the residue was dried and
weighed (W4). The contents of cellulose, hemicellulose, lignin,
and ash were calculated as follows:

Hemicellulose (%) =
(W1 −W2)

W0
× 100 (5)

Cellulose (%) =
(W2 −W3)

W0
× 100 (6)

Lignin (%) =
(W3 −W4)

W0
× 100 (7)

Ash (%) =
W4

W0
× 100 (8)

Structural and Morphological Characterization of WB

and DWB Samples
The morphology of untreated/pretreated WB and DWB samples
was investigated by Scanning Electron Microscopy (SEM). In
the case of cellulose samples, the gold metallization prior
to SEM analysis could induce physical changes and possible
artifacts due to the action of the vacuum and/or the gold
deposit heating (Husson et al., 2011). Thus, another classical
method was preferred for LCB visualization, which consisted
of observation in low-vacuum mode (under partial vacuum
pressure of water) without any sample preparation step. The
microscope was an environmental high-resolution electron
scanning microscope QUANTA 200 FEG (FEI Company,
USA) with a LF (Large Field) detector. The conditions of
observation were the following: acceleration voltage between
of 2 kV, work distance between 5 and 9mm and pressure
between 0.5 and 2m bar. 13C NMR spectra of untreated
and pretreated samples were acquired at 25◦C by using
Cross-Polarization Magic Angle Spinning Nuclear Magnetic
Resonance spectroscopy (CP-MAS 13C NMR) on a Bruker
DRX-500 spectrometer equipped with a 4mm probe operating
at 125.7452 MHz (13C channel). Samples were spun with a
MAS speed of 5 kHz. Calibration of 13C spectra was externally
performed using ethylbenzene as a reference. The NMR
spectra were processed using Brucker’s Topspin 3.1 windows
processing software.
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RESULTS

The temperature and duration time of IL-pretreatment are
important parameters for an efficient LCB deconstruction.
Indeed, we have shown, in previous work, a significant effect on
improving enzymatic saccharification after IL pretreatment on
cellulose or woody residues from 25◦C for 20min or 45◦C for
40min, respectively (Auxenfans et al., 2012, 2014a). However,
an increase in the temperature or duration of IL-pretreatment
allow to achieve higher sugar yields usually implemented at
temperature between 80◦C and 160◦C from hours to overnight
regardless of biomass (Olivier-Bourbigou et al., 2010; Brandt
et al., 2013; Badgujar and Bhanage, 2015; Liang et al., in press).
Another point that can be connected is the biomass loading,
especially with pretreatment with pure IL due to high viscosity
(Alayoubi et al., 2019). These studies led us to the choice
of experimental range gathered in Table 1. The focus of the
present work was to optimize pretreatment conditions of IL-
water mixture allowing on one hand to reduce viscosity, and thus
facilitating the handling in the process, and, on the other hand, to
reduce cost due to IL.

Chemical Composition and RTIL-Water
Mixture Pretreatment of WB and DWB
As starch can be reserved for other uses and also its
content can affect the enzymatic performances on cellulose
and hemicellulose, another study was conducted in parallel on
DWB. After washing WB in hot water, the starch percentage
in the samples was decreased by a factor of 3.7 times
(Table 3). LCB polysaccharides in raw materials account for
48.4–65.6% of the dry matter where 14.1–21.1% correspond
to the cellulose content and 34.2–40.9% to the hemicellulose
fraction. Total lignin content of all samples varied between 4.7
and 12.6% and small amounts of various compounds (0.5% ash
content) were also found in WB and DWB samples (Table 4).
The relative composition of remains almost unchanged after
the pretreatment.

The influence of pretreatment by [C2mim][OAc]-water
mixtures on saccharification performances of WB and DWB

TABLE 3 | Relative chemical composition of raw WB and DWB.

WB (%) DWB (%)

Moisturea 9.05 ± 0.16e 5.41 ± 0.13

Starchb 24.50 ± 0.00 6.60 ± 0.00

Proteinc 16.42 ± 0.48 16.33 ± 0.78

Arabinosed 11.43 ± 1.18 12.41 ± 0.36

Galactosed 0.83 ± 0.08 0.81 ± 0.09

Glucosed 25.69 ± 2.87 13.57 ± 0.07

Xylosed 16.61 ± 0.89 19.04 ± 0.47

aDetermined at 105◦C during 24 h.
bDetermined after washing in hot water.
c% N × 5.7.
dDetermined by HPAEC-PAD after H2SO4 hydrolysis.
eMean ± SD of duplicate.

samples was then investigated through the sugar yields obtained
after 72 h of hydrolysis with the cocktail enzymatic Cellic CTec2.
Untreated WB and DWB samples were also hydrolyzed with
Cellic CTec2 under the same reaction conditions. Beyond the
potential interest in enzymatic hydrolysis, this reaction can be
used as test to assess the efficiency of a pretreatment in disrupting
the LCB. The pretreatments were performed at different levels
of temperature (25–100◦C), time (40–180min), percentage of
[C2mim][OAc] (10–100% v/v) and biomass loading (2–5%
w/v) following the experimental design shown in Table 2. The
sugar production obtained after 72 h of enzymatic hydrolysis
for untreated and pretreated WB and DWB were plotted as a
function of pretreatments (Figures 1, 2). As seen on the figures,
the two major monosaccharides released after the enzymatic
hydrolysis were glucose and xylose in agreement with the
initial composition.

Model Fitting
Next, the effect of pretreatment factors was further investigate
and optimize on the two main sugar released after the
enzymatic hydrolysis through a designed experiment using PLS
methodology. Thus, Table 2 shows the design matrix generated
by PLS statistical tool according to Equations (1) and (2)
as well as the xylose and glucose yields obtained after 72 h
of enzymatic hydrolysis of WB and DWB. Pretreatment with
[C2mim][OAc]-water mixture increased significantly the glucose
and xylose yields of about 3–10 folds as compared to those
of untreated samples. A second-order polynomial model was
then used to fit the response as shown earlier in Equation
(4). Thus, the coefficients β0, βi, βii, and βij of each model

estimated by the MODDE 12 R© software were obtained which
are shown in Table 5.

Analysis of variance (ANOVA) was performed to test the
significance of the developed model and VIP charts were utilized
to evaluate the linear, quadratic and interaction effects on

TABLE 4 | Relative composition of polymers and ash of WB and DWB before and

after pretreatment with [C2mim][OAc]a.

Substrate Cellulose Hemicellulose Lignin Ash

WB-untreated 14.13 ± 6.91b 34.24 ± 1.77 4.72 ± 0.47 0.54 ± 0.49

WB-

[C2mim][OAc]-

water

mixturec

15.43 ± 3.15 36.28 ± 7.35 6.44 ± 0.49 0.25 ± 0.06

DWB-untreated 21.13 ± 3.25 40.85 ± 4.50 12.64 ± 4.10 0.46 ± 0.13

DWB-

[C2mim][OAc]-

water

mixtured

23.35 ± 1.42 42.27 ± 4.01 10.78 ± 1.81 0.15 ± 0.05

aRelative Chemical Composition (g/ 100 g of dry matter) determined by Goering and Van

Soest (1970) method.
bMean ± SD of duplicate.
cPretreatment leading to higher sugar yields [150◦C, 40min, RTIL 10% v/v, biomass

loading 5% (w/v)].
dPretreatment leading to higher sugar yields [150◦C, 40min, RTIL 10% v/v, biomass

loading 5% (w/v)].
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FIGURE 1 | Sugar composition of WB after 72 h of hydrolysis with Cellic CTec2 at 15 FPU/g for different pretreatments. Hydrolysis were performed in duplicate with

2% w/v of WB.

FIGURE 2 | Sugar composition of DWB after 72 h of hydrolysis with Cellic CTec2 at 15 FPU/g for different pretreatments. Hydrolysis were performed in duplicate with

2% w/v of DWB.

the response. ANOVA analysis revealed that model F-values
ranged from 35.3 to 83.6 and the values of “Prob > F” were
<0.001 (Table 5). The calculated determination coefficients (R2)
were in agreement with the adjusted determination coefficients
(R2Adj). The Relative Standard Deviation (RSD%) of models
were lower than 10% (Table 5). As part of PLS analysis, VIP
values were graphically represented as a function of the coded
factors: temperature (X1), time (X2), RTIL percentage (X3),
and biomass loading (X4) (Figure 3). Thus, on the Figure 3,
any factor (Bar) beyond the specified level of 0.8 (orange
horizontal line) was considered as statistically significant (p <

0.05). Furthermore, the experimental data and the predicted
values were closely grouped close to the line of best fit as
shown in Figure 4.

Based on the obtained quadratic models, response surface
(RS) plots were drawn to evaluate the effect (simple, quadratic,
and interaction) of the different factors within the range

studied in the present work. The effect on glucose yields are
shown in Figures 5A,C for WB and DWB, respectively and
the effect on xylose yields in Figures 5B,D for WB and DWB,
respectively. Except for DWB xylose yield, the trend showed a
better sugar yield with an increase in the temperature at low
pretreatment times.

Morphology and Structure of WB and DWB
Finally, the morphological and structural changes on WB and
DWB samples after pretreatment are illustrated in Figure 6

and Figure S1, respectively. The surface morphology of the
WB and DWB samples before and after pretreatment was
analyzed by SEM. As shown in Figure 6, the raw WB and
DWB showed a surface compact, irregular and agglomerated as
“flakelike” structures (Figures 6A,D) where bran starch granules
can be randomly observed even after the destarching step
(Figure 6D). Pretreatment with pure [C2mim][OAc] induced
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TABLE 5 | Regression coefficients and ANOVA of quadratic model.

Coefficients WB DWB

Glucose

Yield Y1

Xylose Yield

Y2

Glucose Yield

Y1

Xylose Yield

Y2

Constant β0 0.2809 0.4199 0.1952 0.3634

Linear

β1 −0.0223 −0.0659 0.2789 0.0678

β2 −0.0002 −0.0452 −0.0564 −0.0413

β3 0.0191 −0.0117 −0.0515 0.0056

β4 0.0901 0.1086 0.0377 0.0636

Quadratic

β11 0.0129 0.0104 0.1652 0.0475

β22 0.0225 −0.0252 0.0334 −0.0189

β33 0.1499 0.0177 0.0643 −0.0009

β44 −0.0204 0.0105 0.0726 −0.0236

Interaction

β12 −0.1465 −0.0792 0.0409 0.0565

β13 0.0000 0.0001 0.0007 0.0103

β14 −0.0017 0.0874 −0.0456 −0.0185

β23 0.0908 0.1324 0.0493 0.0089

β24 0.0013 0.0193 −0.0471 −0.0661

β34 −0.1493 −0.0383 −0.0265 0.0025

Model F-value 35.28* 62.90* 54.25* 83.57*

p-value Prob > F <0.0001 <0.0001 <0.0001 <0.0001

R2 0.96 0.97 0.97 0.98

R2Ajusted 0.93 0.96 0.95 0.97

RSD (%) 6.10 4.30 7.55 2.69

*p < 0.001.

drastic morphological changes (Figures 6B,E). As compared to
untreated samples, large cavities appeared and the matter seemed
completely disorganized. After RTIL-water mixture pretreatment
at 150◦C for 40min of WB or DWB (Figures 6C,F), a more
porous and expanded structure was observed as compared
to untreated samples but less impacted than with pure IL
pretreatment. In addition, solid state 13C NMR was used to
characterize the structure of the WB and DWB samples before
and after pretreatment with the aqueous [C2mim][OAc]. The
13C NMR (Figure S1) peaks were assigned according to data
published in the literature (Ha et al., 1997; Gauthier et al.,
2002; Locci et al., 2008). The region at 120–170 ppm and
the peak at 56 ppm represent the signals assigned to the
aromatic carbons and the aromatic the methyl ester groups of
the lignin while the peaks shown at 170–178 ppm and 18–
24 ppm represent the signal for the hemicellulose carboxyl
and acetyl carbon groups, respectively (Sannigrahi et al., 2011).
The intense signal occurring from 60 to 110 ppm represents
the C-atoms of the cellulose in the samples. In particular, the
signal representing the C4 of cellulose appeared from 83 to
92 ppm as broad signals. In particular, the signal centered at
83 ppm corresponds to the C4 of the amorphous cellulose
while the shoulder at 89 ppm represents the C4 of the
crystalline cellulose.

DISCUSSION

Impact of RTIL-Water Mixture Pretreatment
of WB and DWB on Enzymatic Hydrolysis
Pretreatment with diluted [C2mim][OAc] did not induce a real
fractioning of constitutive cellulose/hemicellulose/lignin of WB
whatever the presence or absence of starch (DWB) as the relative
composition remains almost unchanged after the pretreatment
(Table 4 and Figure S1). This behavior was in agreement with
the results published in previous works where pure RTIL was
used to pretreat the LCB (Auxenfans et al., 2014b; Husson
et al., 2018). This suggests that the presence of water in the
[C2mim][OAc] medium did not affected the specificitiy of RTIL
mild pretreatment. Indeed, fractioning and partial degradation
of polysaccharidic and polyphenolic polymers were minimized
contrary to the chemical pretreatment such as hydrothermal
or diluted-acid pretreatments (Chandra et al., 2007; Hendriks
and Zeeman, 2009; Reisinger et al., 2013; Akhtar et al., 2016).
The statements based on the comparison of chemical analyses
before and after pretreatment with RTIL-water mixture were also
supported by NMR spectroscopic measurements as illustrated in
Figure S1. Indeed, nomajor modification was evidenced after the
pretreatment for each biomass as specific peaks of hemicelluloses
and lignins were still observed. It could be due either to the use of
IL in water mixture or more specifically to the studied biomass.
In effect, it has already been reported that pretreatment with
pure [C2mim][OAc] induced partial removal or dissolution of
lignin and extractives or induced deacetylation of hemicellulose
of wood residues (Çetinkol et al., 2010; Auxenfans et al., 2014b).
However, there is a consensus on the effect of IL on the
lignin-carbohydrate complex disruption whatever the extent of
fractionation and structural changes on cellulose (Singh et al.,
2009; Husson et al., 2011). In addition, NMR spectra did not show
characteristic peaks of IL in the pretreatedWB or DWB, it can be
thought that there is no or negligible amount of residual IL that
may be entrapped in the pretreated biomass.

Whatever the pretreatment conditions (Figures 1, 2), the
enzymatic hydrolysates are mainly composed of glucose and
xylose and only small amounts of other sugars (arabinose,
galactose and mannose) which were in agreement with the sugar
composition (Table 3). This is consistent with the high cellulase
(97.3 FPU/mL) and xylanase (12082 UI/mL) activities in the
Cellic CTec2 cocktail. On the other hand, the low arabinosidase
activity in the Cellic CTec2 cocktail (3.4 IU/mL for arabinosidase)
did not allow for a significant release of arabinose in any case.

High yields of glucose or xylose can be achieved by enzymatic
hydrolysis after RTIL-water pretreatment in mild conditions
allowing to consider the reducing use of IL pretreatment to
overcome the lignocellulosic recalcitrance prior to enzymatic
production of C6 and C5 sugars.

Model Fitting and Statistical Analysis
Utilization of RTIL for WB pretreatment in order to get
maximum sugar yields after enzymatic hydrolysis might result
in an expensive method to pretreat this biomass. Optimization
of pretreatment factors is thus essential to obtain the most
suitable levels of the process conditions, especially, the percentage
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FIGURE 3 | Effect of pretreatment factors by Variable Importance to Projection (VIP) charts on glucose and xylose yields: (A,B) for WB and (C,D) for DWB. Any factor

(green bars) beyond the specified significance level of 0.8 (orange line) is statistically significant (p < 0.05).

FIGURE 4 | Correlation graphs between the predicted and observed experimental glucose and xylose yields values for WB (A,B) and DWB (C,D), respectively.
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FIGURE 5 | Response surface plots of sugar release after enzymatic hydrolysis for WB (A,B) and DWB (C,D) as a function of time (40–180min) and

temperature (25–150◦C).

of RTIL. The experimental data of glucose and xylose yields
presented in Table 2 were used to fit the model (Equation 4)
to predict the responses and identify the regression coefficients
of the second order equation (Table 5). Based on coefficients
presented inTable 5, the relation between the investigated factors
and the glucose or xylose yields can be obtained.

ANOVA was implemented to test the significance of the
established models. A model is considered significant if its “Prob
> F” value (p-value) is <0.05 and its F-value is relatively high
(F > 4) which implies that there is only a 0.05% chance that
a “Model F-value” could occur due to noise. In this study, the
model F values were≥35.3 indicating that all models were highly
significant at the 95% confidence level (Table 5). Furthermore,
the p value was p < 0.0001 which indicated that the quadratic
model explains adequately the linear, quadratic and interaction
effects on the response, in other words, the regression equation
(Equation 4) was adequate to explain the glucose and xylose
yields. According to the ANOVA results, the lack of fit was not
significant for all response variables (p > 0.05) which confirm
the goodness of the model. The fitness of the quadratic model
was checked by means of the coefficients of determination. As
can be seen from Table 5, the coefficients of determination (R2)
ranged from 0.960 to 0.980 for both glucose and xylose yields
implying a 96–98% variability of response explained. That is, only
about 2–4% of the total variance could not be explained by the

model. In general, quadratic model having R2 values higher than
0.90 are considered as models with a high degree of correlation
(Cadoche and López, 1989; Myers et al., 2016). Moreover, the
coefficient of adjusted determination (R2Adj) was calculated as
an accurate measure of regression model quality. Thus, the high
R2Adj values (0.93–0.97) implied a high significance of the model.
Finally, the precision and model reproducibility were evaluated
by the RSD% that is defined as a percentage of error and whose
value should not be higher than 10%. Consequently, according
to the values of RSD (<10%) shown in Table 5 we can conclude
that the current models for glucose and xylose yields are precise
and reproducible.

To complete the PLS analysis, the effect of pretreatment
factors on the response (sugar yields) was shown bymeans of VIP
charts (Figure 3). It should be noticed that the weight of factors
are different since 4 different and independent models (WB and
DWB) were fitted for glucose and xylose yields obtained after
enzymatic hydrolysis. From those models MRO was developed
to obtain the maximum glucose and xylose yields for WB and
in the same way another MRO for DWB. In the case of glucose
yield for WB, the factors with the largest linear effects were
the biomass loading (X4) followed by the time (X2) and the
temperature (X1) while the RTIL percentage (X3) was not a
significant factor (Figure 3A). For DWB, temperature was the
most contributing factor affecting the glucose yield (Figure 3C).
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FIGURE 6 | SEM images (x 500) of untreated WB (A) and DWB (D) and pretreated with pure [C2mim][OAc] WB (B) and DWB (E) and with [C2mim][OAc]-water

mixtures (RTIL content of 10%) [WB (C) and DWB (F)] at 150◦C for 40min.

For both WB and DWB, the quadratic terms of temperature
(X1X1), time (X2X2), RTIL percentage (X3X3), and biomass
loading (X4X4) exerted a substantial effect on glucose yield at
the 95% confidence level (Figures 3A,C). In particular, for WB,
some interactions such as RTIL percentage and biomass loading
(X3X4), time and RTIL percentage (X2X3) were, according to
the model, statistically significant (p < 0.05). Otherwise, no
interaction effects were observed (p > 0.005) in the case of
DWB. In addition, for xylose yields, the linear effect of time
(X2) and biomass loading (X4) and their quadratic terms had the
most significant effect during the WB pretreatment (Figure 3B).
In the case of DWB, it was affected by the single effect
of temperature (X1), RTIL percentage (X3), biomass loading
(X4) and the interaction of temperature, and RTIL percentage
(X1X3) (Figure 3D).

Finally, the relationship between the observed values of
glucose (Y1) and xylose (Y2) yields and the predicted values of the
response from the models was shown in Figure 4. As illustrated
in the Figures 4A–D, the values were closely grouped along the
line of best fit which suggest a high degree of correlation between
predicted and observed ones.

The PLS regression method to design of experiment utilize
a type of validation named “Full Cross-Validation.” This PLS
regression variant differs lightly from the routine fit used in
other PLS applications, such as the Multivariate Calibration
where a “trainee” data and a second “validation” set are
normally used (Pontes et al., 2006; Cen et al., 2007). In

resume, these statistical results corroborated the efficiency and
reliability of the present regression models and demonstrated
a good correlation between process factors and their effects on
the response.

Effect of Pretreatment Factors on Glucose
and Xylose Yields and Optimums
As previously mentioned for WB, the VIP charts revealed
that all factors present a clear quadratic tendency indicating
that this effect was very critical for the model. Hence, the
second order model was the most suitable to adjust the
experimental data and to predict the glucose and xylose yields.
These findings were supported by the curvatures and twists
observed in the RS plots (Figures 5A,B). In fact, the RS plot
for glucose yield showed a saddle curvature while for xylose
yield the RS plot showed a clear convex curvature which is
typical of a quadratic–shaped surface (Myers et al., 2016).
Moreover, through PLS analysis made, the optimal conditions
of WB pretreatment were determined, i.e.,: temperature (X1)
= 150◦C, time (X2) = 40min, RTIL percentage (X3) = 10%
(v/v) aqueous medium, and biomass loading (X4) = 5% (w/v)
leading to yields predicted values of 83% in glucose and 95% in
xylose (Figures 5A,B). Under the optimized conditions, slightly
lower experimental yields were obtained: 77% for glucose and
90.4% for xylose. The residual values (that is: experimental
value—model predicted value, expressed by absolute value)

Frontiers in Chemistry | www.frontiersin.org 11 August 2019 | Volume 7 | Article 58583

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Araya-Farias et al. Wheat Bran RTIL-Water Pretreatment Optimisation

were estimated to be 6 and 4.6% for glucose and xylose
yields, respectively.

As for WB, all of quadratic terms had a significant influence
on glucose yield for DWB (Figure 3C). This phenomenon is
reflected in the high yields obtained (100%) and graphically
observed in the curvature of RS plot which present a steep
slope (Figure 5C). In this context, if we compare the glucose
yield of WB with that of DWB we can see clearly that
in very similar experimental conditions, the performance of
pretreatment would be significantly higher for DWB. The
difference detected can be attributed to a higher level of RTIL
(X3) (20% for DWB vs. 10% for WB). Maximum glucose
yield (100%) was obtained under the following pretreatment
conditions: temperature (X1)= 150◦C, time (X2)= 40min, RTIL
percentage (X3) = 20% (v/v) in aqueous medium, and biomass
loading (X4)= 5% (w/v) (Figure 5C).

On the contrary, in the case of xylose yield for DWB,
the linear effects of X1, X3, and X4, the interaction effects
of X1 and X3 were the ones who had the most significant
influence in the fitted second order model (Figure 3D). This
is agreement with the results obtained. Indeed, the RS plot
(Figure 5D) presents a slight curvature concave and the optimum
performance (57%) was very low when compared to that
obtained for WB (95%). This may be partially explained
by the effect not significant of interactions in the model
(Figure 3D), in other words, the interactions have barely
contributed to the xylose yield. In this context, a linear
model could have been a more adequate solution to adjust
the response. However, the slight curvature concave of the
plot (Figure 5D) shows that the second order model was
effectively the most appropriate to fit the xylose yields (lack of
fit not significant). The optimal pretreatment conditions were:
temperature (X1) = 25◦C, time (X2) =40min, RTIL percentage
(X3) = 20% (v/v) in aqueous medium, and biomass loading
(X4)= 5% (w/v) (Figure 5C).

Under each optimal condition, yields obtained experimentally
with DWB gave 92.1% for glucose and 53% for xylose, again
slightly lower than the predicted ones, as for WB. Residual values
were thus estimated at 7.9% for glucose and 4%n for xylose.

Finally, a MRO was performed by Nelder-Mead Simplex
Method for each biomass (WB and DWB) in order to obtain
best pretreatment conditions to maximize both glucose and
xylose yields. The MRO for WB displayed optimums of glucose
and xylose yields of 83.5 and 95.3%, respectively, which were
obtained under the following conditions: temperature (X1) =

150◦C, time (X2)= 40min, RTIL percentage (X3) = 10% (v/v)
in aqueous medium, and biomass loading (X4) = 5% (w/v).
Furthermore, MRO for DWB revealed optimum of glucose and
xylose yields of 100 and 56.1%, respectively. These optimum
yields were obtained with a temperature (X1) =150◦C, time (X2)
= 40min, RTIL percentage (X3) = 20% of RTIL (v/v), and a
biomass loading (X4)= 5% w/v. These yields are similar to those
obtained by individual optimization with PLS approach, in other
words, MRO maintain the yield values for both sugars. Based
on the results mentioned above, we can observe that optimal
pretreatment conditions for WB further improve the glucose
yields while in the opposite case optimal pretreatment conditions

for DWB improve the xylose yields. Moreover, pretreatment of
WB and DWB with [C2mim][OAc]-water mixtures increased
significantly the sugar yields of about 60–100% as compared
to those of unpretreated biomass (10–20%). Results from this
study were in agreement with others previous reports using
[C2mim][OAc] and water as pretreatment media. Fu and Mazza
(2011a) reported that a higher sugar yield (81%) was obtained
after the [C2mim][OAc]-water pretreatment (50% of water
content) of triticale straw at 150◦C for 90min. Perez-Pimienta
et al. (2017) reported a glucan conversion efficiency of 98% for
Agave bagasse biomass (40% water in [C2mim][OAc] media)
and 83% for municipal solid waste biomass (50% water in
[C2mim][OAc] media).

To sum up, optimal conditions to pretreat wheat bran by
RTIL were determined. Our experimental design demonstrated
the possibility to implement efficient pretreatment of wheat
bran with diluted [C2mim][OAc] [10–20% (v/v)] in water
within the range of study of the present work. Hence, this
complete statistical study confirmed that the established models
were appropriate to predict the sugar yields under different
pretreatment conditions.

Morphological and Textural Properties
Associated With WB and DWB
Pretreatment
To gain more insight into the effect of [C2mim][OAc]-water
mixture, we focused then on the structural characterization of
untreated and pretreated WB and DWB samples by performing
SEM. For those analyses, we selected two pretreatment
conditions leading to highest sugar yields. [C2mim][OAc]-water
mixture pretreatments visibly induced a disorganization of WB
and DWB leading to the formation of porous and expanded
structure (Figures 6C,F) while more drastic effect was displayed
with pure [C2mim][OAc] pretreatment (Figures 6B,E). The
aqueous [C2mim][OAc] pretreatment contributed to the
formation of a porous material that could account for increasing
the enzymatic digestibility as already suggested by other authors
(Singh et al., 2009; Hu et al., 2018). However, our optimized
pretreatment conditions allowed preserving the structural
integrity of cellulose as seen from the NMR signals of C4-carbon
of amorphous and crystalline cellulose (Figure S1).

CONCLUSION

This is the first work applying PLS methodology to optimize WB
and DWB pretreatments with [C2mim][OAc]-water mixtures.
Pretreatment conditions were optimized to achieve high glucose
and xylose yields from WB biomasses by the proposed quadratic
models. Highs glucose (83–100%) and xylose (57–95%) yields
were obtained under optimized pretreatment conditions of
temperature, time, concentration of [C2mim][OAc] in water and
biomass loading. The complete statistical assessment confirmed
that our established model is adequate and accurately predicts
the glucose and xylose yield within the range of pretreatment
conditions employed. Finally, the possibility to minimize the
required RTIL amount to implement efficient pretreatment of
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WBandDWBwas demonstrated which could have a great impact
for further implementation at a large scale.
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About Making Lignin Great Again
—Some Lessons From the Past
Wolfgang G. Glasser*

Sustainable Biomaterials, Virginia Tech, Blacksburg, VA, United States

Lignin, the second most abundant biopolymer on the planet, serves land-plants as

bonding agent in juvenile cell tissues and as stiffening (modulus-building) agent in mature

cell walls. The chemical structure analysis of cell wall lignins from two partially delignified

wood species representing between 6 and 65% of total wood lignin has revealed that cell

wall-bound lignins are virtually invariable in terms of inter-unit linkages, and resemble the

native state. Variability is recognized as the result of isolation procedure. In native state,

lignin has a low glass-to-rubber transition temperature and is part of a block copolymer

with non-crystalline polysaccharides. This molecular architecture determines all of lignin’s

properties, foremost of all its failure to undergo interfacial failure by separation from (semi-)

crystalline cellulose under a wide range of environmental conditions. This seemingly

unexpected compatibility (on the nano-level) between a carbohydrate component and

the highly aromatic lignin represents a lesson by nature that human technology is only

now beginning to mimic. Since the isolation of lignin from lignocellulosic biomass (i.e.,

by pulping or biorefining) necessitates significant molecular alteration of lignin, isolated

lignins are highly variable in structure and reflect the isolation method. While numerous

procedures exist for converting isolated (carbon-rich) lignins into well-defined commodity

chemicals by various liquefaction techniques (such as pyrolysis, hydrogenolysis, etc.),

the use of lignin in man-made thermosetting and thermoplastic structural materials

appears to offer greatest value. The well-recognized variabilities of isolated lignins can

in large part be remedied by targeted chemical modification, and by adopting nature’s

principles of functionalization leading to inter-molecular compatibility. Lignins isolated

from large-scale industrial delignification processes operating under invariable isolation

conditions produce polymers of virtually invariable character. This makes lignin from pulp

mills a potentially valuable biopolymeric resource. The restoration of molecular character

resembling that in native plants is illustrated in this review via the demonstrated (and in

part commercially-implemented) use of pulp lignins in bio-degradable (or compostable)

polymeric materials.

Keywords: biobased polymer, compostable plastics, lignin modification, lignin properties, sustainable

thermoplastics, natural adhesives, lignin compatibility

INTRODUCTION

Lignin is well-known as the second most abundant biopolymer on Earth (Freudenberg and
Neish, 1968; Sarkanen and Ludwig, 1971; Lewis and Sarkanen, 1998). Except for plants
grown under water (or in juvenile condition, such as in annual crops), the planet’s
method of harnessing solar energy and recycling carbon dioxide, water, and oxygen through
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photosynthesis involves the formation of lignin. Lignin is always
the minor component (by mass) of lignocellulosic plant species,
and it plays a major and important role in the mechanical
(bonding and stiffening), nutritional, and soil preservation
role of nature. The process of lignification, and the structural
details of lignin, have been the subject of numerous recent
articles, and reviews (Forss and Fremer, 2003; The Ljungberg
Textbook, 2008). This paper reviews the issue of lignin’s
variability, and specific aspects of its utilization potential in
structural materials. While lignin has captured major markets as
water-soluble derivative for many decades, mostly from sulfite
pulping (Gargulak and Lebo, 2000), its potential use from other
delignification processes has rarely extended beyond that as
process-fuel. However, the quest for using renewable resources
in place of fossil carbon sources for chemicals and materials
has recently led to an accelerated exploration of lignin (and
other biomass sources) in structural polymers (Doherty et al.,
2011; Thakur et al., 2014; Upton and Kasko, 2016; Graichen
et al., 2017). The many options investigated for lignin include
chemical products derived from numerous depolymerization
techniques (Zakzeski et al., 2010; Xu et al., 2014; Beckham et al.,
2016; Kozliak et al., 2016; Cheng et al., 2018; Sun et al., 2018;
Van den Bosch et al., 2018); from polymer fractionation using
solvents and/or membrane filtration (Huang et al., 2017; Li and
Takkellapati, 2018); from thermal conversion (carbon fibers; 3-
D products; etc.) (Baker and Rials, 2013; Li et al., 2017); from
chemical modification (Wang et al., 2016; Mueller et al., 2019);
and many others. Thermosetting and thermoplastic materials
have attracted special interest due to their market value and size,
but they also present the most formidable obstacles since most
natural polymers are neither soluble nor thermally deformable.

This review will attempt to illustrate the fundamental
principles of how nature’s approach to the assembly of
recyclable but interfacial-failure-proof materials can (a) be
adopted for the design of structural materials involving
lignin; and (b) how these materials can draw specific benefits
from lignin’s original structural design and properties.
Many of these principles have been the result decades
ago of studies focused on both biochemical (i.e., wood
formation and thus lignification) and papermaking (and
thus delignification) techniques, which constitute the
basic roots of our understanding of lignin without being
readily connected to present-day polymer and materials
science literature.

STRUCTURAL ASPECTS

Lignin is formed by the in-situ polymerization of a mixture
of para-hydroxy cinnamyl alcohols with an enzyme-triggered
mechanism involving free radicals. In native plants, lignin’s
aromatic structure is dominated by alky-aryl ether bonds that
accommodate a limited variability in relation to precursor
supply, which represents a mixture of three p-hydroxy cinnamyl
alcohols (also called C9-species), designated as coumaryl (p-
OH), coniferyl (Gua), and sinapyl (Syr) alcohol (Freudenberg
andNeish, 1968). The enzymatic electron-abstracting (oxidation)
reaction of the phenolate species generates a series of free

phenoxy radical species that exist in a variety of mesomeric
forms. The phenoxy radicals react (“couple”) with one another
either in juvenile plant tissue, which is in need of immobilizing
(immature) cells with respect to each other (i.e., bonding),
or in mature tissue, which is in need of cell wall stiffening.
This process has been studied (experimentally and by computer
simulation) and described abundantly (Glasser and Glasser,
1974, 1981; Glasser, 1981; Glasser et al., 1981; Lewis and
Sarkanen, 1998). It results in a chemical structure with many
different inter-monomer bonds (also called “inter-unit bonds”)
that are the consequence of the presumed randomness of
the bond formation between the different mesomeric forms
of the phenoxy radicals. It has recently been established that
lignin in different tissue locations (such as stalk vs. endocarp,
middle lamella vs. cell wall, etc.) can vary significantly, esp.
in relation to Syr:Gua ratio (Rencoret et al., 2018). This
creates the possibility of different functionalities in different
tissue locations. However, it is well-established that all lignins,
regardless of their monomer composition (i.e., “precursor ratio,”
p-OH: Gua: Syr), have a preponderance of alky-aryl ether
inter-monomer bonds that amounts to around 50–60% of
bond-total in native wood, and it reaches as high as 84% in
some other plants (Rencoret et al., 2018). The ether content
rises with the methoxy content on the aromatic ring of
the monomer species (Glasser et al., 1983b). Because of this
linkage distribution, the following corroborating observations
can be made:

(1) An analytical procedure most qualified to depolymerize
lignin by severing exclusively alkyl-aryl ether linkages
(i.e., no side-reactions), produces a mixture of building
blocks that consists predominantly of monomers
(50%), dimers, and some oligomers (Nimz and Das,
1971; Lapierre et al., 1986).

(2) Since lignin’s average degree of dehydrogenation (i.e., the
number of sites per C9-unit being linked by the coupling
of free radicals produced by dehydrogenation) is <2.00/C9

(Freudenberg and Neish, 1968; Glasser and Glasser, 1976),
lignin can be considered a predominantly linear chain of
monomeric, dimeric, and oligomeric phenylpropane units
having molecular sizes of <1,000 g/M that are linked in
alkyl-aryl ether fashion (Funaoka, 2013).

(3) The concentration of phenolic OH-groups in native lignin is
exceedingly low (<0.25/C9).

(4) Lignin has a low glass-to-rubber transition point, Tg, making
wood thermally-deformable as long as plasticization by water
is maintained at temperatures exceeding 100◦C as shown
in Figures 1A,B, i.e., under pressure (Kelley et al., 1987;
Ito et al., 1998).

(5) There is significant variability in bond types, in addition
to different alky-aryl ether types, between monomeric C9-
species that have the potential of influencing thermal,
and solubility properties.

This understanding has given rise to the picture of the
amorphous component of wood being a block copolymer
of modestly sized lignin phases with non-crystalline
hetero-polysaccharides (Figure 1C) (Košikova et al., 1978;
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FIGURE 1 | Aspects of thermal properties of wood—(A) Illustration of the irreversible thermal deformation of a moisture-plasticized tree trunk under the influence of
high-pressure steam and pressure (Ito et al., 1998); (B) Glass-to-rubber transitions (Tg) of two moisture-plasticized solid wood slices (spruce and beech) recorded by
dynamic mechanical thermal analysis (DMTA) revealing the Tg of native lignin (α1), native carbohydrates (α2), and moisture exchange (β) (Kelley et al., 1987); and
(C) generic proposed model of the lignin-carbohydrate copolymer architecture according to Košikova et al. (1978).

Koshijima and Watanabe, 2003). That the inherently
thermoplastic lignin component of the native block copolymer
will undergo phase separation and relocation in the cell wall
via melt-state after exposure to high temperature (224◦C)
treatment for short periods of time (180 s) without rapid steam
decompression (“explosion”) was demonstrated by Debzi et al.
(1991) and others. When subjected to delignification treatments
during pulp production, wood is exposed to aqueous acid
or alkali (Rydholm, 1965; The Ljungberg Textbook, 2008).
This fractionation proceeds via two primary reactive lignin
intermediates, benzylic cations (in acid), and quinonemethides
(in alkali) (Figure 2). In acid, fractionation is made possible
by the introduction of solubilizing (in water) functional
(sulfonate) groups in the lignin polymer without (significant)
depolymerization (except for the most labile benzyl-ether bonds)
while severing lignin-carbohydrate bonds by hydrolysis; and
in alkali, lignin removal requires depolymerization along the
alky-aryl ether chain with simultaneous generation of (acidic)
phenol groups (Sarkanen and Ludwig, 1971; The Ljungberg
Textbook, 2008). This depolymerization is assisted catalytically
by the presence of sulfide and hydrosulfide ions in the pulping
liquor, which become the preferred reaction partner for the
quinonemethide intermediates (Figure 2). Both delignification
options encounter competitive secondary (condensation)
reactions by internal competition for the reactive intermediates,

benzylic cations and quinonemethides, thereby generating new
carbon-to-carbon bonds. This is particularly significant in acid
sulfite pulping where, for example, the indigenous presence of
pinosylvin -an aromatic extractive substance with resorcinol
structure in the heartwood tissue of pines- out-competes sulfite
ions for the reaction with cations, leading to water insolubility
of the modified (condensed) lignin (Hillis, 1962). This illustrates
the virtual inescapability of lignin structure modification during
aqueous pulping resulting in newly created structural variability.
That this variability arises after lignin removal from cell tissue, in
aqueous solution, becomes evident with the analysis of residual
lignin isolated from incompletely delignified (also called “high
yield”) pulp fibers.

In a study examining the structure of residual pulp lignins
isolated from NSSC-pulp fibers that had been exposed to
neutral sulfite pulping conditions for between 5min (following
a 1.33 h presteaming and impregnation time) and 8½ h, the
residual lignin content ranged from 6 to 65% of total lignin
(Glasser and Barnett, 1979a). The isolated lignin content was
thereby inversely related to delignification time. While there
were obvious signs of hydrolytic cleavage of weak (lignin-
carbohydrate) ether bonds in the first 5min of cooking (following
pre-steaming) with formation of phenolic OH and sulfonate
groups on lignin (Figure 3A), the most noticeable change
involved the loss of aliphatic OH- groups (Figure 3B) and
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FIGURE 2 | Main reaction mechanisms of lignin during pulping—TOP: Alkyl-aryl ether cleavage and phenolic OH-generation via quinonemethide intermediates in alkali;
the involvement of bisulfide ions prevents dissolution-defeating side-reactions from taking place, leading to increased alkali-solubility and effective depolymerization;
BOTTOM: Formation of (water-soluble) lignin sulfonates via benzylium ion intermediate aromatic structures in pulping reactions under acidic conditions with bisulfite.

the formation of new lignin-carbohydrate bonds (Figure 3C)
(Glasser and Barnett, 1979b). The residual lignin isolated
from the pulp fibers by the Bjoerkman protocol (milled wood
lignin) (Bjoerkman, 1956) revealed progressive attachment to
cellulosic, and detachment from non-cellulosic carbohydrates
with delignification time (Figure 3C). This reversed the initial
linking of lignin to, almost exclusively, the non-cellulosic
hetero-polysaccharides (“hemicelluloses”). A comparison of the
structure of untreated wood lignin with that isolated from
the pulp fibers suggested virtually no change in intermonomer
bonding (Glasser and Morohoshi, 1979), except for the
initial (most likely benzylic) ether hydrolysis with sulfonation
(Figures 3A,B). Resistance to delignification coincided with
significant changes in functionality, especially the loss of aliphatic
hydroxyl groups (Glasser et al., 1979), and to the re-established
bonding with (progressively cellulosic) carbohydrates (Glasser
and Barnett, 1979b). This made delignification appear like a
peeling-off phenomenon without obvious lignin degradation
in terms of inter-monomer bonds prior to lignin dissolution.
The formation of new lignin-carbohydrate bonds has been
attributed to quinonemethide structures in lignin (Glasser, 1981),
a conclusion consistent with model compound studies by Ohara
et al. (1980) (Figure 3D) and Leary et al. (1983). The block-
copolymer nature of the amorphous component of wood was
thereby preserved, but the nature of the association of residual
lignins with polysaccharides reflected progressively the more
abundant (crystalline) cellulose. This progressive detachment/re-
attachment created the misleading impression of lignin structure
in fiber solids as being variable, with some fractions of lignin
resisting dissolution while others dissolve rapidly.

In separate studies on the behavior of lignin during kraft
pulping, similar observations were made (Glasser et al., 1983b).
Isolated lignin revealed signs of hydrolytic depolymerization to
lower molecular weight structures with lower alkyl-aryl ether and
higher phenolic OH-contents, whereas residual lignin continued

to resemble the native, untreated form. When (commercial)
isolated (pine) kraft lignin was fractionated according to
molecular size, it became apparent that degradation strictly
followed alkyl-aryl ether cleavage to different extents; high
molecular weight lignin fractions were found with partially
preserved ether bonding, whereas lowmolecular weight fractions
were enriched in C-C bonding and phenolic OH-content (Glasser
et al., 1983b).

The analytical procedure used in these studies, known
as permanganate oxidation, follows a protocol adopted from
earlier work by Freudenberg (Freudenberg et al., 1936), and
later by Larsson and Miksche (1967), and that relies on the
treatment of lignin (isolated from, or embedded in pulp fibers)
with diethylsulfate, an effective ethylating agent for phenolic
hydroxyl groups; subsequent oxidative hydrolysis with alkaline
cupric oxide; followed by methylation with dimethylsufate; and
oxidation of non-aromatic lignin entities with permanganate and
hydrogen peroxide (Morohoshi and Glasser, 1979). The resulting
mixture of aromatic carboxylic acids is quantitatively separated
by gas and gel chromatography following esterification with
diazomethane. The ratio of ethyl- to methyl-ethers among the
carboxylic acids produces a “hydrolysis factor” that expresses
(quantitatively) the degree of alky-aryl ether bonding of the
identified aromatic carboxylic acids. Experimental hydrolysis
factors were found to range from 0.1 to 1.0 representing alky-aryl
ether contents in the range of 10 to 65 per 100 C9-units (Glasser
et al., 1983a,b).

These results and observations suggest that the variability of
native lignin in wood is limited to differences between middle
lamella and cell wall lignin; to differences between juvenile and
mature plant tissue; and to differences in function (bonding
as opposed to stiffening needs) (Monties, 2003). The lack of
variability in wood lignin had been a major point of contention
in the lignin field in the 1960’s and 1970’s based on findings
by Forss et al. (1966) that seemed to indicate the existence of a
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FIGURE 3 | Residual lignin structures in pulp fibers—results of the re-attachment of lignin to carbohydrates in NSSC pulps from Red Alder and Douglas Fir wood (on
the basis of ¼ to 8 ½ h of cooking times and representing pulp yields of between 59 and 90%; the recovered, purified and analyzed pulp fiber lignins represented
between 6 and 65% of the total lignin content of wood; for more information, see Glasser and Barnett, 1979a): (A) Interunit-linkage distribution; (B) Functional group
distribution (total, aliphatic, phenolic, and sulfonate groups); (C) nature of association with carbohydrates (cellulosic vs. non-cellulosic sugar content in % of total
carbohydrate content; pulp yield and cooking times indicated on each line; for more information, see Glasser and Barnett, 1979a,b; Glasser and Morohoshi, 1979;
Glasser et al., 1979, 1982). (D) Proposed mechanism (Glasser, 1981) of the reaction leading to a restored lignin-carbohydrate bond as revealed by Ohara et al. (1980)
on the basis of model compound studies.

“repeating unit structure” in lignin. While this hypothesis (Forss,
1968) failed to find general acceptance (Forss and Fremer, 2000)
based on advancing analytical techniques, the conclusion that
native lignin in wood has limited variability, and that significant
variability is created only by the isolation procedure, gained
significant evidential support (Forss and Fremer, 2003).

Much of research (and development) with lignin continues
to be carried out with non-industrial preparations—such as
experimental fractions derived from mild wood treatment (incl.
organosolv and all non-chemical isolations, like milled wood
lignin, MWL); from selected lignin fractions (i.e., solvent-
soluble fractions of isolated kraft lignins); and from experimental
laboratory and pilot plant isolations–which focuses on a wide
variety of different lignin structures (Glasser et al., 1983b). This
variability, however, is misleading, since isolation on industrial

scale is likely to be carried out under highly consistent and
invariable conditions, which generate isolated lignins that may
vary from pulp mill to pulp mill, and from separation protocol
to separation protocol, but that remain invariable when isolated
using an invariable delignification procedure.

Since the industrial separation of lignins from wood had the
generation of pulp fibers as sole objective for many generations,
the isolation process was designed to assist to the utmost degree
in the preservation of polysaccharide yield, structure, purity,
and size (Rydholm, 1965; The Ljungberg Textbook, 2008). This
focus helped generate paper fibers in high yield, with high
brightness, in high strength, and with high molecular weight.
The goal was achieved by the use of acids or bases in aqueous
mixtures. An inexpensive and effective acid was based on sulfur
dioxide forming bisulfite and/or sulfite ions in combination with
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inexpensive bases, such as Ca, Mg, NH4, or Na. This mixture
converts lignin into a water-soluble derivative, “lignin sulfonate”
(also called “lignosulfonate”), in which many of the native
structural details of lignin, mostly the alkyl-aryl ether bonds,
remain largely intact. This has led to the utilization of sulfonated
lignins from sulfite pulping as water-soluble surfactants and
dispersants in applications exceeding one million tons per year
worldwide (Gargulak and Lebo, 2000). Pulp production using the
“sulfite process” has, however, declined globally due mostly to
environmental concerns. It has been replaced in most parts of the
world with alkaline processes.While delignification with aqueous
sodium hydroxide solutions is effective with herbaceous plants,
woody plants resist lignin release (into water) in the absence of
a suitable catalyst capable of hydrolyzing alky-aryl ether inter-
monomer bonds. The almost universally (but not exclusively)
used catalyst in alkaline pulping is the sodium salt of hydrogen
sulfide, Na2S, which promotes the cleavage of alkyl-aryl ethers
in lignin with the simultaneous generation of new solubilizing
acidic (phenolic) functionality (Figure 2). Since the alkali-soluble
form of lignin can easily be concentrated in water to a level
allowing incineration with heat and chemical (ash) recovery, the
NaOH/Na2S based pulping process (called “Kraft” process) has
become worldwide norm. Alternatively, alkali-soluble lignin can
be recovered in solid form by the adjustment of solution-pH and
filtration. In contrast to lignin sulfonates, which become water-
soluble as sulfonated lignin derivatives at any pH, alkali (Kraft)
lignin becomes soluble in alkali only, and is insoluble under
neutral aqueous conditions and in most organic solvents, due
to the creation of acidic (phenolic) functionality by alkyl-aryl
ether hydrolysis, and depolymerization (Figure 2). Reduction of
pH thus allows Kraft lignin recovery in powder form. Although
this lignin has been known, and has been commercially isolated
for decades in at least one commercial installation, it has been
attracting attention as an optional sustainable, and biodegradable
polymer resource only in the last couple of decades.

As stated above, isolated Kraft lignin is inhomogeneous in
terms ofmolecular size and structural functionality depending on
its isolation protocol. While some of its alkyl-aryl ether linkages
are preserved; new carbon-to-carbon bonds are created; and thiol
(mercaptan) functionality is introduced. With the loss of ether
bonds, thermal properties are affected with a significant rise of
the glass-to-rubber transition temperature (Tg), and a loss of
solubility in all but alkali.

This change, however, is not irreversible. It has been
known for several decades that some of the thermal and
solution properties of Kraft lignin can be recovered, and
lignin can be converted into materials that take advantage
of its native design features, bonding and stiffening
(modulus-building) (Falkehag, 1975; Glasser and Sarkanen,
1989; Lora and Glasser, 2002). This is the subject of the
remaining review.

Lignin in wood is usually a pale-yellow substance. Its isolation
under alkaline conditions creates a severe discoloration due
to the formation of quinoid structures by phenol oxidation.
This discoloration is reversible following modifications that
remove phenolic and quinoid functionality (Figure 4) (Barnett
and Glasser, 1989).

FIGURE 4 | Lignin and lignin derivative color—Typical color of phenolic Kraft
lignin (KL) and non-phenolic hydroxypropyl kraft lignin, non-bleached (HPL),
and peroxide-bleached (BL. HPL). (According to Barnett and Glasser, 1989).

LIGNIN APPLICATIONS IN MATERIALS

The bonding and stiffening attributes of the different forms of
isolated lignins have been harnessed in man-made polymeric
materials for many decades with varying success. Owing
to lignin’s character as small, mostly spherically-shaped,
multifunctional molecule, the longest and most intensively
investigated application has been the use in thermosetting
materials in general, and specifically in phenolic resins for wood
bonding (Hemingway and Conner, 1989).

While structurally and performance-wise comparable to
phenolic (phenol-formaldehyde, PF) network polymers, as
additive to phenolic resins lignin has faced the obstacle of
variability, dark color, slow cure rate, and lack of chemical
reactivity. Isolated (commercial) lignins often resist thermal
deformation attempts unless they involve temperatures close
to the onset of lignin’s thermal degradation (about 200◦C).
The resulting resins are frequently limited to low rates of
addition and extended cure times (Lewis and Lantzy, 1989). The
handicap of the limiting solubility and thermal deformability of
isolated commercial (Kraft) lignins has been demonstrated to be
reversible to different extents by chemical modification. Lignins
from non-commercial, experimental sources, however, such as
organosolv or steam explosion lignins, with an abundance of Tg-
lowering intermonomer ether bonds, can offer lower Tg’s as well
as more compatible chemistry (Glasser, 2000).

Other applications in thermosetting polymeric materials have
included a range of network-forming polymers crosslinked
using isocyanate, polyamine, polyacrylate, epoxy etc. resin
chemistry (Glasser, 1989; Wang and Glasser, 1989). Several
examples of such applications are illustrated in Figure 5. In
applications that rely on resin formulations using non-alkaline
or non-aqueous conditions, chemical modification or molecular
fractionation becomes mandatory since most industrial lignin
sources are insoluble in most common solvents. The same is
true for applications in thermoplastic materials, where thermal
processability requires the restoration of moderate Tg’s.

The potential recovery of lignin as a solvent-soluble
polymer with improved solubility and reduced Tg by chemical
modification must be considered the first challenge to the
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FIGURE 5 | Early lignin-containing structural materials—Polyurethane foams using bleached and unbleached HPL (see Figure 4) according to Hsu and Glasser
(1975) (A), and foams according to Lora and Glasser (2002) (B); polyacrylate sheet (C) according to Wang and Glasser (1989); and solvent-cast polyurethane coating
(S) and injection-molded test specimens (E) according to Ciemniecki and Glasser (1989) (D).

reclamation of its performance attributes (Wang et al., 2016;
Mueller et al., 2019). It has long been established that the
branched nature of lignin combined with its abundance of
phenolic OH groups (following isolation involving alkyl-aryl
ether cleavage) that give rise to strong internal hydrogen-
bonds, is most effectively changed by oxyalkylation as shown
in Figure 6A (Hsu and Glasser, 1975, 1976; Glasser et al.,
1982; Glasser and Leitheiser, 1984). Non-phenolic hydroxyalkyl
lignin derivatives are recognized as virtually uniformly functional
(with aliphatic OH-groups) branched molecules with good
solubility and thermal properties. Their aromatic character
offers many opportunities to contribute to the properties
of multi-phase materials that resemble those of natural
lignocellulosic materials.

Following chemical modification with alkylene oxides
(Figure 6), lignins become sufficiently soluble to perform well
in wood adhesives when crosslinked with isocyanates (Newman
and Glasser, 1985) as well as in fire resistant foams (Glasser
and Leitheiser, 1984). The former has been accomplished, for
example, with rapidly curing wood adhesives using blocked
diisocyanates as crosslinking agents (Gillespie, 1985). Blends of
hydroxypropyl lignin with soy protein have resulted in materials
with significantly increased tensile strength and undiminished
elongation at break due the formation of supramolecular
domains and strong inter-molecular adhesion (Wei et al., 2006).

Combining (non-phenolic) lignin derivatives with such
inherently low-modulus polymer components as polyether
glycols mimics the role lignin plays in the amorphous component
of wood, where it adds modulus by the formation of copolymer
structures with gum-like non-crystalline hetero-polysaccharides
(Kelley et al., 1988, 1989). This has been examined repeatedly for
the case of both lignin-containing mixtures with, and copolymers

of, polyaliphatic glycols (Figure 6). Whereas addition of an
extended aliphatic polyether glycol chain to lignin (CE-HPL in
Figure 6D) by chemical modification provides flexibility in terms
of thermal and mechanical properties of a polyurethane-based
network polymer, simple mixing of Kraft lignin derivatives with
aliphatic glycols (HPL/PEG in Figure 6D) prior to crosslinking
helps introduce a more moderate, but still noticeable, and
effective modulus-raising aromaticity to the cured resin structure
as well (Moerck et al., 1989). Such mixtures of aromatic and
aliphatic polyols have been demonstrated to become the basis of
a variety of adhesives, coatings, foams, etc., in which the inherent
properties of lignin are adopted for achieving mechanical,
thermal, moisture absorbing, sustainability, and other property
goals (Figure 5).

These examples demonstrate that lignin as isolated by
separation from woody biomass performs like a normal
polymer in a predictable manner and continues to present
the option of re-use in a form it was initially designed for
by nature.

In addition to thermosetting materials, lignin can also
contribute important properties to thermoplastic mixtures
(polyblends) with other polymers as long as it meets thermal and
compatibility needs. Lignin in native state, such as in solid wood,
will readily undergo thermal deformation if (a) the plasticizing
effect of water on amorphous hetero-polysaccharides is assured,
and (b) the Tg of (water-plasticized) lignin is exceeded (Ito et al.,
1998). This has been demonstrated at temperatures of 135–150◦C
since lignin’s in-situ Tg has been reported to be around 60–
80◦C (Figure 1). The Tg of lignin rises with loss of alkyl-aryl
ether bonds to >180◦C (Falkehag, 1975); it can be restored by
suitable chemical modification, most commonly by esterification
or etherification (Figure 6).
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FIGURE 6 | Benefits of lignin modification by propoxylation—(A) Derivatization reaction is oxyanion-dependent; (B) Tg of lignin esters is related to the size of the acyl
substituent (i.e., number of C-atoms), applied to Kraft and organosolv lignin with data from Lewis and Brauns (1947), Glasser and Jain (1993); (C) Damping (tan δ)
thermograms (by DMTA) of polyurethane films containing lignins with variable degree of propylene oxide-chain extension (Kelley et al., 1988); and (D) Modulus of
polyurethane films with chain-extended hydroxypropyl lignin (CEHPL) compared with HPL/polyethylene glycol (PEG) mixed solutions in relation to lignin content.

Thermoplastic blend materials with lignin (derivatives)
having acceptable Tg’s have been widely demonstrated.
Ester formation has been studied in terms of the effect
on thermal properties as early as 1947 (Lewis and
Brauns, 1947; Glasser and Jain, 1993), and etherifications
by ring opening reactions with aliphatic oxirans have
been pursued by Glasser et al. (Wu and Glasser, 1984;
Jain and Glasser, 1993).

For reasons of biodegradability and sustainability, thermally
processable natural polymers have attracted attention also
in the field of melt-processed materials. Since ester-type
lignin derivatives meet those requirements, their feasible
incorporation into blend materials has been examined
(Ghosh et al., 1999, 2000). Lignin esters were found
to be readily miscible with cellulose esters, starch esters
and poly(hydroxybutyrate).

Because of its potential contribution to the modulus of
rigid multi-phase materials and its resistance to thermal
degradation, lignin has also been considered as an attractive
source for carbon fibers (Fukuoka, 1969). However, because
of its inability to organize in melt-state into liquid crystalline
condition, an attribute of benefit for lignin’s function in
lignocellulosic composite structures, lignin appears to
have a limiting effect on building strength in carbon fibers
(Davé et al., 1993).

ISOLATED LIGNIN’S LIMITATIONS

Lignin appears to be a relatively small molecule, both in vivo
and in vitro, that serves lignocellulosic multi-phase materials
(i.e., cellular tissues of plants) exclusively as a component
of a block copolymer with amorphous hetero-polysaccharides
(also called “hemicelluloses”). Figures 1C and 7 represent
widely–used illustrations of the molecular architecture of the
amorphous component of wood. Since thermal and solubility
characteristics of the two components, hetero-polysaccharides
and lignin, are very different, the copolymer behaves like
a crosslinked, three-dimensional network structure in native
(unplasticized) wood. The polysaccharides provide stability
and immobility in dry as well as high-temperature state, and
lignin anchors the branched (gum-like) hetero-polysaccharides
in place under high-moisture conditions. It can therefore
not be expected that lignin by itself will qualify as stand-
alone polymeric material. It is most likely performing best
as partner with a molecular entity that complements its
properties, as it does in wood. This partnership must, by
design, experience different levels of stress that results in the
separation of molecular components into individual phases.
Such molecular stresses are relieved when wood is exposed to
high temperature moisture, such as during “steam explosion”
treatments involving exposure to high-pressure steam for
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FIGURE 7 | Model of molecular structure and architecture of the amorphous component of wood— (A,B) Concept of lignin-carbohydrate copolymer (LCC)
self-associating (“contracting”) with lignin-rich phases via secondary bonds (on the nano-scale); this effect of copolymer structure on solution behavior has been
studied using LCC-model copolymers by Esker et al. (see Gradwell et al., 2004; Westbye et al., 2007; Kaya et al., 2009); (C) Schematic lignin-carbohydrate complex
with benzyl ether linkage between lignin and branched xylan.

short time periods (Focher et al., 1991). The molecular response
involves (a) lignin-carbohydrate separation by hydrolysis, and
(b) relocation of the separated lignin within the fibrous tissue
(Debzi et al., 1991). Depending on the severity of the steam
treatment, other hydrolytic and/or condensation reactions are
encountered that change lignin’s functionality and molecular
character. However, it is obvious that disruption of the block
copolymer architecture of the amorphous component of wood
results in spontaneous phase-separation of carbohydrates and
lignin within the limits of mobility. This results in the
opportunity to extract lignin partially with aqueous alkali or
organic solvents without further pretreatment (Wright and
Glasser, 1998). The re-incorporation of lignin into polymeric
materials structures (i.e., the “making lignin great again”-
effort), in networks or blends, thermosets or thermoplastics,
requires “phase compatibilization.” In either case, thermosets
or thermoplastics, the molecular mixture proceeds toward
solidification via a homogeneous liquid phase at either ambient
or elevated temperature. Phases separate on either or both,
kinetic and thermodynamic grounds.

Lignin’s potential as component in structural materials,
both network-forming and thermally processable, is limited by

its solution and thermal properties. Restricting the solubility
of isolated Kraft lignin to aqueous alkali, and its thermal
deformability (i.e., glass transition temperature, Tg) to close to
its thermal degradation temperature, leaves little opportunity
for incorporation into multi-phase polymeric network materials
systems. The degree to which such limitations apply to
thermosetting materials has been analyzed by Gillham using
a time-temperature-transition (TTT)-diagram (Figure 8)
(Gillham, 1986); and thermoplastic blend compatibility is often
analyzed in terms of thermodynamic solubility characteristics
(Rials and Glasser, 1989a,b, 1990). Both approaches have been
applied to lignin-containing polymeric materials.

The TTT-diagram records molecular changes of resin
mixtures under cure by isothermal heat exposure on a time
scale. During isothermal heating of homogeneous thermosetting
mixtures at different temperature-levels, three events take place
in sequence: (a) separation of molecular phases representing
differences in chemical or molecular structures (incl. differences
inmolecular origin or differences in crosslink density, Figure 8C)
(i.e., “demixing”); (b) formation of a continuous phase by
gelation; and (c) gel densification (“vitrification”) with the
formation of additional crosslinks resulting in a rise in Tg to

Frontiers in Chemistry | www.frontiersin.org 9 August 2019 | Volume 7 | Article 56596

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Glasser About Making Lignin Great Again

FIGURE 8 | Basis of phase separation in lignin-containing thermosets—(A) Schematic time-temperature-transformation (TTT)-diagram identifying phase separation
preceding gelation and vitrification on a time scale (after Gillham, 1986); (B) Dynamic mechanical thermal analysis (DMTA) diagram of a lignin-containing thermosetting
resin mixture undergoing cure with identification of gelation (gel), and vitrification (vit) on the temperature-scale (Toffey and Glasser, 1997); (C) SEM picture of cured
lignin-containing thermoset with phase separation of (presumably lignin-rich) particulate inclusions (Hsu and Glasser, 1976); (D) Schematic phase separation of
gel-forming molecules illustrating the clustering that produces regions of greater mass density embedded in a continuous phase of lower-density gel (after
Kinloch, 1986).

the point where Tg reaches cure temperature (Tc) (Figure 8).
This process can, in part, be followed experimentally by
thermal analysis (differential scanning calorimetry, DSC, and/or
differential mechanical thermal analysis, DMTA) for many
network polymers (Figure 8B) (Toffey and Glasser, 1997).

Using these analytical principles, it becomes apparent that
an excessive separation of phases prior to gelation can produce
particulate-filled polymer networks in which the included
particles are rubbery or glassy; and the sizes are on the nano-,
micron-, or millimeter-scale. In resin mixtures that contain
molecules with different character (i.e., functionality, solubility
parameter, size, etc.), phase compatibility undergoes a dynamic
change as gelation progresses with the consequence of separation.
This is illustrated in Figure 8D (Kinloch, 1986). In the case
of a resin mixture with lignin, phase separation likely results
in the formation of glassy (because of high Tg) particles
disconnected from the (continuous) network polymer. This
formation of a particulate “composite” architecture representing
solids dispersed in a continuous polymer matrix must not be
detrimental to performance unless the enclosed particles exceed
a certain concentration or size. It must be recognized that this
formation of an inhomogeneous resin phase depends on both

lignin functionality and molecular size, with lower molecular
fractions preserving phase compatibility for a greater period
during the cure cycle. The employment of low molecular weight
lignin fractions is therefore preferable in phenol-formaldehyde
(PF) resin products (Gillespie, 1985).

An example of a phase-separated polyurethane network
with lignin-rich particulate enclosures is given in Figure 8C.
Even though the component mixture, polyol and isocyanate,
started the curing process as homogeneous mixture, it quickly
experienced phase separation as gelation advanced. This
phenomenon is observed universally with network forming
mixtures, regardless of chemistry. In the case of lignin,
it can be retarded by chemical modification aimed at the
development of structural compatibility, or by the addition
of functionality (chemical modification), that promotes the
participation in crosslinking (gelation) reactions before phases
separate. Different resins have different tolerances (in terms
of molecular size and chemical functionality as well as cure
cycle times) to the formation of separate phases during
normal gelation.

Similar arguments can be applied to the analysis of phase
separation in thermoplastic polymer mixtures (i.e., polyblends),
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FIGURE 9 | Analysis of phase compatibility—(A) Theoretical range of solubility parameters of several (Kraft) lignin esters as predicted by the Hoy model, compared to
the solubility range of styrene (from Thielemans and Wool, 2005). Only the points representing the lignin derivatives fitting into the gray sphere can be considered
phase compatible with polystyrene. (B) Differential scanning thermograms (DSC) of hydroxypropyl cellulose blended with 0 to 100% hydroxypropyl lignin (bottom to
top) revealing single Tg’s and indicating phase compatibility (adopted from Rials and Glasser, 1990). (C) Relationship between experimentally determined
Flory-Huggins polymer-polymer interaction parameter, B, of two (organosolv) lignin derivatives [acetate (◦), and ethyl ether, (1)] and lignin total hydroxyl group content
in solvent-cast blends of lignin derivatives and hydroxypropyl cellulose illustrating the importance of optimal lignin functionality on phase compatibility in blends. Phase
compatibility rises with the negative magnitude of the B-parameter. Maximum compatibility is reached with lignin derivatives having OH-contents of 0.8 per C9-repeat
unit, similar to that of native lignin (from Rials and Glasser, 1990). (D) Comparison of the calculated Flory-Huggins interaction parameters χPS of lignin esters with the
critical value, χPS,c , derived from the ratios of molar volumes of polymer and solvent (polystyrene). Compatibility is reached if χPS < χPS,c . In this graph, only lignin
butyrate is predicted to be miscible with polystyrene (from Thielemans and Wool, 2005).

illustrated in Figure 9. This has previously been approached
experimentally with lignins modified in different ways and to
different extents prior to solution-blending with non-crystalline
(thermoplastic) cellulose derivatives (Figures 9B,C) (Rials and
Glasser, 1988, 1990). The results of this study demonstrated
that a difference in solubility parameter between lignin and
cellulose derivatives was responsible for the formation of regions
with greater or lesser molecular compatibility. Calculations
based on experimental observations of the shift in Tg with
blend composition (Figure 9C) resulted in the conclusion that
greatest phase compatibility between the derivatives of cellulose
and lignin (i.e., most negative polymer-polymer interaction
parameter, B) was achieved when the lignin derivative had a
free OH-group content comparable to that in wood (i.e., 0.8/C9)
(Rials and Glasser, 1989a) (Figure 9C).

Phase compatibility of lignin derivatives with polystyrene
has also been assessed using a theoretical approach involving
solubility parameter calculations (Figure 9A). Various chemical
modification treatments of lignin were found to allow predicting
the compatibilization of lignin derivatives with polystyrene

(Thielemans andWool, 2005). Esters of lignin with selected acids
were found to contribute to both compatibility and reduced
thermal transitions (Figure 9D).

COMPATIBILIZATION BY
FUNCTIONALIZATION

Creating single-phase network structures with lignin requires
both component miscibility and complementary functionality.
This approach is routinely pursued by the attachment of (a)
reactive functional groups, such as phenols (by “phenolation”),
acrylates, epoxies, amines, vinyl, etc; or (b) by modification
with molecular entities that promote the formation of secondary
interactions, such as hydrogen bonds, with the surrounding
(continuous) polymer phase (Thielemans et al., 2002; Bova et al.,
2016; Kun and Pukanszky, 2017).

The desire to use lignin in phenol-formaldehyde (PF) resins
has an extremely long history (Lambuth, 1989). It resurfaces
any time the price of phenol rises (Lake, 2016). Both, lignin
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FIGURE 10 | (Semi-) commercial products with lignin—(A) Prototype printed circuit board manufactured with glass fiber-reinforced (organosolv) lignin-containing
(50%) epoxy resin (IBM pilot plant) (Kosbar and Gelorme, 1996; Shaw et al., 1996; Kosbar et al., 2001); (B) Prototype shell of injection-molded chair made from
polypropylene/lignin derivative blend; and (C,D) commercial compostable waste bag made with melt-blown films of blends of hydroxypropyl (Kraft) lignin derivative
and biodegradable polyester (Ecoflex by BASF) (Glasser et al., 2017).

sulfonates and kraft lignins, are amenable to substituting phenol;
but this requires either molecular fractionation or chemical
modification of the parent lignin if high substitution degrees
are to be reached. The most common derivatization involves
methylolation by reaction with formaldehyde and/or phenolation
(Muller and Glasser, 1984; Hemingway and Conner, 1989).

Another example of phase compatibility gained by
functionalization is shown in Figure 10A, which represents
a prototype printed circuit board based on glass fiber-reinforced
epoxy resin containing 50% lignin (Kosbar and Gelorme,
1996; Shaw et al., 1996; Kosbar et al., 2001). Lignin content
in epoxy resins can be achieved using several approaches.
The functionalization of lignin with oxiran functionality
produces resins crosslinkable with amines or phenols (Nieh
and Glasser, 1989; Hofmann and Glasser, 1993; Lora and
Glasser, 2002), whereas bis-phenol A-based epoxies are capable

of serving as crosslinking agents for phenolated or aminated
lignin (derivatives).

The introduction of functionality useful for participation
in chemical reactions is limited only by sufficient molecular
compatibility to prevent premature phase separation, as pointed
out above. Like other (natural) polymers, like cellulose and
starch for example, the solubilizing and/or plasticizing effect of
substituents can be generalized (within limits) based on character
and degree of substitution.

In polyblend applications, in which a lignin component is
mixed in homogeneous melt-state with a thermoplastic polymer,
both thermodynamic and kinetic factors dictate the degree of
phase separation. Examples of blends of (lightly modified) lignin
with thermoplastic polymers in need of stiffening are shown in
Figures 10B–D, which represent an injection-molded chair seat
with polypropylene (Figure 10B), and a melt-blown waste bag
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FIGURE 11 | Consequence of phase compatibilization in PVC blends with lignin (derivative)—(A) Relationship between modulus and degree of aging (time) for three
different lignin derivative/PVC blend formulations (with 10, 40, and 60% lignin content) illustrating the long-lasting plasticizing effect of lignin derivative (de Oliveira and
Glasser, 1994b). (B) Stress—strain curves of PVC/lignin derivative blends (solvent-cast films) shown in part C: blend formulations a-c reveal brittleness whereas
blends d-f display ductile behavior based on phase compatibility (on the nano-level) (de Oliveira and Glasser, 1994b). (C) Illustrations by SEM of the degree of
compatibility achieved by block copolymer formation of HPL and caprolactone segments (a-c are caprolactone-free, and d-f reveal the impact of the presence of
caprolactone as copolymer component). (de Oliveira and Glasser, 1994b).

made with a biodegradable polyester (Figures 10C,D) (Glasser
et al., 2017). Improving the solubility and thermal properties
of isolated (Kraft) lignin thereby helps to compatibilize the two
components sufficiently (but incompletely) to assure mutual
support. This is a prerequisite for opening important pathways to
lignin’s use inmelt-blended polymericmaterials based exclusively
on secondary molecular interactions.

Using nature’s approach to the design of greater component
compatibility required from inherently (thermodynamically)
incompatible polymer types employs the creation of co-
polymers that help in the dispersion of otherwise incompatible
but (structurally) complementary molecular phases. In
the case of natural lignocellulosic materials, kinetic phase

compatibilization factors are eliminated, and thermodynamic
factors become prevalent.

Mimicking the approach of compatibilizing an aromatic
polymer (lignin) with a crystalline polysaccharide (i.e., cellulose)
on the nano-scale, without ever forming covalent bonds between
the blend components, as shown in Figure 7, has been adopted
for lignins compatibilized with thermoplastic cellulose esters,
polystyrene, and poly(vinyl chloride) (PVC) (de Oliveira and
Glasser, 1989). In all cases, co-polymer synthesis was achieved by
reacting mono-functional (with terminal NCO-groups) synthetic
polymer segments (of variable sizes) with lignin derivatives
to produce star-like block-copolymer structures resembling
native lignin-carbohydrate complexes. These block-copolymer
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preparations were solution-blended with the linear polymer
partner (de Oliveira and Glasser, 1993, 1994a,b).

The response of changes in blend properties to composition
was remarkable in terms of mechanical, thermal, crystallinity,
and morphological characteristics as is illustrated for PVC
blends in Figure 11 (de Oliveira and Glasser, 1994b). The
compatibilizing power of caprolactone attached to lignin
resulted in blend compositions that revealed either miscibility
or near-miscibility of the aromatic and linear phases. Whereas,
blends of (polycaprolactone-free) lignin derivatives with PVC
generated structures with macro-phase separation on the
scale of 0.1–1.0µm, the presence of caprolactone revealed
copolymer domains sized about 10–30 nm (Figure 11C).
Similarly astonishing was the consequence on mechanical
properties following aging (Figure 11A), and on stress- and
strain-levels (Figure 11B) (de Oliveira and Glasser, 1994b).
Blends with copolymer contents above the 30–40%-level were
found not to experience the well-known embrittlement with age
usually observed with PVC materials and indicated by a time-
dependent rise in modulus and tensile strength (Figure 11A);
and the stress-strain behavior of the blends revealed extreme
brittleness for all caprolactone-free compositions (Figure 11B).

The compatibilization of lignins for use in thermoplastic
polymer systems has found a significant following in recent years.
The effect of derivatization with fatty acids of different sizes was
found to enhance both phase morphology and melt rheology
(Koivu et al., 2016); and the molecular nature of the aliphatic
ester substituents of Kraft lignin was found to play a significant
role on crystalline and supramolecular complexes of aliphatic
polyesters in relation to methylene/carboxylate group ratios
(Li and Sarkanen, 2002). Thermoplastic blends of acrylonitrile-
butadiene rubber with various lignins in different blend ratios
were found to produce tough materials with high failure strains
(Bova et al., 2016; Nguyen et al., 2018).

The gradual build-up of lignin-containing phases on cellulose
surfaces (mimicking a hydrophobization effect of plant fibers
required by native plants) using copolymers of lignin with hetero-
polysaccharides has been studied in aqueous environments
(Gradwell et al., 2004). “Docking” was registered by surface
plasmon resonance spectroscopy, and it was revealed that
very low lignin concentrations attached to water-soluble
(model) carbohydrates, pullulan and xylan, for example,
effectively promote adsorption of these substances on mono-
molecular (crystalline) cellulose surfaces (Westbye et al., 2007;
Kaya et al., 2009). This suggests that lignin-carbohydrate
copolymers serve as phase compatibilizers between cellulose
and lignin. It is obvious that this parallels the multi-
phase molecular architecture of wood, where a lignin-rich
copolymer phase of water-soluble or gum-like non-crystalline
polysaccharides becomes attached to cellulose crystals via
secondary bonds. The principle of phase compatibilization of
lignin and PVC via caprolactone parallels that of lignin-co-
hetero-polysaccharides and cellulose. The principle produces
non-covalently-linked blends of molecular entities with widely
different characteristics on the nano-scale. The principle is
adoptable for the development of a virtually unlimited range of
sustainable and biodegradable materials.

CONCLUSIONS

(1) The structure of native (especially softwood) lignins is
highly invariable in terms of its inter-monomer bonding
and functionality. Differences are detectable between
middle lamella and secondary cell wall location, among
other factors.

(2) The aromatic character of lignin is compatibilized
with crystalline cellulose fiber surfaces by
the formation of block copolymers with
hetero-polysaccharides (“hemicelluloses”).

(3) Isolated lignins vary distinctly regarding their alkyl-
aryl ether contents, degrees of secondary condensation,
molecular weights, solubility, and thermal properties.

(4) Lignins retained by chemical pulps (NSSC and Kraft)
exposed to between 5min (following presteaming and heat-
up) and 8½ h to pulping conditions, and representing yields
between 6 and 65% of total lignin, are virtually identical
to the native wood lignins in structure (esp. inter-unit
bonding). Resistance to dissolution is a consequence of
re-attachment to polysaccharides (incl. cellulose) via ether
bond formation involving quinonemethide intermediates.

(5) Since structural variability of lignins is primarily the
result of the isolation protocol, commercial sources of
lignin isolated by any procedure under invariable process
conditions can be expected to remain invariable.

(6) Isolated lignin represents an important and abundant
biopolymer resource the behavior of which is highly
predictable and adaptable based on its varied functionality
and modifiability.

(7) Structure and properties of isolated lignins are subject to
wide-ranging changes via chemicalmodification. Properties
can readily be tailored for uses that require special
solubility, thermal and compatibility behaviors.

(8) Modified lignins have the potential of contributing
the characteristics of lignin in wood to man-made
thermoplastic and thermosetting materials, such
as bonding, stiffness (modulus), fire resistance,
biodegradability, and sustainability.

(9) Best results are achieved when lignin’s structural
modification adopts the principles of its nature in
wood by partnering with polymers via compatibilization.

(10) A variety of lignin derivatives have been converted
into such products as adhesives, coatings, foams,
printed circuit boards, melt-blown compostable
films and other thermosetting and injection-molded
thermoplastic materials.

(11) In many cases, such undesirable properties as malodor
associated with the isolation method, esp. Kraft
pulping, need to be overcome for lignin to reach its
inherent “greatness.”
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Bio-based aromatic diamines from vanillin substrate were successfully synthesized

and characterized. These amines, i.e., methylated divanillylamine (MDVA) and

3,4-dimethoxydianiline (DMAN), were then tested as curing agents for the design

of bio-based epoxy thermosets. The epoxy thermosets obtained from these novel

vanillin-based amines exhibited promising thermomechanical properties in terms of glass

transition temperature and char residue.

Keywords: di-vanillin, amines, curing agent, thermoset, epoxy

INTRODUCTION

Epoxy thermosets are the products of the reaction between epoxy-based monomers or prepolymers
with curing agents. The cross-linking agents are significant in terms of mass fraction as the
latter can represent up to 50% of the formulations. Many efforts are currently undertaken to
develop bio-based alternatives to traditional epoxy monomers derived from fossil resources and, in
particular, bisphenol-A (Kumar et al., 2018). With similar objectives, some studies already reported
the synthesis of bio-based anhydride- or acid-type curing agents from renewable resources, such
as vegetable oils (Roudsari et al., 2014), rosin (Wang et al., 2008, 2009; Liu et al., 2009; Qin et al.,
2014a), terpens Takahashi et al., 2008, tannins Pizzi, 2008; Shibata and Nakai, 2010, or lignins (Qin
et al., 2014b).

Moreover, aliphatic amine curing agents have also been reported from substrates originating
from biomasses such as terpenes (Keim and Roeper, 1981; Keim et al., 1983; Garrison and Harvey,
2016), lignin (Fache et al., 2014), cardanol (Thiyagarajan et al., 2011; Shingte et al., 2017) derived
from cashew oil or vegetable oils (Stemmelen et al., 2011; Hibert et al., 2016; Samanta et al., 2016).
Very recently, amines have been synthesized from vanillin (Mora et al., 2018) by NH3 addition onto
diglycidylated vanillin alcohol. When cured with classical DGEBA, a Tg of 72◦C of the so-formed
epoxy thermoset was obtained.

Despite all these works, the development of bio-based fully aromatic amine-type curing-agents
leading to high Tg epoxy thermosets is still an unmet challenge. In this way, there is a
growing interest to find bio-based reactive amines leading to epoxy thermosets with high
thermomechanical properties.

Vanillin is a very interesting candidate because it is one of the non-hazardous aromatic
compounds industrially available from biomass (Pinto et al., 2012). From vanillin, we developed
an efficient C–C coupling reaction through enzymatic catalysis leading to highly pure divanillin
substrate (Kobayashi andMakino, 2009; Llevot et al., 2015, 2016).More recently, we have developed
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a palette of epoxy monomers derived from divanillin, which
demonstrated to be valuable, and realistic alternative to DGEBA-
based epoxy thermosets (Savonnet et al., 2018). In the following
of our previous investigations, this article presents two synthetic
pathways to prepare primary aromatic amines from divanillin as
starting material. These polyfunctional amines were then used as
curing agents for the synthesis of epoxy thermosets.

SYNTHESIS OF BIO-BASED AMINES
FROM VANILLIN DERIVATIVES

Herein, two synthetic pathways have been identified for the
synthesis of bio-based aromatic amines through the reduction
of oxime and the acyl azide rearrangement moieties, leading to
bis-benzylamine and bis-aniline moieties, respectively.

The divanillin displays two aldehyde functions which can
undergo chemical reaction to get divanillyloxime. A synthetic
pathway adapted from literature has been developed and is
depicted on Scheme 1 (Liu et al., 2011; Fache et al., 2015).
First, the alkylation of phenol moiety was performed in the
presence of iodomethane and a weak base leading to methylated
divanillin in a quantitative yield (>95%). Then, the oximation
step consisted in the reaction of aldehyde functions with
hydroxylamine hydrochloride in the presence of sodium acetate
to yield methylated divanillyloxime (MDVO) (>95%). The
structure of this intermediate was confirmed by 1H and 13C
NMR spectroscopies (Figure S1). The appearance of a signal at
3.67 ppm was attributed to the methylated phenols and new
signals at 8.10 and 11.13 ppm were attributed to the oxime
moieties of methylated divanillyloxime (MDVO). Finally, the so-
formed oxime was then reduced into methylated divanillylamine
(MDVA) by hydrogenation. The reaction was performed during
16 h at 70◦C under 12 bars of H2 pressure in the presence of
Nickel Raney in ethanol. Reduction of the oxime yielded a pale
orange solid with amelting temperature of 69◦C (DSC). 1HNMR
spectrum of this orange solid demonstrated the disappearance of
oxime signals at 8.10 and 11.13 ppm and the appearance of a new
signal at 3.63 ppm, corresponding to the benzylic-protons of the
amine (Figure 1). 13C NMR spectrum exhibited also a shift of
the alpha-carbon of the oxime from 147.81 to 51.62 ppm, which
confirmed the reduction of oxime moieties. The attribution of
the signals was also confirmed by HSQC NMR spectroscopy. In
addition, the MDVA was also characterized by FTIR. Figure S2a
shows the infra-red spectra of MDVO and MDVA from which

SCHEME 1 | Synthesis of methylated divanillylamine from divanillin.

the decrease of O-H stretching signal at 3,227 cm−1 and the
disappearance of N-O stretching at 945 cm−1 were observed
and corresponding to the oxime moieties. Besides, ninhydrin test
(Friedman, 2004), which reveals amino groups, confirmed the
presence of amine moieties on MDVA (Figure S2b).

The second pathway is based on the Curtius rearrangement.
It involves the synthesis of an acyl azide intermediate. Usually
carboxylic acids are precursors of acyl azides. As previously
described (Kobayashi and Makino, 2009; Llevot et al., 2015,
2016), methyl vanillate can easily be dimerised into the
corresponding dimer and hydrolyzed into the diacid. From
divanillic acid, the sequential synthetic pathway is summarized
in Scheme 2. All the intermediates were obtained without any
further purification steps, unless mentioned. 1H and 13C NMR
spectroscopies were performed to confirm the structure of the
synthesized products. Methyl divanillate was first alkylated using
the same procedure described previously and obtained in a
high yield (>80%). Thereafter, the hydrolysis of the methylated
diester with sodium hydroxide yielded the diacid (>90%). The
disappearance of the methyl ester protons at 3.38 ppm and the
appearance of acid proton signals of carboxylic acid at 9.20 ppm
were attributed to the formation of the methylated divanillic acid.
Methylated divanillic acid was then converted into acyl azide in
a two-step reaction. Ethyl chloroformate was first reacted with
the acid to form in situ an acyl chloride and sodium azide was
then added to the mixture, yielding the corresponding acyl azide
(>60%). Finally, the di-isocyanate was obtained in good yield
(>80%) by simply heating the azide compound in dry toluene.
The synthesis of these latter compounds was confirmed by 1H
NMR spectroscopy (Figure S3).

In addition, acyl azide structure was confirmed by the
disappearance of carboxylic signal at 9.20 ppm and finally
the shift of the aromatic protons from 7.61 and 7.55 to 6.65
and 6.58 ppm was attributed to the so-formed di-isocyanate.
These compounds were also characterized by FTIR spectroscopy
(Figure S4). Infrared spectra exhibited characteristic signal
wavelengths of carboxylic acid at 1,720 cm−1 (-C=O) and 2,500–
3,300 cm−1 (O-H), acyl azide at 2,140 cm−1 (-N3), and isocyanate
at 2,278 cm−1 (-N=C=O).

Finally, 3,4-dimethoxydianiline (DMAN) was recovered by
hydrolysis in basic conditions of the corresponding di-isocyanate.
After extraction with ethyl acetate and washing with water a
mixture of brown and white solids was obtained. However,
1H NMR spectroscopy of the reaction mixture revealed the
presence of a by-product (Figure S5). These additional signals
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FIGURE 1 | 1H and 13C NMR spectroscopy of methylated divanillylamine (MDVA) in DMSO-d6.

SCHEME 2 | Synthesis of 3,4-dimethoxydianiline (DMAN) from methylated divanillic acid.

could be attributed to the formation of ureas, resulting of the
side reaction of amine with the isocyanate or to the oxidation
of the amines. Nevertheless, a small fraction was isolated as a
white solid corresponding to the DMAN and characterized by 1H
and 13C NMR spectroscopy (Figure 2). 1H NMR spectroscopy
displayed proton signals of aromatic rings, amine moieties and
alkylated hydroxyl groups at 6.23, 5.90, 4.79, 3.72, and 3.38 ppm,
respectively. In addition, the disappearance of the C9 carbon
signals of isocyanate at 124.71 ppm, confirmed the obtention of
the targeted diamine. DMAN was also characterized by FTIR
spectroscopy (Figure S6). The following spectrum confirmed
the absence of the isocyanate bands (-N=C=O) at 2,278 cm−1

and the appearance of amino groups signals at 1,610, 3,240,
3,370, and 3,471 cm−1. In conclusion, the Curtius rearrangement
permitted to synthesize the 3,4-dimethoxydianiline from the acyl
azide intermediate derived from the methyl divanillate. However,
the last step of the synthesis was tedious and only a small

amount of the desired product was identified as the diamine.
Further investigations and optimizations in the hydrolysis step
of the isocyanate substrate are required to recover the bio-based
diamine in a better yield.

SYNTHESIS OF FULLY VANILLIN-BASED
EPOXY THERMOSETS

The previously synthesized di-amines, i.e., methylated
divanillylamine (MDVA) and 3,4-dimethoxydianiline (DMAN)
were used as curing agents for the synthesis of epoxy thermosets.

The DGEBA epoxy monomer was stirred vigorously with
a stoichiometric amount of MDVA. The thermomechanical
properties of the so-formed network were characterized by
DSC and TGA. Bio-based thermoset was then compared with
DGEBA/IPDA epoxy system. Results are summarized in the
Table S1 and Figure S7. Unfortunately, the characterization
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FIGURE 2 | 1H and 13C NMR spectroscopy of 3,4-dimethoxydianiline (DMAN) in DMSO-d6.

of bio-based epoxy networks, using DSC, showed a weak
exothermic peak (1H=105 J/g for DGEBA/MDVA vs. 430
J/G for DGEBA/IPDA), corresponding to the reaction of
amine with epoxy. In addition, no clear glass transition
temperature was observed with this network (Figure S8).
One hypothesis to explain this result could be the poor
homogeneity of the mixture between DGEBA and the solid
MDVA—MDVA melts at 40◦C (DSC)-, which impaired the
stoichiometric ratio.

DGEBA epoxy monomer was also cured with bio-based
DMAN. However, in view of the small amount recovered, crude
DMAN was used for the curing reaction. Thermomechanical
properties of the network formed were then determined
and compared with DGEBA networks cured with 4,4

′

-
Diaminodiphenyl sulfone (DDS). Results are summarized in
Table 1 and Figure S8b. In comparison with conventional amine
hardener DDS, epoxy network cured with DMAN exhibited
similar properties. Indeed, glass transition temperature of
thermoset cured with DMAN displayed a value 30◦C below the
networks obtained with DDS, i.e., 176◦C. This difference can
be explained by the presence of by-product compounds, which
could impair the stoichiometric ratio. Interestingly, despite the
presence of the by-product, the bio-based amine enabled to
increase the char yield residue up to 28% (Figure S8). This feature
could be explained by the C-C bonding between the two aromatic
rings of DMAN, which could favor the formation of char and
thus increase the residual content. Another important difference
between DDS- and DMAN-based epoxy thermosets is the higher
reactivity of DDS.

TABLE 1 | Thermomechanical properties of DGEBA and TetraGEDVA cured with

DDS and DMAN.

Epoxy/

hardener

Tonset
(◦C)

TExo
(◦C)

1H

(J.g−1)

1H

(kJ.mol−1)

Tg

(◦C)

Char900
(%)

DGEBA/DDS 184 226 355 83 204 16

DGEBA/DMAN 99 153 393 95 176 28

TetraGEDVA/DDS 165 208 459 89 - 48

TetraGEDVA/DMAN 110 193 183 39 212 48

At last, a bio-based polyglycidylether, tetraglycidylether of
divanillyl alcohol (TetraGEDVA), (Savonnet et al., 2018) was
cured with crude DMAN. In this way, a fully bio-based epoxy
thermoset was successfully obtained. Such bio-based epoxy
network exhibited promising thermomechanical properties as
attested by the glass transition temperature of 212◦C and
the char residue of 48% (Figure S8). However, the enthalpy
of polymerization is much lower than the enthalpy of the
reaction between TetraGEDVA and DDS. Again, the presence of
undefined compounds in crude DMAN and the inhomogeneity
of the mixture could explain this difference.

CONCLUSION

In summary, the synthesis of bio-based curing agent from
divanillin derivatives was investigated. Two routes were chosen
to achieve the synthesis of diamines. The first one consisted in
the reduction of divanillyloxime obtained from divanillin. The
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synthesis yielded methylated divanillylamine (MDVA) and the
thermomechanical properties of thermosets obtained from epoxy
precursors cured with MDVA were investigated. DGEBA epoxy
prepolymers were thus cured with MDVA and the networks
obtained were compared with the conventional DGEBA/IPDA
system. Unfortunately, the characterization by DSC showed a
weak exothermic peak, corresponding to the reaction of amine
with epoxy, but no clear glass transition temperature could be
observed with this system.

Then, the 3,4-dimethoxyaniline (DMAN) was synthesized
using the oxidative rearrangement of Curtius. From methyl
divanillate and through the synthesis of acyl azide and
isocyanate intermediates, the hydrolysis of this latter yielded
3,4-dimethoxyaniline (DMAN). However, the hydrolysis step
was tedious and the corresponding amine failed to be
isolated efficiently. Nevertheless, crude DMAN was used as
curing agent in the polyaddition reaction with DGEBA.
Interestingly, the so-formed semi-biobased thermoset exhibited
a glass transition temperature of 176◦C against 204◦C for
the conventional DGEBA/DDS system. Moreover, the DMAN
permitted to double the char content of the network comparing
to DGEBA/DDS network cured in the same conditions. In
addition, a fully bio-based epoxy thermoset was obtained by
curing tetraglycidylether of divanillyl alcohol (TetraGEDVA)
with DMAN. The thermomechanical properties obtained were
promising as the epoxy thermoset exhibited a glass transition
temperature of 212◦C and a char residue of 48%.

Finally, new amine-type curing agents from vanillin-based
starting material was successfully attempted and characterized.

However, some further optimizations in the synthetic pathways
described are still necessary to have a better appreciation of the
potential of these new bio-based aromatic diamines in the course
of thermoset designs.
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The reaction of esterification of plasticized Kraft lignin (KL) with succinic and maleic

anhydrides using reactive extrusion (REX) was studied in detail. DMSO, glycol and

glycerol were found to be efficient plasticizers for lignin. The chemical structure of

these new lignin esters was determined using Solid-state 13C CP-MAS NMR and FT-IR

analysis. 31P NMR analysis of phosphitylated lignins showed that the aliphatic OH groups

of lignin had superior reactivity under the reactive extrusion reaction conditions. The

formation of monoesters was confirmed by HSQC NMR spectroscopy. Molecular weight

changes after extrusion process were studied using GPC/SEC chromatography. Thermal

properties of these polymers were assessed by TGA analysis. The results were compared

to lignin esters modified in classical batch conditions. These results show that REX can

be used as a new fast, solvent free, and continuous process for lignin valorization.

Keywords: plasticizing, kraft lignin, esterification, 31P NMR, DMSO, extrusion

INTRODUCTION

Lignin constitutes one of the main chemical families in plant biomass (Gandini, 2011). Lignins
are a polymeric form of variously methoxy-substituted phenylpropane monomeric units. Due to
its general abundance (up to 20–30% in hardwood) and its slow biodegradability, lignin is likely
to be one of the most abundant biopolymers on earth (Smolarski, 2012). Surprisingly apart from
energy production in paper factories lignin finds very few industrial applications (Zakzeski et al.,
2010). Production of high value added products such as vanillin has been obtained from lignin
(Salvesen et al., 1948; Fache et al., 2016). The aromatic phenylpropane nature of lignin offers some
similarity with aromatic polymers. Unfortunately, as its complex mixed structure depends on the
extraction process, lignin processing is difficult to carry out and not conducive to chemical process
development. Moreover, the difficulty in solubilizing and fractionating renders lignin difficult
to process at the industrial level (in non-aqueous media). Various examples of lignin chemical
modification have been developed in order to adapt the properties to specific applications (Glasser
and Jain, 2009; Laurichesse and Avérous, 2014; Konduri et al., 2015; Kai et al., 2016; Ryohei et al.,
2017; Sakai et al., 2018; Szabó et al., 2019). Modification of the aliphatic and aromatic hydroxyl
groups of lignin via esterification is a typical approach (Laurichesse and Avérous, 2014). Several
esterification agents have been applied to synthesize new lignin derivatives: acetic, propionic and
butyric anhydrides (Fox andMcDonald, 2010); maleic, succinic and phtalic anhydrides (Chen et al.,
2014); palmitic and lauric acid chloride (Hult et al., 2013). Thielemans and Wool (2005) showed
that in unsaturated thermosetting composites, incorporated butyrated kraft lignin plays a role in
reinforcing, plasticizating, and influencing the cure kinetics of the polymerizing resin. Maleated
lignin was successfully mixed with recycled polystyrene showing higher miscibility than native
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lignin (Schorr et al., 2015) and slightly higher thermal stability
compared to native polystyrene (Lisperguer et al., 2013).

Reactive extrusion (REX) is a fast developing technique
that shows high potential in producing chemically modified
bio-sourced polymeric material from small to large scale
(Berzin and Hu, 2004; Formela et al., 2018; Milotskyi et al.,
2018). It can be applied to a wide range of highly viscous
materials. Reactive extrusion itself can be considered as a
green manufacturing process as compared to conventional
chemical modification processes: it does not require solvents;
it is very energy efficient; it allows clean reaction processes
with fast kinetics, even when applied to large scales. Only a
few examples of REX modified lignin can be found in the
literature (Bridson et al., 2013; Fernandes et al., 2014; Luo et al.,
2016). In this paper we describe the chemical modification
of lignin with maleic and succinic anhydrides using REX.
Both maleic and succinic anhydrides have the potential to be
synthesized from biomass-based feedstocks (Bechthold et al.,
2008; Li et al., 2018). Moreover, after anhydride opening and
reaction with lignin, the free carboxyl group formed can be
used for self-polyesterification to form biobased thermosetting
polyester coatings (Scarica et al., 2018). More specifically, the
main objective of this work was to intensify the process of
lignin esterification and investigate the influence of reaction
parameters on lignin conversion during REX. New plasticizer
systems were developed for lignin processing with relatively low
temperature (140◦C).

EXPERIMENTAL

Materials
Two Lignins: KL pH6 (“Lignin, alkali” Aldrich 370959, insoluble
in water) which will be noted KL in this work and KL pH10.5
(“Lignin, alkali,” low sulfonate content, Aldrich 471003, soluble
in water) which will be noted KLS were provided by Sigma—
Aldrich (St. Louis, USA). Succinic anhydride (SA) and maleic
anhydride (MA) were purchased from Alfa Aesar (Karlsruhe,
Germany). Glycerol, ethylene glycol and DMSO were purchased
from VWR International (Fontenay-sous-Bois, France). The
reactor used in this study was the “Minilab Rheomex CTW5”
(RHEO S.A., Champlan, France). This apparatus is designed
for compounding polymers in a thermostated heat block
with a production capacity of 100 g/h. It is also designed
for analyzing the rheological behavior of polymer melts on
small scale. The system is based on a conical, twin-screw
compounder. Two different types of screw geometry (co- and
counter- rotating) can be used in order to study the reaction
differences according to the mixing mode. Due to a particular
design only very small sample amounts (10 g) are needed in
its integrated backflow channel. In this study, the conical co-
rotating screws mode was chosen over the counter-rotating one
because of its superior mixing ability (Milotskyi and Bliard,
2018). The extruder was operated at a screw speed of 60 rpm
in the direct and recirculation (loop) modes. The melt-mass
flow-rate was determined by weighting extrudates in known
time intervals.

Synthetic Procedure
Preparation of Samples for Extrusion
At first, the processability of the two lignins KL and KLS
in REX conditions was studied. All attempts to extrude the
lignins without any added plasticizer resulted in blocking the
extruder due to excessive torque value, exceeding the machine
parameters. To address this problem the plasticizing of lignins
by using different plasticizers: DMSO, glycerol, ethylene glycol
was studied.

Each lignin was milled with a mortar and pestle and then
mixed with the corresponding amount of plasticizer at room
temperature. The mixture was then introduced into the extruder
through the feed hopper and extruded in re-circulation mode to
obtain melt viscosity information. The conditions and results of
plasticizing are discussed further in this article.

Esterification of Lignins Using REX
To carry out the esterification reaction, 7 g of the plasticized KL
was weighed and a corresponding mass of maleic or succinic
anhydride calculated with respect to the dry mass of lignin
(without plasticizer) was added. The mixture was introduced
into the reactor preheated to the selected temperature and was
then extruded using the direct mode. In order to evaluate
reproducibility, each experiment was repeated at least three times
except when noted. The amount of ester reagent (SA or MA)
was 0.1, 0.2 and 0.3 equivalents per average phenylpropane unit
(Molar mass 178 g/mol, average of the molecular weights of
the three monomeric units p-coumaryl, coniferyl, and sinapyl
alcohol). A reference sample named KLref was extruded with 25%
DMSO without reagents at an extrusion temperature of 140◦C
and a screw speed of 60 rpm using the direct mode.

Purification of Reacted Extrudates
The KL was purified as follows to remove residues of free maleic
or succinic acid or their anhydrides possibly present in the
final mixture:

The reaction mixture of KL was crushed in a mortar and the
obtained powder was purified with a method adapted from Chen
et al. (2014) with some modifications: washing with distilled
water and sodium bicarbonate for 24 h with agitation. The
resulting powder was then recovered by filtering off the aqueous
phase on Whatman filter paper. The modified lignin was dried
for 24 h at room temperature in open air, and then overnight in a
vacuum oven at 60◦C.

Esterification of Lignins in Batch
One gram of kraft lignin (KL) was dissolved in 50mL
pyridine and 0.1/0.2/0.3 equivalent of acylating reagent -succinic
anhydride or maleic anhydride- was added to the solution. The
reaction was kept for 24 h at room temperature. The obtained
product was collected after pouring the solution into 500mL
acetone, and dried in a vacuum drying oven at 70◦C for 24 h.

Specific Mechanical Energy (SME)
Specific mechanical energy (SME) is the amount of mechanical
energy (work) transferred to the melted mix and dissipated as
heat inside the material, expressed per mass unit of the material.
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SME is calculated using Equation 1 according to Li et al. (2014)
as follows:

SME (J/kg) = (Screw speed (rpm)× Torque (N×m)× 60)/

(Feed rate (kg/h)) (1)

Elemental Analysis (C, H, S, N)
A Perkin Elmer 2400 Series II-CHNS/O Elemental Analyzer
was used to determine carbon, hydrogen, nitrogen and sulfur
contents by catalytic combustion. The oxygen content was
estimated on the assumption that the samples contained only C,
H, N, S, and O. The samples were dried in vacuum at 80◦C prior
to the analyses.

Fourier Transform InfraRed Spectroscopy
(FTIR)
The FTIR analysis was carried out in absorption mode on KBr
pellets mixed with the powdered samples. The spectra were
obtained on a Nicolet FT-IR 470 spectrophotometer (Nicolet
Instrument Corporation, USA) at 4,000–400 cm−1 at a resolution
of 4 cm−1. The number of accumulated spectra is 32.

Samples synthesized in batch conditions were analyzed
using Thermo Fisher Scientific Nicolet iS10 (Thermo Fisher
Scientific, Inc., Tokyo, Japan) spectrophotometer equipped with
an attenuated total reflection (ATR) unit. The number of
accumulated spectra is 64.

Nuclear Magnetic Resonance
Spectroscopy
The HSQC NMR spectra were obtained in DMSO-d6 as a
solvent. The recording was tuned for a one bound coupling
of 145Hz. The number of scans was 48; the acquisition time
0.14 s and the relaxation delay 5 s. The data matrix was 256/2048
(covering 22,640Hz in F1 and 7,100Hz in F2).

Phosphorus-31 NMR spectrometry was used in order
to quantify aliphatic and aromatic hydroxyl groups as
well as carboxylic acid groups in lignins. In order to carry
out the analysis it was necessary to phosphitylate the
lignins with 2-chloro-4,4,5,5-tetramethyl-dioxaphospholane
as the phosphitylating reagent prior to recording. This
reagent was synthesized in our laboratory from pinacol
and phosphorus trichloride and purified by distillation
according to the method described by Zwierzak (1967)
as follows. A solution of pinacol (0.2 mole) and distilled
triethylamine (0.4 moles) in cyclohexane (150mL) was
added dropwise to a solution of phosphorus trichloride (0.2
mole) in cyclohexane (200mL) at 5–10◦C with efficient
stirring and cooling. The mixture was kept for 1 h at
room temperature and filtered. The resulting triethylamine
hydrochloride crystals were filtered off and washed with
cyclohexane (200mL). Evaporation of the filtrate and careful
vacuum distillation of the residue gave pure 2-chloro-4,4,5,5-
tetramethyl-dioxaphospholane. The yield after distillation
was 36%.

The solvent used for 31P NMR was a mixture of pyridine
and deuterated chloroform (1.6:1 v:v) protected from moisture

using 4 Å dry molecular sieve. A solution of relaxation agent
was prepared by mixing 5mg of relaxation reagent (chromium
III acetylacetonate) in one milliliter of the prepared solvent. The
internal standard solution was prepared with 10.85 mg/ml of
cyclohexanol in prepared solvent. For this experiment, 30mg of
lignin was accurately weighed into a 1mL volumetric flask. The
sample was then dissolved in 0.5mL of the above solvent mixture.
2-Chloro-4,4,5,5-tetramethyl-dioxaphospholane (50 µL) was
then added, followed by the internal standard and the relaxation
agent solution (100 µL each). Finally, the solution was filled to
1mL with more solvent mixture. The volumetric flask was closed
and stirred to ensure complete mixing. The spectra were obtained
at 202.45 MHz with inverse-gated decoupling. The pulse lengths
corresponded to a 30◦ pulse. The number of scans was 128,
the acquisition time 0.55 s, the relaxation delay 12 s, the spectral
widths 294 ppm, the carrier frequency 140 ppm.

Solid-state l3CCP/MASNMR spectra were obtained at 10 kHz
on a ECX-500II spectrometer (JEOL Ltd., Tokyo, Japan). At least
4096 scans were averaged for each spectrum. In the case of sample
“Batch KL0.3MA” the number of scans was increased to 10,000 to
obtain a spectrum with high resolution. A single contact time of
2ms, a delay of start of 1.01 s, and proton preparation pulse of
2.71 µs were used. Lignin methoxyl peak (52 ppm) was used as a
reference. The DS is calculated using Equation 2 as described by
Bridson et al. (2013),

DS = I1/(I2
∗ n) (2)

where I1 is the sum of grafted maleic anhydride carbonyl (165
ppm) and CH integrals (126 ppm), I2 is the methoxyl integral
(assuming a stoichiometric number of methoxyl groups), n is
the number of maleate carbons (4). The corresponding reaction
efficiency (RE) was calculated using Equation 3:

RE = DS/(MA/L) ∗ 100% (3)

where DS is the degree of substitution obtained from Equation 2
and MA/L is the mole ratio of maleic anhydride (MA) to lignin
C9 unit.

GPC/SEC Chromatography
The molecular weight of native and modified lignins was
determined by size exclusion chromatography (SEC, Prominence
UFLC system, Shimadzu Co., Kyoto, Japan) based on polystyrene
standards. All GPC/SEC measurements were carried out at
40◦C using TSK gel α-M (Tosoh Co., Tokyo, Japan). Samples
were dissolved in DMF containing 0.01M of LiBr. The final
concentration was 1mg of polymer in 1ml of solvent. Before
injection, the samples were filtered through a 0.2µm syringe
PTFE filter. The same solvent was used as eluent at the flow rate of
1.0 ml/min. RID-10A Refractive Index Detector (Shimadzu Co.,
Kyoto, Japan) was used in this study.

Thermogravimetric Analysis
The TA Instruments 2950 Thermogravimetric Analyzer (TGA)
2950 was used to determine the degradation temperature of
native and modified lignin samples under nitrogen flow. The
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samples were analyzed up to a temperature of 650◦C at a rate
of 10◦C/min.

RESULTS AND DISCUSSION

Lignins Processing
At first, the processability of the two native lignins without
plasticizer was tested in the extruder within the 140–180◦C
temperature range. In this case, no melt behavior was observed
for both lignins in the chosen range of temperatures. Three
plasticizers DMSO, ethylene glycol and glycerol were then
studied as potential plasticizers. Results of lignin plasticization
using the different plasticizers are given in Table 1. The extrusion
temperature was fixed at 140◦C with a screw speed of 60 rpm
during 5min using recirculation mode.

In the case of the sample where 15% DMSO was used,
extrusion is characterized by fairly high SME values; as the
maximum torque for the Minilab Rheomex CTW5 is 5.5N ×m,
below 15%DMSO the extrusion was not possible on this extruder
due to excessive torque values. The addition of supplementary
amounts of plasticizer decreased SME and melt viscosity. The
melt viscosity values for mixtures prepared with ethylene glycol
and glycerol were similar. In conclusion, DMSO gave the best
results in providing lignin with a good melting behavior. The
two other plasticizers used in this study, polyols -ethylene glycol
and glycerol-, were only tested with KLS lignin as they were
previously studied for KL lignin (Bouajila et al., 2006). DMSOwas
then chosen as a main plasticizer as it is compatible with lignin
and it has a relatively high boiling point (191◦C) compatible with
the extrusion conditions and does not interfere with the reagents.
In addition, to our knowledge, it had not yet been studied for
lignin plasticization applications.

Esterification of Lignins by Reactive
Extrusion
At first reactive extrusion of native KL (without plasticizer) with
MA and SA was tested at a temperature of 175◦C, without
plasticizer, as described by Bridson et al. (2013). A molar ratio
of 0.2 of MA and SA was used for this test. However, no fusion
was observed in our case, indicating that the addition effect of the
anhydrides did not improve the melting behavior of KL lignin.
REX esterification of lignin was then conducted using previously
plasticized KL lignin with 25% of DMSO at 140◦C.

TABLE 1 | Results of lignins plasticization with different plasticizers.

Lignin/plasticizer

system

Torque (N × m) SME (kJ/kg) Melt viscosity

(Pa.s)

KL 15% DMSO 3.3 237 4.9 × 103

KL 20% DMSO 2 144 1.2 × 103

KL 25% DMSO 1.8 130 4 × 102

KLS 20% DMSO 1.7 122 8.96 × 103

KLS 20% Et Glycol 1.4 101 2.5 × 103

KLS 20% Glycerol 1,5 108 2.4 × 103

Elemental and FTIR Analysis
In both ester types, elemental analysis showed a decrease in the
amount of analyzed carbon in all esterified products, compared
to unmodified lignins. For example, the carbon content of native
KL before extrusion was 63.42% (±0.11), after extrusion of KL
with 0.1 maleic anhydride, it decreased to 62.01% (±0.02) and
to 60.02% (±0.13) after extrusion with 0.3MA. The decrease in
carbon content was observed for KL modified with SA, from
61.88% (±0.04) for KL0.1SA to 58.86% (±0.24) for KL0.3SA.
This result confirms the addition of succinic and maleic groups
to the lignin, which contain a lower proportion of carbon. FTIR
results show that in both cases, a band of carbonyl groups is
present at 1722 cm−1 for 0.1, 0.2, and 0.3MA and SA, the
intensity of this band increases with the quantity of anhydride
added (Figure 1). All these results confirm the substitution of
OH groups in lignins and their transformation into esters.
FTIR spectra of samples synthesized in batch are presented in
Supporting Information (Figures S1, S2).

HSQC NMR Analysis
The disperse and complex structure of lignin makes 1H and
13C NMR analysis very difficult. On the other hand, 2D NMR
spectroscopy yields spectra that providemore useful information.
HSQC analyses of lignins (in DMSO-d6) were performed. The
signal of DMSO was set at 2.5 ppm for 1H and 39.5 ppm for
13C. The HSQC spectra of native KL and KL modified with
0.2MA were compared. As can be seen in the enlargement of
this spectrum (Figure 2: blue signals for native KL CH or CH3

and red/pink signals for KL 0.2MA CH or CH3/CH2), two new
spots appeared at (1) 6.37 ppm (1H); 128.7 ppm (13C) and (2)
6.39 (1H); 131.3 (13C). These signals are attributed to the CH
groups of the grafted maleic anhydride. These signals are absent
for the native KL. In addition, they do not correspond to the
signals of MA or maleic acid that could be formed during the
washing of samples with water. The appearance of two spots and
not only one is due to the different chemical environment of these
two CH groups: ester on one side and carboxylic acid on the
other. This trend is observed for all samples (0.1; 0.2 and 0.3MA).
This confirms that the esterification reaction has occurred. In this
case, the reaction is a mono-esterification. This result is in good
agreement with the elemental and FT-IR analysis.

In the same manner, the HSQC spectra of native and
succinic anhydride modified lignin 0.2SA KL were superimposed
(Figure 3) -blue/green signals: CH or CH3/CH2 for the native
KL; Red/pink signals: CH or CH3/CH2 for KL0.2SA-. As in
the case of MA, the HSQC enlargement of SA modified KL
confirms the appearance of two new signals (pink) corresponding
to CH2 groups with different chemical environment. Full HSQC
spectra for KL0.2MA and KL0.2SA are available in Supporting
Information (Figures S3, S4).

Phosphorus NMR Analysis
The obtained proportions of the different hydroxyl and
carboxylic acid groups (in mmol/g) for both MA and SA
modified KL are summarized in Table 2. For both anhydrides,
the total amount of hydroxyl decreases during the reaction.
After esterification, the hydroxyl content decreased by 34%
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FIGURE 1 | FTIR spectra of KL modified with different ratio of maleic (Left) and succinic (Right) anhydrides.

FIGURE 2 | HSQC spectrum of native KL and KL0.2MA in DMSO, aromatic zone.

(KL0.3MA). This also confirms that the esterification has taken
place. The carboxylic acid content increased after esterification.
Aliphatic and aromatic hydroxyls show a different reactivity. A
48% decrease was observed for the aliphatic hydroxyl content
while only 23% of the phenolic hydroxyl reacted. Therefore,
esterification was more effective on aliphatic hydroxyl groups
than on phenolic hydroxyl groups. This trend was also observed
by Ahvazi et al. (2011) during the esterification of kraft
lignin with MA in batch. On the other hand, Bridson et al.
(2013) described the possible decrease in aliphatic hydroxyl and
carboxylic acids after extrusion of kraft lignin without plasticizer.
According to them, the decrease in hydroxyl levels is probably
due to dehydration reactions leading to condensation. These
results highlight condensation reactions when using reactive
extrusion for lignin chemical modification. Similar results can be

observed for the esterification reaction with succinic anhydride.
The percentage of hydroxyl decreases after esterification, with the
increase in the amount of carboxylic acid. Aliphatic OHs are also
more reactive than aromatic OHs. The sample KL0.3SA was not
soluble in the used solvent system. The reference sample (KLref)
showed a decrease in both aromatic and aliphatic OHs as well
as carboxyl groups. Phenolic OH groups decreased from 1.81
mmol/g for native KL to 1.42 mmol/g. Aliphatic OHs decreased
from 1.54 mmol/g (native KL) to 1.39 mmol/g (KLref). This
result reveals that the structure of lignin changes during the REX
process even when no reagent is used. In contrast, the samples of
KL modified with MA and SA prepared in batch conditions show
very poor solubility in pyridine/deuterated chloroform mixture
used for 31P NMR, which might further indicate (along with the
increase inmolecular weight) a possible crosslinking between free
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FIGURE 3 | HSQC spectrum of native KL and KL0.2SA in DMSO, aliphatic zone.

TABLE 2 | Proportion in mmol/g of lignin, of the different hydroxyl groups and

carboxylic acids of native and esterified KL.

KL COOH G-OH S-OH H-OH Total

phenolic-

OH

Total

aliphatic-

OH

Total

hydroxyl

Native 0.22 1.43 0.23 0.15 1.81 1.54 3.35

0.1MA 0.28 1.31 0.18 0.12 1.61 1.3 2.91

0.2MA 0.34 1.25 0.14 0.1 1.49 1.15 2.64

0.3MA 0.56 1.2 0.12 0.08 1.40 0.8 2.2

0.1 SA 0.27 1.32 0.2 0.1 1.62 1.25 2.87

0.2 SA 0.42 1.29 0.12 0.08 1.49 1.2 2.69

carboxyl groups of grafted anhydride and the residual hydroxyl
groups still present in lignin.

Solid-State 13C CP-MAS NMR
It was not possible to calculate the DS of esterified lignin
samples using 31P NMR due to possible dehydration involving
hydroxyl groups of lignin. On the other hand, Solid-state 13C
CP-MAS NMR allows us to calculate the DS using the signals
of grafted carbonyl groups after esterification. Figure 4 shows
solid-state 13C CP-MAS NMR spectra of native and modified
(KL0.3MA) lignins. It can be seen that after esterification with
maleic anhydride the carbonyl group (175 ppm) which is present
in native lignin in small quantity increases significantly and
shifts to higher field (163 ppm). This shift can be explained
by the difference in the chemical environment of carbonyl
functions in native and esterified lignins. The DS of modified
sample (KL0.3MA) was found to be 0.18 with a corresponding
RE of 60%. The Solid-state 13C CP-MAS NMR spectrum of
batch modified KL (Batch KL0.3MA) is shown in Supporting
Information (Figure S5). The DS of this sample is 0.19 with
RE of 63%.

FIGURE 4 | Solid-state 13C CP-MAS NMR spectra of Native KL and KL

modified with 0.3 equivalents of MA.

GPC/SEC Chromatography
Chemical modification of lignin in REX conditions, where shear
rate and temperature play essential role, can have a direct
influence on molecular weight distribution. It was found that
for native lignin Mw is 10,800 g/mol with a polydispersity of
8.91. As we can see in Figure 5, after extrusion the polydispersity
increases significantly for both MA and SA lignin esters.
However, the chromatograms are different for two reagents.
In the case of KL modified with MA, a new peak with
Mw = 560 g/mol appeared in the area of low molecular weight
fractions, which increases with increasing ratio of the anhydride.
This can be explained by possible lignin chain cleavage during
REX conditions (Bridson et al., 2013). The original peak of
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FIGURE 5 | GPC/SEC chromatograms of REX modified KL with maleic (Left) and succinic (Right) anhydrides.

FIGURE 6 | GPC/SEC chromatograms of KL modified in batch with maleic (Left) and succinic (Right) anhydrides.

lignin becomes broader after the reaction. For KL modified
with SA, there are no changes in low molecular weight area.
At the same time, the original peak is shifted toward higher
molecular weight showing higher polydispersity than native KL.
These results show that REX can change the structure and
properties of lignin. In contrast, KL esterified in batch conditions
(Figure 6) shows a shift of molecular weight profiles toward
higher molecular weights for both anhydrides. In this case,
one possible explanation could be intra- and intermolecular
crosslinking between remaining hydroxyls of lignin and free
carboxyl groups newly generated after the reaction with the
anhydride. As previously mentioned (section Phosphorus NMR
analysis), the KL samples esterified in batch show poor solubility
in 31PNMR solvent which also indicates the possible crosslinking
in the lignin polymer. The crosslinking has an influence not
only on lignin molecule but also on the properties of lignin-
based materials (Lang et al., 2018). However, the polydispersity
decreases in the case of reaction in batch from 8.91 for native
KL to 6 for Batch KL0.3MA and 7.82 in case of Batch KL0.3SA.
This result could be also due to the purification procedure,
with the low molecular weight fractions being more soluble in
acetone. To highlight the influence of REX parameters on the

lignin transformation, the reference sample KLref was studied by
GPC/SEC. It was found that after extrusion, the molecular weight
and polydispersity of lignin increase (Mw = 15900, Mw/Mn =

11). This result confirms that temperature and shear rate have
a significant influence on lignin structural changes. The future
interest in lignin transformation using REX would be to explore
if these changes are directly correlated to SME and if it is possible
to control the average molecular weight and polydispersity of the
obtained product by the extrusion process parameters.

Thermal Analysis of Native and
Modified KL
Native and modified KL were analyzed using TGA (Figure 7).
For all samples, a weight loss of about 5–8% at temperatures up
to 100◦C corresponds to water loss. The water loss percentage
increases with the increase of succinic anhydride. This result
confirms that modified samples become more hydrophilic.
During additional heating, the onset of degradation occurred
between 135 and 200◦C. Typically, the degradation rate reaches
a maximum between 300 and 400◦C. During this stage (up
to 600◦C) the pyrolysis of the lignin takes place, resulting
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FIGURE 7 | TGA and DTG curves (recorded under nitrogen atmosphere) of native kraft lignin and kraft lignin esterified with SA.

in the breaking of the C-C and C-O bonds of the side
chains, the condensed bonds and the breaking of the ether
bonds (Cao et al., 2013). From 600◦C, the formation of
amorphous carbon residue is observed. The samples of KL
modified with succinic anhydride all show a slower degradation
compared to native lignin. The same behavior is observed
in the case of MA. However, no significant changes in
thermal behavior between native KL and the reference sample
are observed.

CONCLUSION

In summary, we found that kraft lignin maleic and succinic
esters can be prepared in very short reaction time (<1min) in a
homogeneous medium and by using low amounts of plasticizer
(15–25%) in a reactive extrusion process. Native lignin shows
no melting behavior. We showed that small amounts of DMSO
renders lignin processable when low extrusion temperature
(140◦C) is applied. 2D NMR spectroscopy revealed that the
reaction of lignin transformation via REX is a monoesterification.
At the same time, the molecular weight and polydispersity
increase in high shear rate + temperature REX conditions
resulting in lignin molecules crosslinking. GPC chromatograms
after extrusion showed a shift toward higher molecular weights.
A similar shift was also observed for samples prepared in
batch conditions. In contrast, the polydispersity decreases for
lignin esters synthesized in batch. REX esterified lignin samples
show slower degradation compared to native lignins. These
new lignin derivatives could be used in combination with
other polymers to produce new plastics. Due to the presence
of a pendant reactive double bond maleated lignin could

be used as a macromonomer for further polymerization or
copolymerization synthesis.
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Hierarchically structured porous materials often exhibit advantageous functionality for

many applications including catalysts, adsorbents, and filtration systems. In this study,

we report a facile approach to achieve hierarchically structured, porous cerium oxide

(CeO2) catalyst particles using a templating method based on nanocellulose, a class

of renewable, plant-derived nanomaterials. We demonstrate the catalyst performance

benefits provided by this templating method in the context of Catalytic Fast Pyrolysis

(CFP) which is a promising conversion technology to produce renewable fuel and

chemical products from biomass and other types of organic waste. We show that

variations in the porous structures imparted by this templating method may be achieved

by modifying the content of cellulose nanofibrils, cellulose nanocrystals, and alginate in

the templating suspensions. Nitrogen physisorption reveals that nearly 10-fold increases

in surface area can be achieved using this method with respect to commercially available

cerium oxide powder. Multiscale electron microscopy further verifies that bio-derived

templating can alter the morphology of the catalyst nanostructure and tune the

distribution of meso- and macro-porosity within the catalyst particles while maintaining

CeO2 crystal structure. CFP experiments demonstrate that the templated catalysts

display substantially higher activity on a gravimetric basis than their non-templated

counterpart, and that variations in the catalyst architecture can impact the distribution

of upgraded pyrolysis products. Finally, we demonstrate that the templating method

described here may be extended to other materials derived from metal chlorides to

achieve 3-dimensional networks of hierarchical porosity.

Keywords: nanocellulose (NC), catalysis, fast pyrolysis, hierarchical structure, templated synthesis

INTRODUCTION

The development of rapid, scalable, and environmentally sustainable methods to produce
hierarchically structured porous materials can provide substantial benefit to many industrial
processes due to the importance of these materials in applications such as catalysis, separations,
and energy storage (Yang X.-Y. et al., 2017). Recent studies have highlighted the importance
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of controlling porosity of materials over multiple length
scales in order to optimize transport phenomena coupled
to adsorption/desorption processes and chemical reactions in
filtration (Xu et al., 2014; Wisser et al., 2015; Liu et al., 2019)
and catalytic applications (Feliczak-Guzik, 2018; Sierra-Salazar
et al., 2018; Bharadwaj et al., 2019). Commonly employed
strategies to produce these materials use templating methods
that rely upon the self-assembly of surfactants, polymers, and
nanomaterials (Yang X.-Y. et al., 2017). Nanocellulose (NC)
materials are ideal candidates for such templating purposes for
a variety of reasons, including their low cost (Nelson et al.,
2016), tunable size andmorphology (Brinchi et al., 2013), readily-
modified surface chemistry (Habibi, 2014), large production
capacity (Shatkin et al., 2014), controllable self-assembly behavior
(Habibi et al., 2010), potential to be produced in tandem with
renewable biofuels (Yarbrough et al., 2017), and environmental
compatibility (Endes et al., 2016). The most common and readily
available forms of nanocellulose typically fall into two distinct
classes based on the size and shape of the particles: cellulose
nanocrystals (CNC) which are typically 50–500 nm long with
a diameter of 3–20 nm; and cellulose nanofibrils (CNF) which
are classified as having a diameter of ∼100 nm or less and
length of 500 nm or longer and can form an entangled fibril
network (Zhu et al., 2016). Figure 1 presents images of cellulose
nanofibrils (top row) and cellulose nanocrystals (bottom row)
obtained by transmission electron microscopy (left column)
and atomic force microscopy (right column). Various forms
of NC have been investigated previously for catalyst synthesis
applications. Many of these applications have used NC directly
as a support for metallic nanoparticles as summarized in a recent
review by Kaushik and Moores (2016). Alginate, an abundant
polysaccharide derived from brown algae, has also been used
to prepare high-surface area catalyst supports (Valentin et al.,
2005). Additional studies have used NC as a template to achieve
mesoporous materials (Shin and Exarhos, 2007; Cai et al., 2015;
Kong et al., 2015; Chen et al., 2016; Yang L. et al., 2017; Shen
et al., 2018) and hollow tubular structures (Korhonen et al., 2011;
Torres-Rendon et al., 2016; Zhu et al., 2017). Several groups have
utilized the ordered self-assembly behavior of negatively charged
CNCs to achieve chiral mesoporous materials (Dujardin et al.,
2003; Shopsowitz et al., 2010, 2011).

Here, we present a facile fabrication method to prepare
hierarchically structured mesoporous materials using
combinations of NC and alginate We demonstrate the
effectiveness of our approach by preparing mesoporous cerium
oxide (CeO2) catalysts used for catalytic fast pyrolysis (CFP)
which is promising thermochemical conversion technology
for producing renewable fuels and chemicals from biomass
(Ciesielski et al., 2018). The chemical composition and structural
architecture of catalyst used in the pyrolysis process plays a
critical role in determining the product slate that results from
upgrading of pyrolysis vapors. Researchers have demonstrated
that reducible metal oxides are effective at converting oxygenated
pyrolysis products into useful monofunctional molecules (Lu
et al., 2010). Based on the choice of catalyst, this process can
be tuned to produce functional mono-oxygenated molecules,
such as ketones and phenolics. Ketones and alcohols are desired

FIGURE 1 | Images of nanocellulose materials used as mesoporous catalyst

templates. Cellulose nanofibrils (a,b) and cellulose nanocrystals (c,d) are

visualized by transmission electron microscopy (a,c) and atomic force

microscopy (b,d). The image in (b) is a phase image; (d) is a topology image.

monofunctional intermediates as they can undergo further C-O
bond cleavage and C-C bond formation from the initial pyrolytic
breakdown to yield various types of chemicals and fuels. A recent
study by Mante et al. (2015) revealed that pure CeO2 exhibits
ketonization activity when used to upgrade cellulose pyrolysis
vapors. The high catalytic activity of CeO2 can be ascribed
to its active redox properties involving exchange of Ce4+ and
Ce3+ ions, Lewis basicity, and increased oxygen exchange
and storage capacity (Mante et al., 2015). These features of
CeO2 imply its utility for the production valuable chemicals
alongside biofuels in a CFP format which is a central strategy
to improve economic viability (Cai et al., 2018). Native CeO2 is
known to have a high surface area that can effectively transport
reactant molecules to active sites (Li et al., 2012); however, the
bulk surface area of commercially available CeO2 powders is
low relative to many engineered catalysts used in industrial
applications. The development of simple, tunable synthesis
methods for high-surface-area CeO2 catalysts remains a
challenge (White et al., 2014).

A promising approach for increasing the surface area of
CeO2 catalysts was offered by Laha and Ryoo (2003) who
synthesized structured CeO2 nanoparticles using silica templates
which resulted in particles with uniform mesoporosity within a
nanocrystalline framework. A similar approach was subsequently
demonstrated for photocatalytic applications by Ji et al. (2008).
While these studies demonstrated that increased surface area
could be achieved, the synthesis methods required a premade
mesoporous silica template, and the resultant materials lacked
higher-order architecture that could serve to further enhance
transport of reactants and products within larger catalyst
particles. Our objective in the present study is to develop
a simple, cost-effective template-assisted synthesis method for
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hierarchically structured CeO2 catalyst particles that provide
mesoporosity to enhance surface area in tandem with larger
pores and channels to improve long-range transport throughout
the catalyst.

MATERIALS AND METHODS

Catalyst Synthesis
A schematic illustrating the catalyst the synthesis procedure is
presented in Figure 2. The first step consists of preparing an
aqueous carbohydrate suspension to serve as the templating
material. Several mixtures of CNFs, CNCs, and sodium alginate
were prepared. Alginate is frequently used for synthesizing
biopolymeric materials and is commonly used in the formation
of hydrogel micro particles (Paques et al., 2014). This
polysaccharide is negatively charged at neutral pH and is easily

crosslinked to form a hydrogel in the presence of di- and
trivalent cations; thus, dropwise addition of the carbohydrate
mixture containing sodium alginate to a saturated CeCl3 solution
results in the formation of hydrogel beads crosslinked by Ce3+

ions. The bead formation process is similar to that commonly
employed to form hydrogels by crosslinking alginate (Valentin
et al., 2005), however the trivalent Ce3+ used in this study
provides the crosslinking function similar to that typically
contributed by Ca2+ ions. These beads are recovered from the
solution and freeze dried to preserve the solution structure of the
carbohydrate/Ce3+ matrix (De France et al., 2017). The resulting
cryogel particles are then placed in a lab oven in air at 773K for
4 h to burn off the carbohydrate and oxidize the Ce3+ to CeO2.

Four different templating solutions were prepared to
investigate the structural features imparted by each component:
(a) 1.0 wt.% alginate, (b) 1.0 wt.% CNC 1.0 wt.% alginate, (c) 1.0

FIGURE 2 | Schematic depiction of the catalyst synthesis process. An aqueous suspension of NC and/or alginate is added dropwise to a solution of CeCl3. The

negatively charged carbohydrate components are crosslinked by the Ce3+ and form roughly spherical particles. The particles are recovered and freeze-dried. The

dried particles are heated to 773K in air to burn off the carbohydrate scaffold and oxidize the Ce3+ to CeO2 (s).

FIGURE 3 | Scanning electron micrographs of the CeO2 catalyst templated by CNF, CNC, and alginate before (a,a’) and after (b,b’) removal of the carbohydrate

template by high temperature oxidation. Arrows in (a) indicate carbohydrate domains likely contributed by bundles of CNF.
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wt.% CNF 1.0 wt.% alginate, (d) 0.5 wt.% CNC 0.5 wt.% CNF
1.0 wt.% alginate. Alginate was included with the NC templating
agents to ensure sufficient crosslinking would occur when the
carbohydrate suspension was introduced into the CeCl3 solution.
A total carbohydrate content of ≤2 wt.% was used in each case
in order to achieve a viscosity of the templating solution that
facilitated consistent drop formation from the tip of the pipette.
Attempts to use carbohydrate contents higher than 2% in the
templating solution resulted in inconsistent flow from pipette
tip which resulted in catalyst particles of heterogeneous size and
shape. Sodium alginate and cerium (III) chloride heptahydrate
(CeCl3·7H2O, 99.9%), were purchased from Sigma-Aldrich.
CeO2 powder (Cerium (IV) oxide, powder, 99.995%) for use
as a control was also purchased from Sigma-Aldrich. CNF
(3 wt.% aqueous suspension, nominal width 50 nm, several
100 microns in length) and CNC produced by sulfuric acid
hydrolysis (11.9% aqueous suspension, 5–20 nm width, 150–
200 nm length) were purchased from the University of Maine
Process Development Center.

Thermal Gravimetric Analysis (TGA)
To verify complete removal of the carbohydrate template during
calcination, TGA was performed on cryogel particles templated
with both CNC and CNF. Analysis was performed in static air
with a ramp rate of 25◦C min−1 up to 500◦C followed by an
isothermal hold at 500◦C for 1 h.

X-Ray Diffraction (XRD)
The crystal structure of the catalyst materials was analyzed by
XRD using a Rigaku Ultima IV X-ray diffractometer. The X-ray
voltage was set to 40 kV and 44mA, with a sampling width of
0.02◦ and scan speed of 5◦ min−1. Metal crystallite sizes were
estimated using the Williamson-Hall method with PDXL version

FIGURE 4 | XRD patterns of templated CeO2 catalyst particles and

commercial CeO2 powder confirm that the templated material consists of

polycrystalline CeO2 in the cubic fluorite crystal structure.

1.6.0.1 (Rigaku Corporation). ICDD PDF card number 01-075-
9470 was used as a reference pattern for the cubic fluorite crystal
structure of cerium (IV) oxide.

Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Spectroscopy
(EDS)
SEM was performed using a FEI Quanta 400 FEG instrument.
Samples were mounted on aluminum stubs with conductive
carbon tape adhesive prior to imaging. The mounted samples
were then sputter-coated with 5 nm of Ir. Images were obtained
at accelerating voltages of 10 keV for low magnification and 30
keV for high magnification. EDS was performed using EDAX X-
ray detector positioned within the same instrument. Elemental
composition was obtained from the EDS spectra using the EDAX
Genesis software package.

Transmission Electron Microscopy (TEM)
To prepare samples for imaging, catalyst particles were
suspended in ethanol and drop-cast onto carbon-coated, 200
mesh copper grids (SPI Supplies, West Chester, PA). Grids were
allowed to air dry prior to imaging. Imaging was performed using
an accelerating voltage of 200 keV, and images were captured
with a four mega-pixel Gatan UltraScan 1000 camera (Gatan,
Pleasanton, CA) on a FEI Tecnai G2 20 Twin 200 kV LaB6 TEM
(FEI, Hilsboro, OR).

Nitrogen Physisorption
Surface area, pore volume, and average pore diameter were
determined by multipoint nitrogen physisorption using a
Quantachrome QuadraSorb SI analyzer. Prior to measurement,
catalysts were outgassed at 250◦C for 18 h. The measurement
was performed in liquid nitrogen at −196◦C. BET analysis was
used to obtain specific surface area, and BJH and t-plot methods
were used evaluate pore volume and pore size. Points for BET
analysis were selected to include the point of statistical monolayer
formation and ensure that the product of the quantity adsorbed
with (1–p/p0) was strictly increasing over the range of points
included in the calculation (Sing, 2014). All BET fits had R2 >

0.998. BJH analysis was performed on the adsorption branch

TABLE 1 | Material properties of commercial and templated CeO2.

Templating

agent

Surface area

(m2 g−1)

Mesopore

volume (cm3 g−1)

Mean

crystallite

size (nm)

None-

commercial

3 0.0056 48

Alginate 26 0.0677 21

CNC 27 0.0889 24

CNF 23 0.0819 25

CNC-CNF 28 0.0764 21

Surface area and mesopore volume are from BET and BJH analysis of nitrogen

physisorption data, respectively. Mean crystallite size is from Williamson-Hall analysis of

XRD patterns.
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FIGURE 5 | Multiscale electron microscopy of catalyst particles. CeO2 catalysts from the following templating agents: (a–d) commercially available powder control;

(e–h) 1.0 wt.% alginate; (i–l) 1.0 wt.% CNC 1.0 wt.% alginate; (m–p) 1.0 wt.% CNF 1.0 wt.% alginate; (q–t) 0.5 wt.% CNC 0.5 wt.% CNF 1.0 wt.% alginate. Images

on the top two rows were obtained via SEM; images in the bottom two rows were obtained via TEM.

of the isotherm using the Broekhoff-de Boer thickness model
and was limited to pore widths >1.7 nm. t-plots were created by
using the Harkins-Jura thickness model and fitting points with
statistical thickness between 0.3 and 0.5 nm (R2

> 0.998).

Catalytic Fast Pyrolysis and Tandem
Micropyrolyzer GC-MS (py-GC-MS/FID)
To evaluate catalyst performance, all synthesized catalysts and
CeO2 powder, which served as a control, were tested in a py-GC-
MS micropyrolyzer reactor. Experiments were run in triplicate.
The py-GC-MS was coupled to a tandem micropyrolyzer (Rx-
3050TR, Frontier Laboratories, Japan) equipped with an auto
sampler (AS-1020E) and a microjet cryo-trap (MJT-1030Ex). A
detailed description of this system was provided in previous
studies (Mukarakate et al., 2014; Xu et al., 2017; Stanton
et al., 2018). Briefly, 500 µg of cellulose was loaded in
deactivated stainless-steel cups followed by a layer of 10mg
catalysts. The cellulose and catalyst layers were separated by
quartz wool. The whole sample cup assembly was loaded
into a furnace maintained at 500◦C to pyrolyze biomass
and pass the generated pyrolysis vapors through the catalyst

fixed bed for upgrading. Subsequently, the upgraded vapors
were captured using a liquid nitrogen trap (−196◦C, housed
inside the GC oven) and desorbed into the inlet of the gas
chromatograph (7890B, Agilent Technologies, USA) interfaced
with the MS (5977A, Agilent Technologies, USA). The GC
oven was programmed to hold at 40◦C for 3min followed
by a ramp to 240◦C at a rate of 6.0◦C min−1. The trapped
gases were separated by a capillary column (Ultra Alloy-5,
Frontier Laboratories, Japan) with a 5% diphenyl and 95%
dimethylpolysiloxane stationary phase. Gases (CO and CH4)
not captured by the −196◦C liquid N2 trap were sent to the
thermal conductivity detector (TCD) via a separate column
(GS-GASPRO) for quantification. The oven was programmed
to hold at 40◦C for 3min followed by heating to 300◦C.
The separated pyrolysis vapors were identified using the NIST
GCMS library and quantified using an FID (Budhi et al., 2015;
Xu et al., 2017; Stanton et al., 2018). Standard calibrations
were checked on a weekly basis by comparing FID areas of
at least two compounds. The calibration standards consisted
of 30 representative compounds (8 aromatic hydrocarbons, 10
oxygenates, 5 olefins, 5 paraffins, CO, and CO2). For compounds
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without standards, the calibration for a compound with similar
functional groups of similar molecular weights (C number)
was used.

RESULTS

Catalyst Characterization
Scanning electron microscopy (SEM) was used to visualize
the structure of the material before and after removal of
the carbohydrate template by high temperature oxidation
(Figure 3). Images of the CeCl3/carbohydrate cryogel following
the freeze-drying step but prior to high-temperature oxidation
are presented in Figures 3a,a’. These images reveal clusters of
predominantly inorganic material that are separated by large
domains of carbohydrate (indicated by arrows in Figure 3a) that
likely originated from the bundles of cellulose fibrils present in
templating solution. Images of the CeO2 following removal of the

FIGURE 6 | Nitrogen physisorption analysis of CeO2 catalyst samples. (A)

Sorption isotherms reveal the introduction of mesopores into the catalyst

structure by the carbohydrate templating. Isotherm of the commercial CeO2

powder is scaled up by a factor of 10 and curves are vertically offset by 40

cm3 STP g−1 to facilitate comparison with other samples. (B) The BJH pore

volume distribution shows that templates including different carbohydrate

components can modify abundance and size of mesopores.

carbohydrate template (Figures 3b,b’) reveal amarkedly different
structure. The large carbohydrate domains observed prior to
oxidation are absent, leaving behind channels and void regions
within the material. The CeO2 clusters shown in Figure 3b’ also
exhibit a different nanostructure from the aggregates observed
in Figure 3a’, and appear lacey and porous. These features likely
arise from the removal of the small cellulose nanocrystals and
single-chain polysaccharides that were promoting gelation of the
templating solution in the presence of Ce3+ ions.

Complete removal of the carbohydrate template from cyrogels
during high-temperature oxidation was confirmed by TGA,
with a major mass loss around 180◦C and insignificant change
during a 1 h hold at 500◦C. These data are included in the
Figure S1. The crystal structure of the templated catalysts was
investigated by XRD to confirm that the Ce3+ within the
carbohydrate cryogel was converted to CeO2 by the oxidation
processes. The XRD pattern of each type of templated catalyst,
along with that of commercial CeO2 powder and an ICDD
reference pattern, are presented in Figure 4. The measured
patterns all clearly exhibit diffraction peaks produced by CeO2

in the cubic fluorite crystal structure, with relative peak
intensities all closely matching the ICDD pattern (Chelliah et al.,
2012). The peak widths of the templated catalysts are wider
than those of the commercial powder which is indicative of
increased polycrystallinity (i.e., smaller crystal grain size) in
the templated materials relative to the non-templated control.
Mean crystallite sizes were determined using the Williamson-
Hall method to quantify this observation and are presented
in Table 1. Templated samples exhibit crystallites roughly 50%
smaller than the commercial powder.

Themultiscale structural features resulting from the variations
in templating agents were examined using SEM and transmission
electron microscopy (TEM). These results are summarized in
Figure 5. SEM images reveal that the commercially available
CeO2 powder (Figures 5a–d) is relatively smooth in comparison
to the templated samples. Images of the material templated
by a 1.0 wt.% alginate solution (Figures 5e–h) show that
this template introduces mesoporosity into the CeO2 material;
however, the material does not contain a substantial population
of larger channels like those displayed by the particles that
were templated with NC components. The introduction of
nanocellulose to the templating suspension imparts a controlled,
well-defined porosity and surface structure to the CeO2 material.
The CNC templating agent (shown in Figures 5i–l) introduces
fingerlike features to the CeO2 catalyst that are larger than those
imparted by the alginate alone, resulting in a nanostructured
network throughout the material. The nanoscale features here
are markedly different than the highly ordered mesoporous
assemblies formed by pure suspensions of CNC (Dujardin
et al., 2003; Shopsowitz et al., 2010, 2011), which is likely due
to a disruption of the self-assembly process by interactions
between the CNC and the alginage polymers also present in
the templating solution. Particles templated by CNFs (shown
in Figures 5m–p) displayed worm-like channels throughout
the material. Particles produced by the templating solution
containing both CNCs and CNFs (shown in Figures 5q–t)
exhibit a combination of features observed in the materials
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templated by these components individually, consisting of a
nanoporous network with larger worm-like channels throughout
the structure. These images suggest that the origin of the smaller
crystal grain size of the templated catalysts evidenced by the XRD
patterns originates from the fingerlike nanostructures observed
in Figures 5h,i,p,t.

The specific surface area, pore volume, and pore size
of the templated materials were characterized by nitrogen
physisorption using BET, t-plot, and BJH analysis. Isotherms are
presented in Figure 6A. The IUPAC Type II sorption isotherm
of the commercial CeO2 indicates a lack of mesopores or
micropores. In contrast, isotherms of the templated samples
exhibit H3-type hysteresis caused by capillary condensation of
nitrogen inside mesopores (Sing, 1982). These observations are
consistent with SEM and TEM images. All samples show a
continuous increase of adsorbed volume as relative pressure
approaches one, which is likely caused by macropores and
interparticle void spaces observed in SEM images.

BET results revealed that commercial CeO2 powder has a
surface area of 3 m2/g, while the CeO2 materials templated
with alginate, CNC, CNF, and CNC/CNF templates exhibited
a nearly 10-fold enhancement with surface areas ranging from
27–28 m2/g. BJH analysis indicates a similar trend in catalyst
pore volume, with a greater than 10-fold increase observed for
templated samples relative to the commercial sample. The pore
volume distribution of each template type is plotted in Figure 6B.
Though all of the templated catalysts exhibit a much higher
mesopore volume than the commercial sample, the choice of
templating solution affects the size of pores which are formed
during template burn off. Alginate alone produces a significant
amount of smaller mesopores around 2–3 nm in width but is
less effective at creating larger pores. The addition of CNC

FIGURE 7 | Gas chromatographs from py-GC-MS/FID experiments using a

templated CeO2 catalyst (blue) and a non-templated CeO2 powder (red). The

templated catalysts consistently produced substantially higher ion signals

which is indicative of their enhanced activity on a gravimetric basis relative to

the non-templated catalysts.

significantly increases the population of larger mesopores around
40 nm width, which may arise due to formation of the finger-
like structures seen in TEM images. CNF also causes formation
of larger mesopores relative to alginate alone, but the difference
is less significant because the major impact of this template is
the formation of macropore channels which are too large to be
directly captured in this measurement. t-plot analysis (included
in Supplemental Material showed that neither the commercial
nor templated materials possess micropores.

Catalytic Upgrading of Cellulose Pyrolysis
Vapors
The impact of our templating method on catalyst performance
was evaluated in the context of upgrading cellulose pyrolysis
vapors using CeO2 in a py-GC-MS/FID micropyrolyzer
reactor. Representative gas chromatographs from py-GC-MS
experiments using commercial CeO2 powder (red trace) and
catalyst templated by a CNC/alginate suspension (blue trace)
is presented in Figure 7. As expected, all of the CeO2 catalysts
produced a suite of predominantly monofunctional small
oxygenates; however, the templated catalysts consistently
produced substantially higher ion counts during the
upgrading experiments which is indicative of their higher
overall activity than the non-templated catalyst as visualized
in Figure 7.

Quantification of the py-GC-MS/FID experiments allows
for direct comparison of yields of various products from the
templated catalyst and non-templated control. These results
are presented in Figure 8 which also includes the yields from
cellulose pyrolysis in the absence of a catayst for comparison.
In these control experiments the carbon loss to char is ∼40%
due to the poor heating rates of the micropyrolyzer which is well
documented in previous reports (e.g., Proano-Aviles et al., 2017).
The difference between the char carbon yield and measured yield
is due to catalyst coking and nonvolatile products which are not
measured by GCMS. The total carbon yields of all of the catalytic
pyrolysls experiments are lower than that of cellulose pyrolysis
performed in the absence of any catalyst, which is expected due to
coke formation and condendsation non-volatile products on the
catlyst (Mukarakate et al., 2014). Each catalyst variant resulted
in nearly complete conversion of the primary cellulose pyrolysis
products. None of the of pyrolytic sugars (composed of mostly
levoglucosan) present in the primary pyrolysis vapors were
detected in the CFP experiments. Molecules classified as primary
furans, ketones, and aldehydes were largely different species than
those observed in the same classes after catalytic upgrading.
Prior to catalytic upgrading the primary furanics observed
were furan, 5-hydroxymethylfurfural, furfural, and furfuryl
alcohol. After upgrading, partially deoxygenated and alkylated
furanics were observed including furan (also observed in the
primary pyrolysis vapors), 2-methyl-furan, 2,5-dimethyl-furan,
2-ethyl-furan. Molecules classified as ketones and aldehydes
present in the primary pyrolysis vapors consisted mainly
of formaldehyde, acetaldehyde, methyl glyoxal, 1-hydroxy-
2-propanone, cyclopentanone, and 2-methyl-cyclopentanone.
Following catalytic upgrading, the dominant ketone and
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aldehyde products observed were propenal, butanal, butanone,
pentanone, cyclopentanone (which was also observed in
the primary pyrolysis products), cyclopentenone, hexanone,
cyclohexanone, and methylated variants of these molecules.
The templated catalyst variants displayed some differences in
yeild ehancments; however, all the templated catalysts produced
appreciablely higher yeilds then the non-templated control for
each class of products. Increases of ∼100% were observed for
ketone and aldeyde products for each of the templated catalysts.
Yields of furanic compounds from the templated catalyts were
similar on average to that of the non-templated control. Slight
increases in furans were observed by the materials templated
with alinate alone and CNC/CNF, while the other templated
materials showed a reduction in furan production. Moderate
improvements in aromatic yields were observed for all of the
templated catalysts, ranging 10–50%. The increase in olefin
production was the highest of any of the product classes analyzed
at 100 to nearly 400% with respect to the non-templated control.

Production of CO was also higher from all of the templated
catalysts. Differences in CO2 production from the templated
catalysts with respect to the control varied substantially, with
CNF and CNF/CNC producing more the control, the alginate
templated material producing less than the control, and the CNC
templated material performing similar to the control.

Extension of the Templating Method to
Other Materials
To investigate the generality of the NC-based templating method
to other oxide materials, we performed the templating process
using a mixture of alginate, CNF, and CNC while substituting
several other metal chlorides, consisting of NiCl2, FeCl2, and
MgCl2, for CeCl3. SEM micrographs of the resultant materials
are presented in Figure 9. In each case, hiearhically structured
materials were observed. Low magnification images shown in
the top row of Figure 9 reveal high-surface area materials that

FIGURE 8 | Carbon yields product classes produced by catalytic upgrading of cellulose pyrolysis vapors. Molecules classified as furans, ketones, and aldehydes

observed in primary pyrolysis vapors are denoted as Primary Furans and Primary Ketones and Aldehydes and are composed of largely different species than those

observed in the same classes after catalytic upgrading.

FIGURE 9 | Templated materials prepared from NiCl2 (a,b), FeCl2 (c,d), and MgCl2 (e,f). In each case the resultant material exhibits macroporosity observed in the

low magnification images shown in the top row, and a 3-dimensional network of interconnected micro and nanoscale structures shown in the bottom row.
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contain macro porosity. Higher magnification images shown
in the bottom panel of Figure 9 reveal that nanostructure of
material consists of 3-dimensional interconnected system of
micro and nanostructures. The nanoscale characteristics of each
material are notably different from each other and reflective
of the crystal structure formed by the oxide produced during
the high temperature oxidation and template removal step.
While comprehensive characterization and evaluation of catalytic
activity of these newmaterials are beyond the scope of the current
manuscript, these observations do provide evidence of the
extensibility of the templating approach to other materials, and
additional support for the assertion that the resultant structures
consistently contain 3D interconnected networks of micro- and
nanoscale dimensions.

DISCUSSION

Many templating strategies require the use of relatively expensive
reagents or nanomaterials that make scaling to industrial
demands prohibitive on the basis on cost and/or materials
availability. In contrast, the low cost and vast production
capacity of NC make it an ideal precursor for many industrial
applications.While commercialization of NC is still in its infancy,
the development of large volume industrial applications will
provide the market pull to incentivize establishment of larger-
scale production facilities to meet demands and further reduce
the cost of NC.

In the context of CFP, the use of catalysts to increase
the yield of desirable products from renewable feedstocks
is critical. Some degree of deoxygenation of the primary
pyrolysis vapors is necessary to achieve compatibility for
blending and co-processing in existing petroleum refineries
(Nolte and Shanks, 2017). However, recent studies have
suggested that the additional reactivity of oxygenated biofuels
may provide performance advantages over conventional
hydrocarbon fuels in advanced engine formats, such as
homogeneous compression ignition (HCCI) engines (Komninos
and Rakopoulos, 2012). Additionally, the oxygenates produced
by biomass deconstruction provide rich functionalities that
can enable production of commodity chemical co-products.
In many cases, biomass-based pathways may be a direct
route to produce these oxygenates, while petroleum-based
routes often require energy intensive and environmentally
damaging oxidation of hydrocarbon precursors (Fitzgerald,
2017). These factors suggest that investigation of reducible metal
oxide catalysts that promote formation of useful molecular
functionalities from biomass deconstruction products, such
as the ketones, aldehydes, and olefins produced by the CeO2

catalysts produced in the present study. The products obtained
from both commercially available and templated CeO2 material
in our experiments are largely expected from amphoteric metal
oxides based on previous studies. Ketonization to form linear
ketones has previously been reported (Mante et al., 2015)
and can result from reactions of acids on the surface (Pham
et al., 2013) or aldehydes (Gangadharan et al., 2010) with
oxides on the surface to form carboxylate. Aldehydes and acids

are commonly found in cellulose pyrolysis vapors and linear
ketones, such as 2-butanone, 2-pentanone, and 3-pentanone
were observed in the product streams from all of the ceria
samples tested. Cyclopentenones are also observed from all of
the ceria experiments, and these could result from ketonization
reactions of diols or from ring opening of furfural (Omotoso
et al., 2019). Extensive alkylation of furans, aromatics and
cyclopentenones is also observed and likely results from the acid
sites (Vivier and Duprez, 2010) on CeO2. These bimolecular
reactions are strongly dependent on catalyst surface area,
which explains the higher yields observed for the hierarchical
ceria catalysts.

Among the templated catalysts, the total carbon yield was
observed to be highest for the material templated by CNF and
CNC, which were the two materials that contained the most
mesoporosity. These results suggest that the mesoporosity may
faciliate improved access to active sites throughout the catalyst as
well as more rapid escape of products from the particle interior
thereby reducing coke formation. CNF tend to form relatively
large, high aspect ratio bundles in solution. An example of one
such bundle observed via TEM is included in Figure S5. These
structures likely give rise to macroporous channels throughout
the material, which enables the higher overall carbon yield from
the CNF-templated material by enabling escape of products prior
to coke formation. Interestignly, the combination of CNC and
CNF in the templating solution did not result in improved carbon
yields with respect to the material templated by CNC alone.
The origins of this result are not fully understand, however
we suspect it may be attributed to the disruption of macro
channel formation by CNCs. In addition to the increase in
availability of active sites, the smaller average crystallite size
present in the templated catalysts likely plays a substantial role
in their improved activity. The work of Natile et al. (2005)
demonstrated the improved reactivity of nanostructured CeO2.
A recent perspective by Trovarelli and Llorca (2017) highlighted
the importance of size, shape, and surface atomic arrangements
of nanostructured CeO2 in determining its catalytic performance.
The fingerlike nanoscale features exhibited by the templated
catalysts synthesized in this study arise from steric hindrance by
the carbohydrate templating materials. These semi-continuous
nanostructures will likely result in the exposure of additional
high-energy surfaces of CeO2 which will increase and modify its
reactivity with respect to the bulk powder. The overall increase
in volatile products from the templated catalyst observed in the
py-GCMS experiments could results from the generally more
active surface which accelerates reactions of polar pyrolytic
sugars (i.e., levoglucosan) and subsequent release of products
from the surface. Subtle modifications in the fractions of exposed
crystal faces imparted by variations in the templating method
may be responsible for the changes in product distribution
exhibited by the various catalysts. The changes in total carbon
yield and product distribution observed here result from a
combination of reaction mechanisms, adsorption/desorption
kinetics, and multiscale diffusion and possibly advection through
the macropores. The lack of a detailed understanding of these
phenomena is a limitation of the present study but should
be the topic of future investigations in order to elucidate
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structure/function relationships and identify optimal synthesis
targets for this templating approach.

While successful at introducing meso- and macroporosity to
inorganic materials, this templating method does not produce
specific surface areas as high as achieved in some previous reports
of templating methods that result in mesoporous materials (Laha
and Ryoo, 2003; Valentin et al., 2005; Shopsowitz et al., 2010).
A potential route to improve the surface-area enhancement of
the method described in the present work could be to combine
the surfactants used in the aforementioned studies with the
nanocellulose components employed here, thereby increasing the
surface area by the introduction of more ordered mesoporosity
while still maintaining the macroporous channels imparted by
the nanocellulose. Another potential means to improve the
surface area could be optimization of the drying and template
removal process, which has been shown previsouly to have a large
impact of the resultant structure of carbhydrate-based structures
(Valentin et al., 2005).

CONCLUSIONS

This simple, inexpensive, scalable, synthesis procedure allows
for templating metal oxide structures using renewable, bio-
derived materials to yield tunable porosity and morphology.
In comparison to CeO2 powder, catalysts synthesized with
alginate and nanocellulose templates showed a nearly 10-
fold enhancement in surface area and increased meso-
and macroporosity. When used for catalytic upgrading of
cellulose fast pyrolysis vapors, CeO2 material produced
from carbohydrate templates exhibited substantially higher
catalytic activity than an equivalent mass of non-templated
CeO2 powder. Several variations of alginate, CNC, and CNF
templates were produced and evaluated. Each templated variant
substantially outperformed the non-templated control in CFP
experiments, and it was observed that the product distribution
was impacted by variations in the catalyst architecture resulting
from the different compositions of the carbohydrate templating
suspensions. Finally, we demonstrated that this templating
methods could be extended materials synthesized from other
metal chloride precursors to achieve 3-dimensional networks
of hierarchical porosity. Cost-effective routes to increasing the

functionality of metal oxide catalysts as demonstrated here
can potentially improve the economic feasibility of biomass
conversion strategies. Overall, these results demonstrate that
nanocellulose can serve as an effective templating agent by
introducing controlled porosity and morphology to enhance
surface area and introduce higher order architecture within
catalyst particles.
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Abdellatif Barakat 2 and Claire Mayer-Laigle 2

1 Scion, Rotorua, New Zealand, 2 IATE, Univ Montpellier, CIRAD, INRA, Montpellier SupAgro, Montpellier, France

Additive manufacturing or 3D printing has the potential to displace some of the current

manufacturing techniques and is particularly attractive if local renewable waste resources

can be used. In this study, rice husk, and wood powders were compounded in polylactic

acid (PLA) by twin screw extrusion to produce filaments for fused-deposition modeling

3D printing. The biomasses were characterized in terms of physical features (e.g.,

particle size, density) and chemical compositions (e.g., solid state nuclear magnetic

resonance, ash content). The two biomasses were found to have a different impact on

the rheological behavior of the compounds and the extrusion process overall stability.

When comparing the complex viscosity of neat PLA to the biomass/PLA compounds, the

integration of wood powder increased the complex viscosity of the compound, whereas

the integration of rice husk powder decreased it. This significant difference in rheological

behavior was attributed to the higher specific surface area (and chemical reactivity) of

the rice husk particles and the presence of silica in rice husks compared to the wood

powder. Color variations were also observed. Despite the biomass filler and rheological

behavior differences, the mechanical properties of the 3D printed samples were similar

and predominantly affected by the printing direction.

Keywords: 3D printing, rice husk, wood, biomass, composites, extrusion

INTRODUCTION

The popularity of incorporating lignocellulosic biomasses in thermoplastic polymers has
increased significantly due to their sustainability advantage, low density, thermal, and noise
insulation capacity and stiffening performances (Le Guen and Newman, 2007; Müssig, 2010;
Gallos et al., 2017; Lammi et al., 2018). The properties of the composites are related to
(a) the amount of biomass incorporated and (b) the interactions between the polymeric
matrix and the lignocellulosic particles in terms of physical (e.g., surface area, aspect
ratio) and chemical interactions (e.g., interface compatibilisation). Amongst the lignocellulosic
feedstocks available, rice husk is of particular interest due to its current abundancy (i.e.,
estimated between 128 and 148 million tons of unutilized waste) (Giddel and Jivan, 2007;
Pode, 2016), and chemical make-up. It is composed of around 80–85 wt.% lignocellulosic
materials (e.g., cellulose, hemicellulose, lignin), 15–20 wt.% of amorphous silica and 1.1 to
2.5 wt.% of proteins (Juliano et al., 1987; Vadiveloo et al., 2009; Ummah et al., 2015).
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Previous research studies have reported its potential applications
in composite structures (Kumar et al., 2012), as an energy
feedstock (Chungsangunsit, 2009) or amorphous silica feedstock
(Yalçin and Sevinç, 2001). In parallel, the incorporation of nano-
silica in polylactic acid (PLA) was also reported to improve the
thermal stability and mechanical properties of composites (Lv
et al., 2016).

3D printing (3DP) or additive manufacturing is an emerging
technology that enables the creation of innovative designs and
the combination of materials that were previously impossible
or impractical to make. The incorporation of fillers in 3DP
has demonstrated that the filler’s physical features could be
transferred to the 3D printed object (Montalvo Navarrete et al.,
2018; Zeidler et al., 2018). These attractive traits have been
demonstrated with wood (Mirko et al., 2016; Tao et al., 2017),
clays (Revelo and Colorado, 2018), metals (Gibson et al., 2018),
and seashells (Graichen et al., 2017; Singamneni et al., 2018a;
Zeidler et al., 2018).

The combination of (a) the inherent properties of polymer-
filled compounds and (b) the control of the 3D printing
process directionality, leads to new functionalities to printed
objects (Liles et al., 2018; Wang et al., 2018). Examples
of such functionalities for lignocellulosic feedstocks include
hydromorphic properties (Le Duigou et al., 2016; Sydney
Gladman et al., 2016), electrical conductivity (Shao et al., 2018)
and vibration damping (Zeidler et al., 2018).

In this present research, the influence of rice husk powder
integrated into a PLA matrix is investigated for fused deposition
modeling (FDM) 3DP applications, and compared to wood
flour PLA 3D prints. The impact of the two biomasses during
the extrusion compounding process, and on the mechanical
properties of 3D printed rectangular parallelepipeds are observed
and quantified.

MATERIALS AND METHODS

Biomasses and Polymer
Carmargue rice (Oryza) husks were supplied from Silo des
Tourelles- Comptoir Agricole du Languedoc (Aigues Mortes,
France). The husks were first sieved with a screen of 0.8mm
using a vibratory sieve shaker 400 (Ritec, France) to remove
soil dust and stones. The husks were subsequently milled in a
vibratory ball mill model DM-1 (Sweco R©, USA) consisting of a
36 L abrasion-resistant elastomer grinding chamber filled with
25 kg of ceramics cylinders (diameter and length of 13.5mm)
and 25 kg of ceramics balls (diameter of 13.5mm). The chamber’s
motion was controlled by a vibrating mechanism composed of
high-tensile steel springs. One kilogram of rice husk was placed
in the chamber and milled for 10 h to obtain fine rice husk
powder. The ground powder was dried in an oven at 60◦C for
12 h and stored in aluminum foil vacuum packaging bags prior
to utilization.

Wood flour (Pinus radiataD. Don) was supplied by a plywood
mill (Carter Holt Harvey, Kinleith Mill, Tokoroa, New Zealand).
Only the particles below 125µmwere used after separation using
a 43305 F motorized sieve shaker (Humboldt, USA) and 125µm

mesh sieve (Endercotts, UK). The wood flour powder was dried
at 100◦C for at least 24 h prior to extrusion.

PLA 3001D was obtained fromNature works (USA) and dried
overnight prior to extrusion. The PLA and PLA compounds were
dried for at least 4 h at 55◦C prior to extrusion.

Processing
Compounding
The filaments were made in two sequential steps: (a)
compounding the polymer and biomasses at 10 wt.% into
pellets and (b) extrusion of the filament for FDM. Both steps
were carried out on a 26-mm scientific twin screw, co-rotating
extruder LTE26-40 (Labtech Engineering Ltd, Thailand), which
had a 40 L/D ratio and was fitted with a vacuum crammer.
During Step (a), materials were hand-mixed in plastic bags and
fed into the volumetric feeder. The speed of the feeder was set
to 20 rpm. The extruder screw speed was set to 200 rpm. The
temperature was set to 190◦C at the first 5 zones and 200◦C at the
last 5 zones. Pellets were cut to around 2mm in length. During
Step (b), the settings of the twin-screw extruder were modified
(Table 1) and the pelletizer replaced by a winding unit set to
produce a 1.75mm diameter filament.

3D Printing
The objects were printed on a M2 fused deposition modeling
printer (Makergear, USA) fitted with a 0.75mm die nozzle. The
platform temperature was set at 70◦C and the nozzle temperature
at 210◦C. Rectangular beams (60 × 10 × 2.5mm) for flexural
testing were printed using slicing software (Simplify 3D R©, USA)
based on 0.2mm layers thickness and no strand overlap. The
3D printing direction was carried out at either 0◦ or 90◦ of the
beam length.

Characterization of the Biomasses
Physical Characterization

Particle size distribution
The particle size distribution of the risk husk powder and wood
flour powder were measured by a laser diffraction particle size
analyzer Hydro 2000S (Malvern Instruments Ltd., UK) with
distilled water/ethylic alcohol solution (50:50 in volume) to allow
good powder dispersion whilst avoiding swelling. The results
are expressed using the Mie method with a refraction index
of 1.53 corresponding to those of sawdust particles (Malvern,
2007). The results are generated in volume, based on the
assumption that the particles are spherical. Five replicates were
carried out for each biomass and the mean average distribution
is reported.

TABLE 1 | Extrusion settings for Step (b) to manufacture the FDM filaments.

Temperature (◦C) 160, 170, 170, 170, 180, 180, 190, 190, 200, 200

Screw speed (rpm) 200

Feed speed (rpm) 8

Speed of haul-off unit (rpm) 8–13
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Scanning electron microscopy (SEM)
Rice husk and wood powders were imaged with a scanning
electron microscope Phenom Pro-X (Phenom, France) using a
charge reduction sample holder and an acceleration voltage of 5
kV (wood powder) and 10 kV (rice husk powder), respectively.

Tapped density and apparent density
The apparent and tapped density was measured in duplicate
using a standard tapped density analyzer (Autotap,
Quantachrome instrument R©, USA). The experiment consisted
of filling a graduated test tube with 200mL of powder and
submitting it to 1,500 taps. The apparent and tapped densities
were calculated as the ratio of the mass of the powder to the
initial and final volume respectively.

Chemical Characterization

pH measurements
One gram of biomass powder was stirred into 15mL of distilled
water at room temperature. Four pH measurements over 4 h
were recorded using a ph meter (Mettler Toledo, USA). The four
measurements were then averaged.

Solid-state nuclear magnetic resonance (NMR) spectroscopy
Solid state CP-MAS (Cross Polarization-Magic Angle Spinning)
13C Nuclear Magnetic Resonance spectra were acquired at 50.3
MHz on a Bruker Avance III 200 spectrometer (Bruker BioSpin,
Germany) fitted with a 4mm solid state MAS probe (Bruker
BioSpin, Switzerland). The samples were packed into a 4mm
rotor and spun at 5 kHz. Each 3 µs, a 90◦ proton preparation
pulse was followed by a 1ms contact time and a 30ms acquisition
time, with proton decoupling, and a 1.5 s recycle delay. All
spectra were calibrated so that the cellulose Iβ interior C4 peak
was assigned a value of 89.3 ppm relative to tetramethylsilane
(Newman et al., 1993).

Ash content
Around 2 g of powder was first dried in an oven at 130◦C
during 90min and weighed to determine the dry mass (ms). The
sample was subsequently heated at 900◦C for 2 h and re-weighted
(mr) after cooling in a desiccator to room temperature. The ash
content was calculated according to:

Ash = 100 ·mr/ms (1)

Where:
Ash is in percentage,
ms is the sample dry mass in grams,
mr is the sample residual mass in grams.

Experiments were carried out in triplicate and averaged.

Chemical composition
Carbohydrates and lignin content of the biomasses were
measured after concentrated acid hydrolysis. The lignin content
in samples was determined by the Klason method. Briefly,
100mg of dried samples were treated with 72% v/v H2SO4 at
ambient temperature for 2 h. The solutions were diluted with
water to 12% v/v H2SO4 and autoclaved at 100◦C for 3 h. The
hydrolysates were filtered (10µm) and the Klason lignin content

was determined as the weight of the residue after drying at 105◦C
for 24 h. The monomeric sugars glucose, xylose, and arabinose
were determined using high-pressure liquid chromatography
(HPLC). A Waters system, using a BioRad HPX-87H column at
40◦C and 0.3 mL/min was used for analysis. All analyses were
performed in triplicate.

Characterization of the Biomass
Compounds
Rheology
Complex viscosity of the neat PLA and the compounds was
measured on a AR 2000 rheometer (TA instruments, USA). The
experiments were recorded in triplicate in frequency sweeps from
100 to 1Hz at 200◦C and 1% strain. The linear visco-elastic region
was determined at 1 Hz.

Molecular Weight
Gel Permeation Chromatography (GPC) experiments were
carried out on a using a styrene divinylbenzene (SDVB)
copolymer gel column set consisting of 2 analytical columns
(SDV Lux Lin M; 5µm; 300 × 8mm; PSS Polymer Standards
Service GmbH, Germany) and a precolumn (SDV analytical
precolumn, 5µm; 50 × 8mm; PSS Polymer Standards Service
GmbH, Germany). The flow rate was set to 1 mL/min, the
system was conditioned to 30◦C and an injection volume of 100
µL was used. Samples were prepared in triplicate by dissolving
6 to 8mg of sample in chloroform to a concentration of 2.0
mg/mL overnight. The solutions were filtered through a 0.45µm
PTFE filter. The instrument (Knauer, Germany) was calibrated
using 12 polystyrene standards (ReadyCal Polystyrene standards;
PSS Polymer Standards Service GmbH, Germany) ranging from
370 to 2,520,000 g/mol. A conventional calibration curve was
established by measuring the elution volume of the standards
and plotting it against the logarithm of the molar mass. The
calibration data was fitted with a fourth order polynomial
function (r2 = 1.00). Number average molecular weight (Mn),
weight average molecular weight (Mw) and polydispersity index
(PDI) were calculated from the detector response using the
WinGPC UniChrom software (PSS Polymer Standards Service
GmbH, Germany).

Dynamic and Quasi-Static Mechanical Test
Specimens for dynamic mechanical thermal analysis (DMTA)
and mechanical analysis in flexural mode were tested in 3-point
bendingmode on a RSA-G2DMTA (TA instruments, USA) using
a 40-mm span. Specimens were conditioned for 48 h at 23◦C
(±2◦C) and 50% (± 5%) relative humidity.

Dynamic testing was carried out from 23 to 80◦C at a rate
of 5◦C/min. Strain oscillations of 0.1% at a frequency of at 1Hz
were applied. The storage modulus (E’) and tan δ were recorded
throughout the test. Each formulation and printing direction was
tested in triplicates.

Flexural testing was carried out on an Instron 5566 universal
testing machine (Instron, USA) fitted with a 10 kN load cell
at a rate of 2 mm/min. Flexural modulus, strength and strain
were recorded throughout the test. At least 5 samples for each
formulation were tested.
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RESULTS

Characterization of the Biomass Particles
The wood powder particles were larger than those of the
rice husks with a median size of 209.9µm for the wood
powder and 28.1µm for rice husk powder (Table 2). Both
powders exhibit a widespread distribution with a similar SPAN
around 3.3. SPAN expresses the width of the distribution (D90-
D10/D50). Rice husk powder contains a considerable proportion
of fine particles below 20µm whereas wood powder has a
high content of coarse particle (above 400µm) as observed in
the shape of the particle size distribution graph (Figure 1). As
a result, the specific surface area calculated from the particle
size distribution is approximately 9 times higher for rice husk
powder than for wood powder. However, the particle size
distributions must be interpreted with caution as laser diffraction
model calculations assume spherical homogeneous particles
(Bohren and Huffman, 1983).

When looking at the biomass micro-morphology by SEM,
large fibrous structures, >125µm in length, are visible in
the wood flour in contrast with low aspect ratio particles of
the rice husk particles which supports the laser diffraction
measurements (Figure 2). The presence of such particle sizes
despite the sieving step is explained by their high aspect

TABLE 2 | Physical characterization of the wood and rice husk powders including

particle size distribution indicators, specific surface area and densities (D10: 10th

percentile, D50: Median Size, D90: 90th percentile).

Wood powder Rice husk powder

D10 (µm) 48.4 3.5

D50 (µm) 209.9 28.1

D90 (µm) 748.1 95.2

Specific surface area

SPAN ((d90-d10)/d50)

0.074

3.26

0.65

3.33

Apparent density

(×10−2 kg.L−1 )

8.2 45.2

Tapped density

(×10−2 kg.L−1 )

10.0 56.9

FIGURE 1 | Particle size distribution for the wood powder (dotted line) and

rice husk powder (dashed line).

ratio that allowed them to pass through the mesh. The
size and morphological differences contribute to explain the
lower apparent density of the wood biomass through a lesser
packing efficiency.

In terms of chemical compositions determined by HPLC, the
two biomasses are consistent with literature for lignocellulosic
feedstocks (Table 3) (Müssig, 2010). The main differences
between powders are (a) higher lignin content for the wood
powder and (b) higher ash content for the rice husk powder
(i.e., 15.7 wt.% compared to 0.16 wt.% for wood). The higher ash
content in rice husks is explained by the presence of silica and
contributes to the five-fold difference recorded in tapped density
(Table 3) (Hamdan et al., 1997). The lack of a 100 %mass balance
was attributed to the presence of water soluble extractives. Those
were found to be present in higher quantities in wood powder
than in rice husk powder.

The chemical compositions of the powders as determined
by 13C solid-state NMR were consistent with lignocellulosic
biomass. The major peaks observed in the wood powder were
attributed to cellulose (C1-C6), lignin methoxyl (56 ppm)
and aromatic/phenolic groups, with minor contributions from
hemicelluloses (Figure 3A) (Gil and Neto, 1999). The rice
husk powder showed similar signals with the addition of
peaks attributed to amide carbonyls (∼175 ppm) and signals
predominantly from the Cβ/Cγ amino acid side chains (Cγ 15-25
ppm and Cβ 25-35 ppm) overlapping with signals from acetylated
hemicelluloses (Figure 3B) (Bruker BioSpin, 2018). The amino
acid signals were attributed to the known protein content present
in rice husk (Juliano et al., 1987; Vadiveloo et al., 2009).

FIGURE 2 | SEM images of wood powder (a) and rice husk powder (b).

TABLE 3 | Chemical composition in mass percentage of the biomass.

Wood powder Rice husk powder

Hemicellulose 17.1 ± 0.8 21.8 ± 0.7

Cellulose 44.3 ± 1.0 40.6 ± 1.0

Lignin 28.0 ± 0.8 19.4 ± 1.5

Ash (minerals) 0.16 ± 0.1 15.7 ± 0.7

Total 89.6 ± 2.7 97.5 ± 3.9
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FIGURE 3 | Solid-state NMR of the wood powder (A) and rice husk powder (B). P, protein; H, hemicelluloses; L, lignin; C, cellulose. Top left spectrum is a zoom in of

the 10–40 ppm range.

Extrusion Process Stability
During the compounding step, the die pressure was significantly
different between the wood and the rice husk powders. It
ranged from 68 to 73 bars and 22 to 24 bars for the wood
and rice husk compounds, respectively. Low die pressure,
substantial die surge and color change were observed during
rice husk compounding. The processing differences were initially
attributed to the particle variation in apparent densities and
sizes, however, it did not account for the variation in colors.
It is known that compounding lignocellulose biomass in
polymer can oxidize the carbohydrates contained in the biomass
and lead to a darkening of the compounds depending on
the processing conditions (i.e., high shear, high temperature)
(Muniyasamy, 2013; Gallos et al., 2017). Yet the variation in
color between the raw feedstocks and the compounds was
more intense for the PLA rice compound than those of the
PLA wood, and accentuated in the FDM filament (Figure 4).
Ball milling of lignocellulosic biomass during an extended
period (i.e., >120min) is known to increase surface area,
decrease cellulose crystallinity and decrease the carbohydrate’s
degree of polymerization that consequently increases the particle
surface reactivity (Vaidya et al., 2016; Gao et al., 2017). This
reactivity could explain the difference of coloration caused by
chemical reactions triggered by the rice husk compared to the
wood powder.

During the FDM filament manufacture, the FDM rice husk
filament exhibited a lower melt strength and material surged
at the die causing unevenness in the filament shape. These
processing effects made the rice husk filament more difficult
to manufacture.

FIGURE 4 | Photographs of the wood flour (top) and rice husk (bottom) FDM

filaments.

Influence of the Biomass on the PLA
In terms of rheology, the measurement of the complex viscosities
of PLA and the PLA/biomass compounds as a function of
frequency indicated that (a) the PLA-wood compound has a
higher viscosity than neat PLA and that (b) both are exhibiting
shear thinning behaviors (Figure 5). The findings are consistent
with literature on biomass-filled polymers and the general effect
of biomass in polymer melt (Li and Wolcott, 2004; Bettini
et al., 2013; Gallos et al., 2017; Chun et al., 2018). Conversely,
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the rice compound was half the complex viscosity of neat
PLA and indicated a poor reproducibility (Figure 5). It was
hypothesized that the rice husk particles acted as a solid lubricant
in the polymer matrix. However, the lack of reproducibility
also suggested additional effects such as polymer hydrolysis of
the backbone.

When comparing the PLA Mn and Mw of the biomass
compounds, the GPC analysis indicated no significant difference
between the two fillers (Table 4). More specifically, the GPC
analysis gave a Mw andMn of 98,020 g/mol and 52,473 g/mol for
the neat PLA. After extrusion with biomass powders, significantly
lower average molecular weights were recorded, i.e., Mw =

66,790 g/mol and Mn = 33,780 g/mol for PLA-wood and Mw =

59,853 g/mol and Mn = 31,463 for PLA-rice (Table 4, Figure 6).
This finding is consistent with literature, as PLA is known
to hydrolyse in the presence of moisture or acid groups in
the biomass during extrusion (Le Guen et al., 2017; Thumm
et al., 2018). This translated to an average molecular weight
decrease of between 32 and 39% for the PLA compounded
with wood and rice husk powders. No significant difference
was observed between fillers. The reduction was also observable

FIGURE 5 | Complex viscosity as a function of frequency for: PLA (Square),

PLA-wood (Circle) and PLA-rice (Triangle). Triplicate measurements were

carried out and all results are presented on the graph.

TABLE 4 | Molecular weight values and polydispersity indices of the PLA neat and

compounded with biomasses.

Mn

(g/mol)

St. Dev.

Mn (g/mol)

Mw

(g/mol)

St. Dev.

Mw (g/mol)

PDI

(–)

St. Dev.

PDI (–)

PLA 52,473 5,245 98,020 6,294 1.9 0.24

PLA-wood 33,780 2,735 66,790 2,776 2.0 0.08

PLA-rice 31,463 3,526 59,853 5,963 1.9 0.03

n = 3.

in the molecular weight distribution (MWD) profiles (Table 4).
Similarly, no significant changes in the polydispersity indices
(PDI) of pure PLA compared to PLA with biomasses were
observed (Table 4).

When comparing the effect of the fillers onto PLA, the GPC
analysis indicated that both resulted in similar level of PLA
hydrolysis, hence, the difference rheological behavior could not
be attributed to a difference in Mn/Mw.

Mechanical Performances of the 3D Prints
at 0◦ and 90◦

The infill of the print direction was carried out at 0◦ and
90◦ of the length of the rectangular beam (Figure 7). The
printing direction influenced the mechanical properties of all
formulations, showing a decrease of flexural modulus and
strength for the 90◦ printed beams (Figure 8). The anisotropy
induced difference in properties between the lengthwise and
widthwise printing direction that ranged between 28 and 41%
variation in flexural strength, 4 to 15% in strain and 27 to
33% in modulus. Similar mechanical properties results were
reported for 3D printed PLA wood rectangular beam where the
printing direction (i.e., 0◦ and 90◦ of the longitudinal axis of
the beam) influenced the tensile stiffness and strength by 20 and
35%, respectively (Le Duigou et al., 2016). They suggested that
the mechanical properties differences between the lengthwise
and widthwise printing directions were due to the lack of
interlayer interactions.

No significant difference was found between the wood and
the rice husk fillers in terms of mechanical property except for
the flexural stiffness in the lengthwise direction where the PLA-
wood sample’s modulus is ∼25% higher than the modulus of
the PLA-rice samples. The decrease in strength compared to
neat PLA and the lack of difference between the PLA-wood and
PLA-rice compounds, indicated that the mechanical properties
are effectively driven by the PLA inter-strands coalescence as
observed by others (Le Duigou et al., 2016). This coalescence

FIGURE 6 | Molecular weight distribution profiles of neat PLA (solid line),

PLA-wood (dotted line) and PLA-rice (dashed line) compounds.

Frontiers in Chemistry | www.frontiersin.org 6 October 2019 | Volume 7 | Article 735137

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Le Guen et al. 3D Printing Biomass-Based Composites

FIGURE 7 | Typical 3D printed rectangular beams for flexural testing. From

bottom to top PLA 0◦, PLA 90◦, PLA-rice 0◦, PLA-rice 90◦, PLA-wood 0◦ and

PLA-wood 90◦.

is expected to decrease with the introduction of a solid filler
that hinders the strand cohesion and creates weak points within
the printed object. Singamenni et al., reported a gradual loss
of inter-strand and inter-layer coalescence surface, measured by
optical microscopy, with increasing amount of wood flour from
5 to 20 wt.% in polybutyrate-adipate-terephthalate–polymer
matrix (PBAT) (Singamneni et al., 2018b). They attributed the
decrease in flexural properties to the lower strands coalescence
(98% coalescence for 5wt.% filler and 64% for 20wt.%). Their
findings in terms of flexural strength are consistent with
those presented in this study, where the addition of either
filler decreases the flexural strength of the printed samples.
However, their results relative to the flexural modulus differs.
They reported a decrease in flexural modulus at 10 wt.%
wood fraction whereas the present results indicate an increase
of flexural modulus for the PLA-wood and decrease for
the PLA-rice.

The difference was attributed to the polymer matrix as
PBAT is more elastomeric than PLA but it raises the possibility
of synergetic/competing effects between the type of filler and
polymer, leading to different mechanical behavior of the 3D
printed object. Similar findings were reported by Badouard et al.
who compared the reinforcing ability of flax fibers in different
biopolymer matrices (Badouard et al., 2019).

FIGURE 8 | Mechanical properties comparison of the 3D printed beams PLA,

(Top) Flexural modulus (Middle) Flexural strength and (Bottom) Flexural strain

(Error bars indicate the ± 95 % confidence interval).

The dynamic thermo-mechanical behavior of the samples
tested from 23 to 80◦C indicated a single transition, typical of the
glass transition temperature of PLA samples (Table 5).

The stiffness variation due to the printing direction anisotropy
agreed with the quasi-mechanical tests for the neat PLA and
filled samples. Storagemodulus (E’) values indicated a decrease of
28.7, 25.1, and 19.7 % between 0◦ and 90◦ printing direction for
respectively, the unfilled PLA, PLA-wood and PLA-rice samples,
respectively (Table 5). The printing direction had no thermo-
mechanical effect (e.g., Tg variation, thermal stress relaxation).
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TABLE 5 | Storage modulus values at 30 and 75◦C, and glass transition temperature (Tg) for PLA, PLA-wood, and PLA-rice samples printed at 0 and 90◦ of the

longitudinal direction.

PLA

0◦

PLA

90◦

PLA-wood

0◦

PLA-wood

90◦

PLA-rice

0◦

PLA-rice

90◦

E’ at 30◦C (GPa) 2.66 (0.22) 1.90 (0.15) 2.31 (0.07) 1.73 (0.16) 2.50 (0.15) 2.01 (0.43)

Tg (◦C) 65.0 (0.35) 65.5 (0.35) 64.7 (1.7) 65.4 (1.8) 65.3 (0.9) 64.8 (0.4)

E’ at 75◦C (MPa) 5.6 (0.5) 3.9 (1.6) 12.8 (2.7) 7.8 (1.1) 8.6 (1.7) 13.4 (1.2)

The number in brackets is the standard deviation for n = 3.

However, the filler’s contribution to the stiffness could be
observed past the glass transition temperature where the storage
modulus of the PLA-wood and PLA-rice samples was higher
than the unfilled PLA samples. The retention of storage modulus
indicated opposite trends between the PLA-wood samples 0◦

and 90◦, and the PLA-rice samples 0◦ and 90◦. Indeed, past the
Tg, the wood filled PLA samples displayed a 39% difference in
favor of the longitudinal printing direction. Conversely, the rice-
husk filled samples displayed an unexpected 56% difference in
favor of the transversal printing direction. The former finding
is explained by an alignment of wood particles in the printing
direction caused by shear forces in the nozzle (Sydney Gladman
et al., 2016). The latter finding is more difficult to explain. It was
here tentatively attributed to the smaller size of the rice husk
particles and their better distribution within the PLA. The rice
husk particles are around 10 times smaller than the wood ones
(Figure 2, Table 2). Considering the low aspect ratio of the rice
husk particles, it is conceivable that no or little alignment for the
rice husk particles occurred. The difference in behavior between
the rice husk and the wood was tentatively attributed to the finer
particles which created a more uniform and stiffening network.
This characteristic was only observed in the widthwise direction
as the predominant factor (i.e., the alignment of the polymer
chains and fillers) was potentially not present to mask it.

DISCUSSION

Overall, the mechanical behavior of the 3D printed beams
at room temperature was governed by the printing direction
and the polymer physical properties rather than the type of
fillers being used. However, when comparing the wood powder
to the rice husk powder as a filler for 3D printing in PLA,
particular observations weremade on the interaction between the
biomasses and PLA.

Process Stability and Thinning Behavior
Whilst both biomass fillers caused a reduction in the PLA
molecular chain length, the extrusion process was more unstable
during rice husk powder compounding. GPC analysis indicated
that the degree of hydrolysis during processing was slightly
higher for the rice husk powder than the wood powder, however
the difference was not significant and could not alone justify the
rheological differences. The complex viscosity analysis indicated
a dramatic thinning effect of the rice husk particles on the PLA (∼
2.5 times lower at 1Hz). Thinning/plasticization additives is fairly
common in polymer processing however, it is much less common

in the case of solids in the 10 to 100’s micron size range. Coppola
et al. found that the addition of 3 and 5 vol.%, powdered hemp
shives in PLA reduced the complex viscosity of the compound
compared to neat polymer (Coppola et al., 2018). This behavior
was attributed to chemical degradation of the pectin contained
in hemp shives. Conversely, Cipriano et al. reported the same
effect on PLA caused by magnesium silicate particles (Cipriano
et al., 2014). They attributed this lubricant effect to a physical
interaction between the particles and the polymer chains.

In this study, both chemical and physical phenomena are
valid. Rice husk is composed of 15.2 wt.% amorphous silicate
which contributes to its higher density compared to wood or
other lignocellulosics (e.g., flax) and could contribute to the
rheological thinning behavior as reported Cipriano et al. (2014).
However, the concurrent presence of organic materials (e.g.,
carbohydrates) in the particles also points to a chemical triggered
mechanism. The difference in chemical reactivity between wood
and rice powders was attributed to the particles size and the
ball milling. Ball milling of biomass is known to break down
the carbohydrates which increases their reactivity (e.g., better
enzymatic adsorption) (Vaidya et al., 2016; Gao et al., 2017). The
possibility of reacting these carbohydrates at temperatures above
150◦C in an extruder is highly probable leading to the faster
production of oxidation products such as alcohols, acids or other
volatile products (Formela et al., 2018).

Reactive Extrusion of Lignocellulosic
Biomass
During compounding of biomass in PLA, hydrolysis of the
polymer chains is known to occur (Le Guen et al., 2017;
Thumm et al., 2018). A previous study comparing themechanical
behavior of PLA reinforced with protein-based filler and wood
flour reported that under accelerated weathering, the protein-
based filler hydrolysed the PLA matrix at least twice as fast
as a wood flour filler due to the amino-acids produced from
protein hydrolysis (Le Guen et al., 2017). Rice husks contain
more proteins than wood (Hamdan et al., 1997; Vadiveloo
et al., 2009), however, the GPC analysis indicated comparable
molecular weights for the PLA compounded with either wood or
rice husk powders. This finding ruled out a potential difference
solely based on acid hydrolysis of the PLA chains.

In the case of the rice husk compound, the darkening color
could be attributed to two chemical reactions:

- Maillard reaction between the amino acids and the
carbohydrates (e.g., xylan), that has been previously reported
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to occur during processing of the rice husks at 180◦C (Vegas
et al., 2008),

- Carbohydrate oxidation (i.e. caramelization) that is known to
form volatile organic molecules (Jiang et al., 2008).

In both cases, the reactions release volatile compounds and water
that can explain the instability of the rice husk compounding
process and the plasticization of the PLA matrix. Whilst the
oxidation reactions also occur with wood powder, the higher
reactivity of the rice husk powder compared to the wood powder
was attributed to the ball-milling pre-treatment.

CONCLUSIONS

Wood and rice husk powders were blended by twin-screw
extrusion with PLA to be used for 3D printing applications.
It was found that the mechanical properties of the 3D printed
samples at room temperature were mainly driven by the
properties of PLA and anisotropy was only influenced by the
3D printing directionality. In addition, the mechanical properties
were lowered by the integration of either filler which was
attributed to a lowering of inter-strand cohesion in the 3D
printed samples. Past the glass transition temperature of the PLA,
the fillers enabled the retention of stiffness measured by the
storage modulus.

In terms of visual assessment and process stability however,
differences were observed and attributed to chemical reactions
triggered by the (a) silica content of rice husk and/or
(b) chemical reactions including Maillard reaction and
carbohydrate oxidations. These chemical reactions were
potentially enhanced by a particle size difference (i.e., rice
husk powder was smaller and denser than the wood powder)
and triggered during the temperature and shearing conditions
of the extrusion process. Little polymer research has been
conducted on the potential of using reactive biomass filler
particles based on mechano-chemistry (i.e., ball milling). These

unique findings indicate that biomass can trigger chemical
reactions that change the polymer rheological behaviors
during processing dramatically and reinforces the need for
careful attention when matching a biopolymer matrix with a
biomass filler.

The ball-milled rice husk powder’s effect on thinning PLA, if
controlled during the compounding process, is of major interest
in the development of reactive sustainable plastic additives.
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Carbon fiber reinforced composites have exceptional potential to play a key role in the

materials world of our future. However, their success undoubtedly depends on the extent

they can contribute to advance a global sustainability objective. Utilizing polymers in

these composites that can be potentially derived from biomasses would be certainly

vital for next-generation manufacturing practices. Nevertheless, deep understanding

and tailoring fiber-matrix interactions are crucial issues in order to design carbon

fiber reinforced sustainable resource-based biocomposites. In this study, cellulose

derivatives (cellulose propionate and cellulose acetate butyrate) are utilized as model

polymer matrices that can be potentially fabricated from biomasses, and the mechanical

properties of the prepared short carbon fiber reinforced composites are engineered

by means of a functional biobased lignin coating on the fiber surface. Furthermore,

polyamide 6 based composites are also prepared, the monomer of this polymer could be

obtained using C6 sugars derived from lignocellulosic biomasses in the future (through

5-hydroxymethylfurfural). Lignin was successfully immobilized on the carbon fiber surface

via an industrially scalable benign epoxidation reaction. The surface modification had a

beneficial impact on the mechanical properties of cellulose propionate and polyamide

6 composites. Furthermore, our results also revealed that cellulose-based matrices

are highly sensitive to the presence of rigid fiber segments that restrict polymer chain

movements and facilitate stress development. It follows that the physicochemical

properties of the cellulosic matrices (molecular weight, crystallinity), associated with

polymer chain mobility, might need to be carefully considered when designing these

composites. At the same time, polyamide 6 showed excellent ability to accommodate

short carbon fibers without leading to a largely brittle material, in this case, a maximum

tensile strength of ∼136 MPa was obtained at 20 wt% fiber loading. These results were

further contrasted with that of a petroleum-based polypropylene matrix exhibiting inferior

mechanical properties. Our study clearly indicates that carbon fiber reinforced polymers

derived and designed using biomass-derived resources can be promising greenmaterials

for a sustainable future.

Keywords: lignin, biocomposite, carbon fiber, surface modification, discontinuous reinforcement, cellulose,

polyamide 6
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INTRODUCTION

On account of a seemingly irreversible signature the human
activity has already left on Earth, plastics among many
manufactured modern materials can be found in geological
deposits (Waters et al., 2016; Schneiderman and Hillmyer,
2017). It becomes, therefore, increasingly recognized that a new
geological era, “Anthropocene” has certainly arrived due to the
anthropogenic activity of the past decades (Waters et al., 2016).
In light of the escalated situation, it is time to make right
choices and consider the use of biobased biodegradable sources
when designing materials (Chen and Patel, 2012; Sheldon, 2014;
Graichen et al., 2017; Schneiderman and Hillmyer, 2017). As a
result of tremendous research efforts, it appears that most of
the important plastics can be derived from renewable sources
(Chen and Patel, 2012; Schneiderman and Hillmyer, 2017),
and these materials can be further tailored to make sustainable
biocomposites for wide range of applications (Mohanty et al.,
2018). In order to make the right decisions, deep understanding
and tailoring the interactions between matrix segments in
these biocomposites are essential, however, pose major scientific
challenges in many cases.

Particular sustainability concerns are surrounding advanced
structures that are recently gaining interest in several fields,
and thereby are predicted to be key components in the
materials world of the future. Based on their market growth and
exceptional properties (Frank et al., 2014; Witten et al., 2017),
carbon fiber reinforced polymers are these types of materials that
must be strictly designed from the point of view of sustainability
issues. In response to these concerns, pioneering work has started
worldwide to prepare carbon fibers from renewable resources
(Milbrandt and Booth, 2016). Among the possible candidates,
lignin as the most abundant aromatic biopolymer has emerged
as a very promising sustainable precursor, opening the gates
for the production of low-cost biomass-derived carbon fibers
(Fang et al., 2017). In respect to the polymer matrix of carbon
fiber reinforced composites, intense research has been focused
on changing the most frequently used thermoset epoxy matrix to
recyclable thermoplastic resins targeting environmentally more
benign compositions (Yao et al., 2018). Short carbon fiber
reinforced thermoplastic composites are particularly attractive
materials for industrial mass production due to their short
production time and recyclability potential (Fu and Lauke, 1996;
Fu et al., 2000; Karsli and Aytac, 2011, 2013; Ozkan et al., 2014;
Unterweger et al., 2015).

Recent advances achieved in our laboratory hold promise
for deriving thermoplastic cellulose derivatives from biomasses
(Kakuchi et al., 2017; Suzuki et al., 2018), and utilizing these
materials for preparing short carbon fiber reinforced plastics
(Szabó et al., 2019a). We have also shown that the adhesion
between the cellulosic matrix and carbon fiber can be improved
by modifying the carbon fiber surface (Szabó et al., 2018a,b,
2019b). It appeared that immobilizing lignin on carbon fiber
surface leads to a great enhancement in interfacial properties
due to secondary interactions between lignin and the polymer
matrix (Szabó et al., 2019b). It follows that lignin can serve as
a functional material to improve the interfacial interactions in

green biobased composites. In order to further test these theories,
in this study we prepare short carbon fiber reinforced composites
utilizing polymers that can be potentially derived from biomasses
[cellulose derivatives (Kakuchi et al., 2017; Suzuki et al., 2018)
and polyamide 6 (Buntara et al., 2011; Winnacker and Rieger,
2016)] as model materials and tailor the interfacial interactions
utilizing lignin as a renewable resource.

While in our previous study we placed interfacial interactions
under scrutiny (Szabó et al., 2019b), and therefore, surface
modification was achieved via industrially and environmentally
less attractive chemistries, here we bind lignin to the carbon
fiber surface via a mild, environmentally benign and industrially
scalable epoxidation reaction. The surface modified short fibers
are embedded in the polymer matrices, and the macroscopic
properties of the composites are extensively characterized. Our
results are also compared to that obtained with a purely
petroleum-derived polypropylene matrix.

EXPERIMENTAL

Materials
The short carbon fiber used in this study was a 3mm long PX35
type fiber obtained from Zoltek (Toray Group, St. Charles, MO,
USA). These chopped fibers have no sizing agent on the surface
and are characterized by a nominal diameter of 7.2µm. Prior
to the experiments, the fibers were dried in a vacuum oven at
130◦C for 72 h. In the cyclic voltammetry experiments due to the
experimental setup, long fibers were used (T700SC-12000-50C,
Toray Industries, Tokyo, Japan), in this case, the sizing agent
was removed according to our previously elaborated procedure
(Szabó et al., 2018a,b, 2019b).

As cellulose-based matrices, two commercially available
thermoplastic esters (cellulose propionate and cellulose
acetate butyrate) were used, these polymers showed excellent
processability in preliminary experiments. Cellulose propionate
(Mn ≈ 79 000 g mol−1) was purchased from Scientific Polymer
Products, Inc. (Ontario, NY, USA; Catalog number 321), the
degree of substitution (DS) value has been determined previously
as DS = 2.76 (92% of the hydroxyl groups are functionalized)
(Szabó et al., 2018a). Cellulose acetate butyrate (Mn ≈ 70
000 g mol−1) was provided by Eastman Chemical Company
(Kingsport, TN, USA; Catalog number 381-20), the degree of
substitution value is as follows: DSacetyl = 1.00 (33.3% of the
originally available hydroxyl groups), DSbutyryl = 1.66 (55.3%
of the originally available hydroxyl groups). Furthermore,
polyamide 6 resin (melt flow rate of 15 g per 10min at 230◦C)
was obtained from Toray Industries (Tokyo, Japan; Catalog
number CM1006). Polypropylene (melt flow rate of 25 g per
10min at 230◦C) was from Japan Polypropylene Corporation

(Yokkaichi, Japan; Catalog number WINTEC
TM

WSX03). The
cellulosic resins and polyamide 6 were dried in a vacuum oven at
120◦C for 1 day before the experiments, and all the resins were
kept in a dry box (containing silica gel) prior to use.

Kraft lignin (Mw ≈ 10000 g mol−1; low sulfonate content)
was purchased from Sigma Aldrich (St. Louis, MO, USA; Lot
# 04414PEV), distribution of the hydroxyl groups has been
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determined in our previous study as follows (Szabó et al., 2019b):
OHphenolic = 2.12 mmol g−1, OHaliphatic = 1.65 mmol g−1,
OHcarboxylic = 0.59 mmol g−1, OHtotal = 4.36 mmol g−1.

Anhydrous pyridine, N,N-dimethylformamide (DMF)
and ferrocenemethanol were provided by Sigma Aldrich
(St. Louis, MO, USA). The solvents acetonitrile (ACN) and
dichloromethane (DCM) were obtained fromNaclai Tesque, Inc.
(Kyoto, Japan) and Kanto Chemical (Tokyo, Japan), respectively.
All the other chemicals were from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan).

Synthetic Procedures
Lignin Modification
Kraft lignin was tosylated according to our previously reported
procedure using tosyl chloride (and pyridine as solvent), a
detailed description can be found elsewhere (Szabó et al., 2019b).
The synthetic procedure affords tosylated lignin derivative with a
tosyl group content of 0.26 mmol g−1 (calculated from elemental
analysis). The tosylation procedure is necessary to render the
original lignin soluble in the conventional solvent used for the
grafting procedure (N,N-dimethylformamide, see Figure 1).

Carbon Fiber Surface Modification
The surface of carbon fibers was epoxidized according to
a recently reported procedure applying mild conditions
(Koutroumanis et al., 2018), the synthetic method was previously
elaborated for carbon nanotubes (Ogrin et al., 2006). The grafting
procedure is outlined in Figure 1.

Briefly, 6 g chopped carbon fibers are immersed in a solution
containing 30 g 3-chloroperoxybenzoic acid [by dry weight,
note that due to instability issues the reagent has around
30% water content; equals 29.2 mmol g−1 fibers, following the
stoichiometries elaborated in our previous works (Szabó et al.,
2018a,b, 2019b)] in 500mL dichloromethane. The reaction is
conducted for 5min, and the fibers are immediately washed
using around 1 L dichloromethane to remove the unreacted
reagents, and then they are placed in a solution containing 10 g
tosylated lignin in 300mL DMF. The reaction is conducted at
room temperature overnight in a double shaker operating at
80 min−1 speed (Double Shaker NR-30, Taitec Corporation,
Koshigaya, Japan). The functionalized fibers are washed with
water, dichloromethane and acetone. The fibers are then dried in
a vacuum drying oven at 50◦C for 24 h.

It should be noted that 5min reaction time was reported to
be sufficient to reach the maximum amount of epoxide functions
on the surface (Koutroumanis et al., 2018). In line with these
findings, we could not observe improvement in the amount
of epoxide functions when we applied 10min reaction time
(electrochemical analysis after Reaction 3, see in Figure 2, note
that data for 10min are not shown).

Cyclic Voltammetry Experiments
Cyclic voltammetry experiments were conducted to confirm
the epoxidation reaction and prove the reactivity of the newly
generated oxygen functions toward an aliphatic hydroxyl group.
For this purpose, after the epoxidation reaction (Reaction 1
in Figure 1), 25mg carbon fibers were placed in a solution

containing 0.158 g ferrocenemethanol (0.73 mmol) in DMF, for
24 h at room temperature. After the reaction, the fibers were
exhaustively washed according to the previously mentioned
cleaning procedure, and then applied as working electrodes in
the following cyclic voltammetry setup. The reaction is depicted
in Figure 2.

The three-electrode cyclic voltammetry cell included a Pt
auxiliary electrode, an Ag/Ag+ reference electrode (0.01M
AgNO3 and 0.1M tetrabutylammonium perchlorate in
acetonitrile; ALS Co., Ltd, Tokyo, Japan) and carbon fiber
was applied as working electrode. The SVC3 type voltammetry
cell was connected to an ALS/CH Instruments Electrochemical
Analyzer Model 1200A potentiostat (ALS Co., Ltd, Tokyo,
Japan). Further experimental details can be found in our
previous work (Szabó et al., 2019b).

Composite Preparation
Carbon fibers and the resin were compounded in an Xplore
MC5 microcompounder equipped with short co-rotating twin-
screw (Xplore Instruments BV, Sittard, The Netherlands). The
composites were subjected to an injection molding step using an
Imoto IMC-5705 injection molding machine to prepare standard
dumbbell-shaped specimens (JIS K 7161-2:2014 1BA) for the
mechanical tests. The experimental details for each type of resins
are given in Table 1.

The flow characteristics of the resins were analyzed using
a Shimadzu CFT-500EX Constant Test Force Extrusion Type
Capillary Rheometer (Kyoto, Japan) following our previously
reported procedures (Szabó et al., 2019a). The flow characteristics
of the neat polymers can be found in the Supplementary
Material (Figure S1).

Mechanical Test
Tensile test was performed according to JIS K7161 standard
(in line with ISO 527) using a Shimadzu Autograph AG-X
Plus 5 kN tensile tester (Kyoto, Japan) equipped with a non-
contact video type extensometer (TRViewX, Shimadzu; Kyoto,
Japan). The crosshead-speed was 5mm min−1 and a clamping
pressure of 0.5 MPa was applied. Ten specimens were prepared
for each composition.

Multiple t-test was performed to identify statistically
significant differences (with a P-value <0.05) in the results of the
tensile test, assuming that the data represent a population with
equal variance.

Surface Analysis
X-ray photoelectron spectra were recorded on a Thermo
Scientific K-Alpha X-ray Photoelectron Spectrometer System
using Al Kα monochromated X-ray radiation (1486.6 eV, 36W;
Waltham, MA, USA). Data were collected from a spot size
of 400µm and the binding energy scale was calibrated to the
hydrocarbon C1s peak at 285.0 eV. Survey spectra were obtained
with a resolution of 1 eV and high-resolution C1s, N1s, O1s, and
S2p spectra were recorded using a pass energy of 20 eV and a
spectral resolution of 0.1 eV. Data were processed with a Thermo
Scientific Avantage Software version 5.89 (Waltham, MA, USA).
Overlapping peaks were resolved using the Powel method with
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FIGURE 1 | Representative reaction scheme depicting the functionalization procedure (illustrative example).

FIGURE 2 | Representative reaction scheme for binding an electrochemical probe to the carbon fiber surface after the epoxidation step (illustrative example).

Gauss-Lorentz Mix algorithm and a built-in Smart algorithm for
background correction.

Morphological analysis was performed with a JSM-7610F
field emission scanning electron microscope (FE-SEM) applying
8mm working distance and 15 kV accelerating voltage (JEOL,
Tokyo, Japan). Prior to the analysis, Au/Pd layer was sputtered
on the sample surface using a Hitachi E1030 type equipment and
a deposition time of 40 s (Hitachi, Ltd., Tokyo, Japan).

Thermal Analysis
Thermogravimetric analysis was performed using a Shimadzu
DTG-60AH thermal analyzer (Shimadzu Corporation, Kyoto,
Japan) with a heating rate of 20◦C min−1 under nitrogen
atmosphere. Differential Scanning Calorimetry (DSC)
experiments were conducted on a Shimadzu DSC-60A Plus
equipment (Shimadzu Corporation, Kyoto, Japan) to determine
the glass transition temperature of the polymers and their
composites. DSC thermographs were recorded between −50
and 250◦C using a heating rate of 10◦C min−1 and a cooling

rate of 50◦C min−1. The second heating cycle was analyzed to
determine the glass transition temperature.

Fiber Length Analysis
Carbon fibers were extracted from the prepared composites using
DMF as a solvent in case of the cellulosic matrices. Furthermore,
for polyamide 6 and polypropylene based composites the matrix
was separated from the fibers via a burning process performed
at 550◦C for 10min in an electric furnace (ROP-001 type,
ASONECorporation, Osaka, Japan), and the obtained fibers were
dispersed in water (Fu et al., 2000; Karsli and Aytac, 2013).
Optical images of the fibers were recorded on an Olympus
BX50microscope (Tokyo, Japan). The images were analyzed with
ImageJ program extended with the ridge/line detection algorithm
(Steger, 1998).

RESULTS AND DISCUSSION

It has been revealed in our previous work that lignin can improve
the shear tolerance at the carbon fiber-matrix interface in green
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TABLE 1 | Processing conditions for the extrusion and injection molding steps.

Polymer resin Extrusion process Injection molding

Rotation speed Retention time Processing temperature Barrel temperature Mold temperature Injection pressure

Cellulose propionate 60 rpm 5min 203◦C 210◦C 140◦C 0.6 MPa

Cellulose acetate butyrate

Polyamide 6 238◦C 233◦C 80◦C

Polypropylene 180◦C 180◦C 60◦C 0.2 MPa

cellulose-based (cellulose propionate) and commercially available
epoxy-based composites (Szabó et al., 2019b). An exceptionally
high interfacial shear strength was experienced as matrix failure
took place before interfacial failure. Stimulated by the functional
and green nature of lignin, we decided to take a step forward
and scale-up the process using industrially attractive benign
chemistries. Furthermore, we were not only interested in the
macroscopic/mechanical outcome of the surface modification
but also had a curiosity of how the interfacial effects are expressed
for different type of matrices with sustainability potentials.
Therefore, in addition to two cellulosic matrices (cellulose
propionate and cellulose acetate butyrate), we extended our work
to polyamide 6, which could be prepared using C6 sugars derived
from lignocellulosic biomasses in the future (Buntara et al., 2011).
Furthermore, we also compare these results with a potentially
non-sustainable fully petroleum-based polypropylene matrix.

Carbon Fiber Surface Modification
Our surface modification procedure was inspired by
the convenient and efficient way of nanotube sidewall
functionalization exploiting the ring-opening reactions between
newly generated epoxide functions and nucleophilic agents
(Markiewicz et al., 2014). Furthermore, the epoxidation process
was recently applied for carbon fibers revealing the non-
destructive, short, and benign nature of the functionalization
procedure (Koutroumanis et al., 2018). Our surface treatment
starts with a conventional epoxidation reaction carried out with
short carbon fibers, which are placed in contact immediately
with the tosylated lignin derivative (Figure 1). The main purpose
of the tosylation reaction is to render the lignin derivative soluble
in DMF. The tosylation procedure adopted from our previous
study (Szabó et al., 2019b) affords a lignin derivative with a
tosyl group content of 0.26 mmol g−1 (involving a range of
aliphatic and aromatic hydroxyl groups, due to solubility issues
31P-NMR experiments could not be performed to investigate
the hydroxyl group distribution profile), and leaves 4.1 mmol
g−1 free hydroxyl groups behind. These free hydroxyl groups
are expected to react with the epoxide groups present on carbon
fiber surface. The nucleophilic attack on an epoxide typically
follows SN2 mechanism, however, due to steric reasons (the
reaction would require 180◦ attack on the epoxide carbon) this
cannot be the case on the surface of carbon fibers. Nevertheless,
it might be possible that the reaction eventually proceeds via a
carbocation intermediate as it was shown before on arene oxides
(Loew et al., 1980). Reactions on surfaces often follow atypical
pathways owing to steric effects, the nucleophilic attack on the

FIGURE 3 | Cyclic voltammogram recorded with carbon fibers as working
electrodes functionalized via Reaction 3 (Figure 2). Inset A shows the cyclic
voltammetry response of a control sample; in this case Reaction 3 was
performed with ferrocene instead of ferrocenemethanol to observe any
interferences arising from π-π stacking interactions. Inset B shows another
control sample, in this case unmodified carbon fibers (before epoxidation) were
incubated with ferrocenemethanol under the conditions outlined in Reaction 3
to investigate the possibility of H-bonding interactions with surficial functional
groups (-OH, -COOH, and -NH2 moieties).

epoxidized carbon fiber surface might represent an interesting
example, which would merit further attention.

The formation of epoxide groups, their reactivity as well
as their quantity were investigated through cyclic voltammetry
experiments. In these experiments, the epoxidized carbon
fibers were reacted with ferrocenemethanol to immobilize the
redox probe on the surface (Figure 2). Thereafter, the fibers
were applied as working electrodes in a three-electrode cyclic
voltammetry setup. The recorded voltammograms are shown
in Figure 3. From the anodic and cathodic peaks, a standard
electrode potential of E0 = 0.15V vs. Ag/AgNO3 can be
calculated, which is typical for ferrocene structures covalently
bound to electrode surfaces (Umaña et al., 1980; Goff et al.,
2010). The electrochemical response does not change over several
cycles suggesting that stable structures have been immobilized
on the substrates. Furthermore, in parallel experiments the
possibility of π-π stacking interactions was firmly excluded
since when ferrocene was applied in Reaction 3 (Figure 2)
instead of ferrocenemethanol, no electrochemical response was
obtained (Figure 3 Inset A). The possibility of H-bonding
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FIGURE 4 | High-resolution C1s (A,B), O1s (C,D) and S2p (Insets) X-ray photoelectron spectra of carbon fiber samples before modification (A,C) and after
immobilizing lignin on the surface (B,D).

interactions between ferrocenemethanol and surficial functional
groups [-OH, -COOH and -NH2 moieties that are known to
be present on carbon fiber surface (Xie and Sherwood, 1989)]
was also excluded as no electrochemical response can be seen
for the corresponding control sample in Figure 3 (Inset B).
By integrating the anodic/cathodic current (in Figure 3), the
amount of transferred electrons can be calculated and thereby,
the number of molecules determined. The surface coverage
amounts to a value of 6.5 × 1011 molecules mg−1 according to
these calculations. This value is much lower than that reported in
our previous study (Szabó et al., 2019b), where we used much
more aggressive chemistries (free radical-mediated reaction).
However, it is considered that a high surface coverage might
not be necessary for polymeric substrates having large amount
of reactive functions in their structure. Therefore, the results of
the cyclic voltammetry experiments indicate that the epoxidation
reaction might be an appropriate measure to covalently bind
lignin to the carbon fiber surface.

In order to confirm the immobilization of lignin on
the surface, the high-resolution C1s, O1s, and S2p X-ray
photoelectron spectra of the unmodified and functionalized
carbon fiber samples were recorded, the results are
shown in Figure 4. The high-resolution C1s spectra of the

unmodified/modified samples (Figures 4A,B) can be resolved
into a main peak centered at ∼285 eV, typical for the graphitic
carbon present in the structure of carbon fibers (Xie and
Sherwood, 1989; Zhang et al., 2008). The C1s spectrum of
the unmodified sample (Figure 4A) consists of peaks typically
assigned to C-OH/C-O-C (286.00 eV; note that C=N moieties
also give signal around this region), C=O (287.28 eV) and
–COOH (288.81 eV) groups (Xie and Sherwood, 1989).
Furthermore, the peak located at higher energies (290.58 eV) is
attributed to π-π∗ shake up satellites (Xie and Sherwood, 1989;
Zhang et al., 2008). In addition, the O1s spectrum (Figure 4C)
is dominated by a peak centered at 531.83 eV, assigned to C=O
or C-O-C moieties (Xie and Sherwood, 1989), while the peaks
located at 533.58 and 535.98 eV are usually assigned to C=O
groups and probably to some chemisorbed oxygen, respectively
(Xie and Sherwood, 1989). After the functionalization process,
an increase in the intensity of the peak located at ∼286 eV
is observable in the C1s spectrum (Figure 4B), this peak was
assigned to –C-OH/C-O-C functions. Furthermore, the peak
intensity at higher energies decreases, C=O and –COOH
functions give signals around this region. The O1s spectrum
also changes appreciably after the functionalization process
(Figure 4D). It is dominated by a peak assigned to C-OH groups
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FIGURE 5 | FE-SEM micrographs of carbon fiber samples before (upper part) and after (lower part) the functionalization process performed with the lignin derivative.

and the previously dominating peak arising from C=O signals
is considerably suppressed. Therefore, the C1s and O1s spectra
in line with each other indicate that the structure deposited onto
the surface has large amount of –OH groups, typical for lignin.
Furthermore, while the unmodified carbon fiber has no sulfur
on its surface, after the functionalization process, sulfur can be
clearly detected (Figures 4C,D, Insets). The broad feature of the
peak that is observable in the S2p spectrum of the functionalized
sample indicates that several types of sulfur-containing functions
are present, which is reasonable since kraft lignin has sulfur in
its structure originally, and sulfur is also incorporated in tosyl
groups after the tosylation process. It should be pointed out that
based on the XPS analysis, the lignin coated surface has free
hydroxyl groups as well as tosyl functions. This is reasonable
since the hydroxyl groups of lignin were only partially substituted
as it was mentioned before. As a result of the XPS analysis, the
chemical composition of the functionalized carbon fiber sample
is in line with the structural features of a lignin derivative.

The FE-SEM micrograph of the unmodified sample shows
the striations typical for unsized carbon fiber samples (Figure 5),
while it is clear that a polymeric coating is present on the surface
after the functionalization process. The deposited lignin coating
composes a submicron layer on the surface.

We also performed thermogravimetric analysis (TGA) to
provide more information about the amount of coating on
the fibers, the results of the TGA analysis are shown in the

SupplementaryMaterial (Figure S2). Given that at 800◦C around
44% weight loss takes place for the tosylated lignin sample, and
assuming that the same process occurs at the carbon fiber surface,
we can predict that around 3% lignin is present as coating on the
surface by weight. The amount of lignin coating on the carbon
fiber could be controlled by decreasing the amount of epoxide
functions on the surface (e.g., by changing the reaction time,
note that the amount of epoxide functions on the surface reaches
a plateau in our study), this issue will be the matter of future
optimization experiments.

In the following sections, short carbon fiber reinforced
composites will be prepared using the surface modified carbon
fibers (along with unmodified control samples), and their
mechanical properties will be evaluated in light of their
morphological features, fiber-length distribution and fiber
orientation in the composite.

Effect of Surface Modification on the
Mechanical and Morphological Properties
of Short Carbon Fiber Reinforced
Composites
The mechanical properties of a short fiber reinforced composite
can be discussed in light of a range of interconnected phenomena
involving interfacial interactions, fiber length, and orientation
distribution factors, the latter two being extremely sensitive to
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processing conditions (Fu and Lauke, 1996; Molnár et al., 1999;
Fu et al., 2000; Karsli and Aytac, 2011, 2013; Ozkan et al., 2014; Li
et al., 2015; Unterweger et al., 2015). The mechanical properties
(σcu–the strength of the composite) can be predicted using the
frequently referred modified rule of mixtures theory as it is
outlined in Equation 1 (Fu and Lauke, 1996; Fu et al., 2000; Ozkan
et al., 2014; Li et al., 2015):

σcu = χ1χ2Vf σ l+ Vmσm (1)

where σ l and σm are the strength, V f and Vm are the volume
fraction of the fiber and matrix, respectively. χ1 and χ2 are the
fiber orientation and fiber length factors, respectively. In this
expression (Equation 1), the interfacial interactions are included
in χ2 as it involves the critical fiber length (lc) given by Equation
2 according to the Kelly-Tyson model (Kelly and Tyson, 1965):

lc =
σfur

τ
(2)

where σ fu is fiber tensile strength at the critical length
[determined via single fiber tensile strength experiments (Kettle
et al., 1997)], r is the fiber radius and τ is the interfacial shear
strength characterizing fiber-matrix interactions.

According to these theories, the results of the mechanical tests
will be discussed in terms of interfacial interactions [morphology
of fracture surfaces (see Figures S3–10)], fiber orientation, and
fiber length distribution aspects (see Figures S11–14). It has
been shown in our previous work that lignin can improve
interfacial adhesion due to secondary interactions and probably
also due to plasticizing effects, and thereby it can serve as
a functional material at the interface (Szabó et al., 2019b).
Interfacial mechanical properties will not be further determined
for the different matrices herein (it will be followed by
examining morphological changes on the fracture surfaces).
Whether the beneficial interfacial effects previously discovered
can be transferred to the macroscopical properties of different
composites will be the focus of the following sections.

Composites Based on Cellulosic Matrices
The tensile test results of the composite samples prepared using
cellulose propionate (CP) and cellulose acetate butyrate (CAB)
matrices are shown in Figures 6A,B, respectively (strain at break
values are shown in Figures 7A,B). The tensile strength of the
neat polymers lies very close to each other (∼80 MPa, see
Figures 6A,B). Nevertheless, CP and CAB show quite different
response for the presence of fibers. The tensile strength decreases
initially when 5 wt% short carbon fiber is present in the CP
matrix (Figure 6A), however, an increase in tensile strength
can be observed for the CAB matrix. It has been observed
in previous studies that the presence of fibers in a composite
can bring about an increase but also a decrease in composite
strength (Fu et al., 2000). Due to the shear that develops during
the extrusion and injection molding steps when preparing the
composites, the initial fiber length (3mm) decreases appreciably
(in our study the mean fiber length is 50–100µm (Figure 8),
similar results can be found in other studies (Molnár et al.,
1999; Karsli and Aytac, 2013; Ozkan et al., 2014; Li et al., 2015).

When the fiber length drops below the critical fiber length
determined by interfacial interactions, the fibers do not exhibit
considerable reinforcing effects, however, their mere presence
can diminish mechanical properties since they can serve as cores
for crack formation and propagation leading to material failure
(Fu and Lauke, 1996; Molnár et al., 1999). The fiber length
observed in our study is much lower than the critical fiber length
determined in our previous work for the cellulose propionate
matrix (∼840µm) (Szabó et al., 2018a,b), whichmakes it possible
that no reinforcement occurs at low fiber content in the CP
matrix. At the same time, it is not expected that the critical fiber
length differs considerably for the CAB matrix. Therefore, it is
surprising that in this case an increase can be observed in tensile
strength as 5 wt% fiber is included in the composite (Figure 6B).
The difference between the CP and CAB matrices can possibly
be connected to the variations in the freedom of polymer
chain movements in the prepared composites. The addition of
rigid fiber segments to the composite restricts the movement
of molecular chains and increases the possibility of microcrack
formation (Karsli and Aytac, 2011). Since the molecular weight
of CAB (Mn ≈ 70 000 g mol−1) is smaller compared to CP (Mn ≈

79 000 g mol−1), the mobility of polymer chains might be higher
for CAB. This might be associated with a smaller extent of stress
development and accumulation when rigid segments are present
in the CAB matrix, giving an explanation for our findings. It
should be noted, however, that increase in crystalline regions can
also be connected to more restricted polymer chain mobility (this
is not further evaluated herein).

At the same time, a monotonous increase in elastic modulus is
observed for both the CP and CABmatrices with increasing fiber
content, as a stiffer material is formed. It is known that the elastic
modulus is mostly dependent on the fiber volume fraction and
therefore, no strict correlation can be found with fiber length or
surface modification in our study either (Figures 6A,B) (Molnár
et al., 1999; Fu et al., 2000).

The initial decrease in tensile strength is followed by a
monotonous increase as the fiber content increases in the
cellulose propionate matrix (Figure 6A). The tensile strength
further increases when lignin is immobilized on the surface (at 20
wt% carbon fiber loading ∼8% improvement in tensile strength
could be obtained compared to the neat polymer matrix). Since
the presence of lignin increases fiber-matrix adhesion for the
cellulose propionate matrix (Szabó et al., 2019b), the load that is
applied during tensile test is more efficiently transferred to the
inherently stronger fiber, eventually leading to a higher tensile
strength. This improved fiber-matrix adhesion can clearly be
noticed on the fracture surfaces (Figure 9, Cellulose propionate
composite) since after the functionalization process, polymer
is attached to the fiber surface and also tight connection is
observable between the matrix and fibers compared to the
composite containing unfunctionalized fibers. Furthermore, as
fibers are included in the matrix the strain at break value
decreases to its half, exhibiting no significant dependence on
fiber volume fraction or surface modification (Figure 7A). The
decrease in strain at break is explained by the presence of the rigid
filler that restricts polymer chain mobility and thus facilitates
microcrack formation (Karsli and Aytac, 2011). Furthermore, it
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FIGURE 6 | Tensile strength and elastic modulus values for (A) cellulose propionate (CP), (B) cellulose acetate butyrate (CAB), (C) polyamide 6 (Nylon 6), and
(D) polypropylene (PP) based composites. CF, carbon fiber; MCF, modified carbon fiber (lignin coated).

is also known that on account of the stress accumulation at the
fiber ends, strain at break value decreases with increasing number
of fiber ends (Fu et al., 2000; Karsli and Aytac, 2011, 2013). In
our case, it appears that the brittleness of the material already
reaches its limit after adding 5 wt% carbon fiber in the composite
(i.e., no further decrease in strain at break can be observed).
The mean fiber length does not show appreciable variation with
increasing fiber content for the CP matrix (Figure 8; fiber length
distributions can be found in Figure S11). Interestingly, when
lignin is present on the surface, the fiber length appreciably
decreases. This phenomenon can be explained in terms of the
enhanced fiber-matrix interaction that results in the development
of increased shear stress during the composite preparation.

An increase in tensile strength can be noticed for the CAB
matrix with increasing unmodified fiber content (Figure 6B).
The tensile strength, however, decreases when surface modified
fibers are added to the matrix, indicating that lignin coating
results in disadvantageous fiber-matrix interactions. In line with
this phenomenon, the fracture surfaces do not indicate improved
matrix adhesion to the fibers (Figure 9), and also the mean fiber
length remains relatively constant with increasing fiber content
(Figure 8; fiber length distributions can be found in Figure S12)
anticipating poor fiber-matrix interactions. This poor interaction
might be attributed to the presence of longer butyryl chains
compared to the propionyl groups in CP (note that the degree of
substitution value is DSbutyryl = 1.66 and DSacetyl = 1.00 for CAB
and DSpropionyl = 2.76 for CP), which might restrict secondary
interactions (steric reasons or due to enhanced hydrophobicity

of CAB) between lignin and the –OH and C=O groups of the
cellulose derivative. Furthermore, the strain at break value does
not change appreciably with increasing fiber content until 10
wt% fiber loading, and it drops to its half when 20 wt% fibers
are present in the composite. This drop can be associated with
a thicker skin layer in this type of composite containing fibers
perpendicularly aligned to the flow direction (see Figure S6),
this alignment can also be attributed to weak polymer-fiber
interactions. At 10 wt% carbon fiber content (unmodified fiber
surface) a maximum tensile strength of ∼94 MPa is obtained
(∼20% improvement compared to the neat polymer matrix,
Figure 7B), while the brittleness of the material does not change
considerably if compared with the neat polymer (see the strain at
break values in Figure 7B). This type of composite has therefore,
superior properties over any other cellulose-based short carbon
fiber reinforced polymers prepared in this study.

Composites Based on Polyamide 6
The tensile test results for the composites prepared using
polyamide 6 as matrix are shown in Figures 6C, 7C. The
tensile strength and modulus significantly increase as fibers are
added to this polymer, and it appears that surface modification
has no impact on these properties. A large increase in tensile
strength is obtained at 20 wt% fiber loading, with exceptional
∼250% improvement (∼136MPa; Figure 6C, unmodified fibers)
compared to the neat polymer. This large enhancement can be
attributed to very good fiber-matrix adhesion, as it can be seen
on the fracture surfaces in Figure 9. Both the functionalized
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FIGURE 7 | Strain at break values for (A) cellulose propionate (CP), (B) cellulose acetate butyrate (CAB), (C) polyamide 6 (Nylon 6), and (D) polypropylene (PP) based
composites. CF, carbon fiber; MCF, modified carbon fiber (lignin coated).

FIGURE 8 | Mean fiber length in the composite samples. CF, carbon fiber;
MCF, modified carbon fiber (lignin coated).

and unfunctionalized fibers are well-covered by the polymer,
the interfacial layer resists the applied load during the tensile
test, and it appears that matrix failure occurs first. The fiber
orientation at the skin and at the core of the specimen is
parallel to the flow direction (see Figures S7, S8), which is also

advantageous with respect to the mechanical properties. In this
work, the unmodified short fibers have no sizing agent on
the surface, and it appears that this results in beneficial fiber-
polymer interactions. In a previous study, short fibers with
sizing agent have been applied, in that case, on the fracture
surfaces the fibers are well-separated from the matrix and also
less improvement could be obtained in the tensile strength results
compared to our findings (at 20 wt% carbon fiber loading a
tensile strength of∼90MPa has been reported) (Karsli and Aytac,
2013).

The fiber length mostly remains longer in polyamide 6
based composites compared to the cellulosic matrices (Figure 8).
Furthermore, an interesting phenomenon can be noticed on the
strain at break values, as the carbon fiber surface is functionalized
with lignin the fracture strain increases (Figure 7C). Such
an increase might be connected to plasticizing effects acting
at the interface, which can help in dissipating the stress
along the fiber axis, eventually rendering the material less
prone to stress accumulation. When 20 wt% carbon fiber is
embedded in the matrix, the strain at break value is appreciably
improved regardless of the surface modification. This might
be attributed to fiber-fiber interactions [“bridge effect” (Fu
et al., 2000)] due to the high fiber loading, helping to dissipate
the stress.
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FIGURE 9 | Fracture surfaces of composite samples containing 20 wt% carbon fiber. Pictures on the left and right site depict composite samples prepared with
unmodified and modified carbon fibers, respectively.

It is noteworthy to mention that the polyamide
based composite containing 20 wt% carbon fiber has
superior characteristics in terms of tensile strength and
fracture strain.

Composites Based on Polypropylene
It is obvious on the tensile test results that short carbon fiber
reinforced polypropylene composites have inferior mechanical
properties compared to other composites prepared in this

Frontiers in Chemistry | www.frontiersin.org 11 November 2019 | Volume 7 | Article 757152

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Szabó et al. Green Carbon Fiber Reinforced Composites

study (Figure 6D). The tensile strength is slightly increased
at 5 and 10 wt% fiber loadings (∼14% increase compared
to the neat polymer), and it reaches ∼40 MPa at 20
wt% fiber content (∼50% increase compared to the neat
polymer). The large increase at relatively high fiber loading
is attributed to fiber-fiber interactions resulting in “bridge
effects” (Fu et al., 2000). It appears that surface modification
detrimentally affects the mechanical properties as slight decrease
in tensile strength can be noticed. It is reasonable to
think that the originally hydrophilic lignin with -OH and -
COOH groups in its structure will not establish beneficial
secondary interactions with the polypropylene matrix that has
a hydrophobic character. On the fracture surfaces, fiber-matrix
separation can be observed, which becomes more significant
after surface modification (Figure 9). The compatibility between
polypropylene and lignin can, however, be improved if lignin
is functionalized with aliphatic groups, as it has been shown
in other studies from our laboratory (Sakai et al., 2018a,b).
The elastic modulus monotonously increases (Figure 6D) with
fiber loading, this is in line with previous reports pointing
out that this mechanical property is mainly dependent on
the fiber volume fraction and less dependent on other
factors (Molnár et al., 1999; Fu et al., 2000). The mean
fiber length remains relatively longer in these composites
compared to other cases due to poor fiber-matrix interactions
(Figure 8). Furthermore, while the material retains its ductile
nature at 5 wt% fiber loading, the fracture strain falls to
a low value after 10 wt% fiber is included in the polymer
matrix (Figure 7D).

Thermal Analysis
It has been shown before that the presence of fibers has an
effect on the glass transition temperature (Tg) of a polymer
(Rezaei et al., 2009; Karsli and Aytac, 2013). At low carbon
fiber loading, it was reported that fibers can increase the degree
of crystallinity of the polymer matrix via increasing crystal
growth rate and the number of nucleation sites, however, they
can exert opposite effects as the amount of fiber increases in
the matrix (Karsli and Aytac, 2013). Furthermore, it has also
been shown that glass transition temperature increases with
increasing fiber length (Rezaei et al., 2009). It is clear from
these studies that glass transition temperature of short carbon
fiber reinforced composites stems from the complex interplay of
many factors.

The glass transition temperature values were determined for
the cellulosic matrices and for polyamide 6 (the polypropylene
used in this study is a metallocene catalyzed random copolymer,
which made it difficult to analyze the wide range of glass
transitions appearing during the thermal analysis), including
the composites with 20 wt% fiber loading (the highest fiber
loading was chosen since the amount of sizing on the surface
is only ∼3 wt%). As it can be seen in Table 2, the Tg value
is not affected by the presence of fibers appreciably in case
of the cellulosic matrices, however, a slight decrease occurs
when lignin is present on the surface. The Tg value decreases
more significantly for polyamide 6 after adding fibers, and

TABLE 2 | Glass transition temperature values.

Glass transition temperature (◦C)

CP 129.8

CP + 20% CF 129.5

CP + 20% MCF 128.9

CAB 132.3

CAB + 20% CF 132.2

CAB + 20% MCF 131.6

Nylon 54.8

Nylon + 20% CF 53.5

Nylon + 20% MCF 51.4

CP, cellulose propionate; CAB, cellulose acetate butyrate; CF, carbon fiber; MCF, modified

(lignin coated) carbon fiber.

an even sharper drop is observable when lignin-coated fibers
are applied. The similar tendency that can be seen for these
polymer matrices indicates that similar phenomenon might
take place that eventually determines the glass transition in
these materials when lignin is present at the interface. The
mobility of polymer chains might increase close to the interface
where lignin is present compared to the case when polymer
chains face a rigid graphitic carbon layer at the interphase.
When we compare the results of the mechanical tests and the
thermomechanical analysis, it becomes clear that we cannot
draw conclusion connecting the glass transition temperature
and the mechanical properties of the materials. This might
be due to the fact that these mechanical properties are
determined mostly by the bulk matrix properties for short fiber
reinforced composites and interfacial interactions (the interphase
represents only a small fraction of the matrix) might be of
lesser importance.

CONCLUSIONS

Our study aimed at preparing short carbon fiber reinforced
composites using polymers that can be potentially derived from
biomasses (cellulose derivatives, and polyamide 6) and thereby,
have promising sustainability potential. Furthermore, interfacial
interactions were engineered by immobilizing lignin, a renewable
resource, on carbon fiber surface applying industrially scalable
benign chemistries.

It appears that cellulosic matrices are relatively sensitive
to the presence of rigid fiber segments that restrict polymer
chain movement and facilitate microcrack formation. Increasing
fiber-matrix interactions appears to bring about only slight
improvement in the mechanical properties. Therefore, in these
cases, further advancement might be achieved considering
the physicochemical properties of the polymers (molecular
weight, crystallinity).

At the same time, polyamide 6 has exceptional potential to
accommodate fibers. A large improvement in tensile strength was
obtained (reaching a maximum value of ∼136 MPa at 20 wt%
fiber loading) without leading to a largely brittle material.
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Our study makes it clear that biomass-based short carbon
fiber reinforced polymers can be promising green materials for
a sustainable resource based society.
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To investigate lignin degradation, scientists commonly use model compounds.

Unfortunately, these models are most of the time simple β-O-4 dimers and do not

sufficiently mimic the wide complexity of lignin structure (i.e., aliphatic side chains and

robust C-C bonds). Herein, we present a methodology to access advanced lignin models

through the first synthesis of two trimers of monolignol G—possessing side-chains and

both robust β-5 bond and labile β-O-4 bond—via a chemo-enzymatic pathway. Key

steps were (1) the C-C coupling via laccase-mediated oxidation, (2) the C-O coupling

via a simple SN2 between a phenolate and a bromoketoester, and (3) a modified Upjohn

dihydroxylation or a palladium-catalyzed hydrogenation. (β-5)-(β-O-4) dihydroxytrimer

and dihydrotrimer of coniferyl alcohol (G) were obtained in good global yield, 9 and 20%,

respectively, over nine steps starting from ferulic acid.

Keywords: lignin models, coniferyl alcohol, monolignol, trimers, total synthesis, C-C coupling, biocatalysis,

laccase

INTRODUCTION

Lignins are the second most abundant biopolymer on Earth and the first potential source of
aromatic compounds. However, due to their tridimensional architecture and the large diversity
of linkages between their three principal constitutive units, they are under exploited. In order
to provide a better understanding of this extremely complex biopolymer and design efficient
degradation processes, models of lignin have been used for a long time. To the best of our
knowledge, the first reported synthesis of lignin model compounds emerged in 1952 (Sen, 1952).
Recent studies still involved ligninmodel compounds (Gao et al., 2018; Lee and Yang, 2018; Rinesch
and Bolm, 2018; Shimizu et al., 2018). They mainly used (β-O-4) dimers without side chains
as models to study oxidative cleavage of the ether bond, known as the non-condensed linkage
in lignin. Not only such approach does not address the steric effect and electronical interaction
due to the side chains, but it also bypasses the robust C-C bond in the lignins, the ones that are
responsible for lignin recalcitrance to degradation. Even if (β-O-4) linkage is abundant, it seems
to us important also to look at the impact of oxidative treatments on condensed bond, such as (β-
5) C-C bond, in order to efficiently depolymerize lignins. Recently, Forsythe et al. have described
an interesting route to obtain controlled oligomers containing (5-5), (β-5), and (β-O-4) linkages
but always without functionalization of the side chain (Forsythe et al., 2013). In previous works,
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we have synthesized model compounds with elaborated side
chains to (1) conduct electrochemical study (Cottyn et al., 2015),
(2) develop analytical method and immunohistochemistry
approaches (Mouterde et al., 2013), or (3) unveil the chemical
reactivity of lignosulfonates (Broussard et al., 2016). Such models
can be used for numerous applications such as determining
energetic level for electronic excitation (e.g., photochemistry),
determining preferential pathways of (de)lignification, or
estimating the required energy to break specific C-C bonding
and release monomers from lignin. Herein, we describe the
first total chemo-enzymatic synthesis of both the (β-5)-(β-O-4)
dihydroxytrimer of monolignol G and the naturally occurring
dihydrotrimer (Ono et al., 1998; Ye et al., 2016; Jiang et al.,
2017). Monolignol G is the most widespread in nature, as it is
the main constituent of softwoods lignin (>90%) and is present
in large amount in hardwood (30–40%) and grasses (35–50%).
(Bouxin, 2011) These two trimers will allow comparison of
reactivity with (β-5) and (β-O-4) dimers and determining
the impact of side chain complexity in depolymerization for
instance. The chosen synthetic methodology is a convergent
pathway starting from ferulic acid and acetovanillone, involving
(1) the enzymatic dimerization of coniferyl alcohol (G) to

SCHEME 1 | Retrosynthetic routes towards dihydroxy-(β-5)-(β-O-4) trimer and naturally occurring dihydro-(β-5)-(β-O-4) trimer of coniferyl alcohol G.

obtain the (β-5) C-C bond, (2) the formation of the (β-O-4)
C-O linkage using nucleophilic substitution (SN2) between a
phenolate and a bromoketoester, and (3) the dihydroxylation
of the double bond to finalize the formation of (β-5)/(β-O-4)
dihydroxytrimer of monolignol G, or the hydrogenation of
this double bond to achieve the (β-5)/(β-O-4) dihydrotrimer of
monolignol G (Scheme 1).

RESULTS AND DISCUSSION

The synthesis of the two targets started with the preparation of di-
acetylated (β-5)-dimer 1 from ferulic acid (2), in five steps. Using
the strategy previously reported for sinapyl alcohol (Jaufurally
et al., 2016), 2 was transformed into ethyl ferulate (3) through a
Fischer esterification. Subsequent DibalH-mediated reduction of
3 provided coniferyl alcohol (aka monolignol G) in 77% overall
yield from 2. Enzymatic dimerization of G in the presence of
laccase isolated from Trametes versicolor (EC.420-150-4) was
performed in an emulsion of ethyl acetate and aqueous acetate
buffer pH = 5 at room temperature. It is noteworthy to mention
that a slow addition of laccase solution via a syringe pump
allowed controlling the ratio between G and radical species in
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SCHEME 2 | Synthesis of 1 from ferulic acid (2).

the reaction medium, thus limiting the formation of oligomers.
Only trans diastereoisomer of β-5 dimer of G (4) was obtained
as determined by NMR and according to Lou et al. (2018)
(43% yield) (data shown in Supplementary Material). The two
aliphatic alcohols and the phenol moiety were subsequently
acetylated (Ac2O, pyridine), prior to specific deacetylation of the
latter in the presence of piperazine in THF to provide compound
1 (92% yield, 30% overall yield in five steps starting from ferulic
acid) (Scheme 2).

In another hand, the synthesis of bromoketoester of
guaiacol (6) was performed from acetovanillone (7) in three
steps (Scheme 3). Benzylation of 7 (BnBr, KI, K2CO3, DMF,
quant.) gave O-benzylacetovanillone that was then reacted
with diethylcarbonate and sodium hydride to provide the
corresponding β-ketoester (8) in 78% yield. The latter then
underwent bromination (NBS, Amberlyst A15) giving 6 (79%
yield, 62% overall yield from 7).

Formation of the β-O-4 bond was achieved through the
coupling between 6 and 1 via a SN2 process as previously
reported by Forsythe et al. (2013) and Kishimoto et al. (2006).
It is worth mentioning that, to achieve (β-O-4) bond, such SN2
was preferred to the aldolization strategy we previously applied
for the preparation of (5-5′)-(8′-O-4′′) dihydrotrimer of ferulic
acid (Mouterde et al., 2013), due to easier operation conditions
and higher reported yields [49% in acetone (Lancefield and
Westwood, 2015) and 97% in DMF (Kishimoto et al., 2006)].
Performing this reaction with potassium carbonate in DMF
provided the per-protected (β-5)-(β-O-4) trimer of G (9) in
83% yield (Scheme 3). To access the desired targets, it was
necessary to reduce the ketone and ester moieties. To do so,
the procedure reported by Patil and Yan (2016) was applied
(NaBH4, THF/H2O) and provided the intermediate 10 in 82%
yield. Even if the molecular ion of these adducts cannot be
identified in HRMS, probably because of a high reactivity leading

to decomposition of the molecule, the disappearance of all peaks
between 2.5 and 1.5 ppm and those at 4.24 and 1.21 ppm in
the 1H NMR spectrum proved the cleavage of the acetates and
esters, respectively (data shown in Supplementary Material).
Moreover, 13C NMR spectrum further confirmed this result and
proved also the reduction of the ketone as the peak at 190.0
ppm disappeared.

To access the dihydrotrimer 11, intermediate 10 was
submitted to a palladium-catalyzed hydrogenation step in order
to simultaneously cleave the benzyl protecting group and reduce
the double bond. It was observed that performing the reaction
in ethanol, resulted only in the reduction of the double bond,
leaving the benzyl protective group untouched. The cleavage
of recalcitrant benzyl moieties being facilitated in highly polar
solvent and in the presence of an acid, the successful concomitant
debenzylation and reduction of 10 was achieved by using a 95/5
mixture of methanol and acetic acid, providing dihydrotrimer
(β-5)-(β-O-4) (11) in 98% yield (Scheme 3, 67% overall yield
from 1, and 20% from ferulic acid in nine steps). It is worth
mentioning that despite many attempt, no HRMS data could be
obtained for 11. Nevertheless, 1H & 13C NMR analyses proved
the reduction of the double bond and the cleavage of the benzyl
protecting group.

Another pathway to intermediate 10 was designed to reduce
the number of steps. Ethyl ferulate (3) was enzymatically
dimerized using the same procedure applied for 4 leading
to a phenolic diester (12) in similar yield. This procedure
circumvented the reduction of 3 into G, the acetylation
and the specific deacetylation. As the phenol moiety was
free, the phenolate was directly generated by action of
potassium carbonate and reacted with bromoketoester 6 to
provide the desired ketotriester (13) in excellent yield (84%).
The aluminum-mediated reduction (Dibal-H) of 13 proved
troublesome due to extreme difficulty to recover the desired
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SCHEME 3 | Synthesis of naturally occurring dihydrotrimer (β-5)-(β-O-4) (11).

product from the quenched reaction mixture. Unfortunately,
although there have been reports on the successful NaBH4-
mediated reduction of aromatic/conjugated esters (Bianco et al.,
1988; Boechat et al., 2004; da Costa et al., 2006) the NaBH4-
mediated reduction of 13 proved unsuccessful even with longer
reaction time (4 days) or addition of more NaBH4 (up to
20 equivalents) (Scheme 4).

Finally, in order to access naturally occurring (β-5)-(β-O-4)
dihydroxytrimer 14, the double bond in 9 had to be converted
into the corresponding 1,2-diol through a dihydroxylation
step (Scheme 5). The use of a modified osmium tetroxide-
based Upjohn approach (K2OsO4, NMO, EtOH/H2O, citric acid)
(Moreaux et al., 2019) allowed the formation of compound 15
(58% yield). The latter was then deprotected in the presence
of sodium borohydride to provide 16 in 65% yield. Compound
16 exhibiting a high polarity, its purification through flash
chromatography had to be performed in reverse phase. Finally,
dihydroxytrimer (β-5)-(β-O-4) 14was obtained after the removal
of the benzyl group using the same hydrogenation procedure as
previously described. Efficient removal of acetic acid and ethanol
was achieved through azeotropic distillation, providing pure 14
in excellent yield (99% overall yield starting from ferulic acid in
nine steps).

MATERIALS AND METHODS

Material
Ferulic acid, 1M diisobutyl aluminum hydride in
dichloromethane, benzyl bromide, laccase from Trametes
versicolor (776 U/g), piperazine, and sodium hydride
were purchased from Sigma-Aldrich and used as received.
Acetovanillone, sodium borohydride, pyridine, and
diethylcarbonate were purchased from TCI and used as received.
Palladium on carbon and anhydrous magnesium sulfate were
purchased from Acros Organics and used as received. Deuterated
solvents were purchased from Euriso-top. Other reagents, salts,
and solvents were purchased from VWR.

DMF was dried using mBraun SPS 800. Evaporations were
conducted under reduced pressure (Vario Vacuubrand pump)
on Buchi R300. Flash chromatographies were performed on
a Puriflash 4100 (Interchim) equipped with and pre-packed
INTERCHIM PF-30SI-HP (30µm silica gel) columns. IR
analyses were performed on Cary 630 FTIR (Agilent). NMR
analyses were recorded on a Bruker Fourier 300. 1HNMR spectra
of samples were measured on a 300 MHz apparatus, chemicals
shifts were reported in parts per million relative to solvent
residual peak (CDCl3 δ = 7.26 ppm; DMSO-d6 δ = 2.50 ppm).
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SCHEME 4 | Unsuccessful alternative pathway to 10.

13C NMR spectra of samples were recorded at 75 MHz and
calibrated on solvent peak (CDCl3 δ = 77.16 ppm; DMSO-d6
δ = 39.52 ppm).

Methods
Synthesis of Dimer (β-5) (4)
Coniferyl alcohol G (3.0 g, 16.6 mmol) was dissolved in ethyl
acetate (170mL) at room temperature, then citrate/phosphate
buffer 4.5 (170mL) was added and the mixture was vigorously
stirred (1,000 rpm). Laccase from Trametes versicolor (21mg,
16.3 U/mmol) was dissolved in pH 4.5 buffer (50mL) and
added at 10mL.h−1 to the mixture. At the end of the addition,
layers were separated and aqueous layer was extracted twice with
AcOEt (75mL). Organic layers were then combined, washed with
brine, dried over anhydrous MgSO4, filtered and concentrated
to dryness. Product was purified by flash chromatography over
silica gel in 10/90 cyclohexane/AcOEt, providing 4 as an orange
foam (1.28 g, 43%).

IR (neat): ν = 3,332 (O-H), 2,926 + 2,869 (C=C), 1,610 +

1,516+ 1,496+ 1,461 (C=C arom) cm−1.
1H NMR (DMSO-d6, 300 MHz) δ = 9.02 (s, 1H, H23), 6.93

(m, 3H, H10 +H20 +H21), 6.75 (s, 2H, H6 +H17), 6.46 (d, 1H, J
=15.9Hz, H4), 6.21 (dt, 1H, J = 15.9Hz, J = 5.4Hz, H3), 5.45 (d,
1H, J = 6.9Hz, H15), 5.02 (t, 1H, J = 5.4Hz, H14), 4.78, (t, 1H,
J = 5.7Hz, H1), 4.08 (td, 2H, J =5.4Hz, J = 1.2Hz, H2), 3.79 (s,
3H, H22), 3.74 (s, 3H, H11), 3.58–3.74 (m, 2H, H13), 3.43 (m, 1H,
H12) ppm.

13C NMR (DMSO-d6, 75 MHz) δ = 147.6 + 147.1 (Cq, C8 +

C19), 146.4 + 143.7 (Cq, C7 + C18), 132.3 (Cq, C16), 130.5 (Cq,
C5), 129.5 (Cq, C9), 129.0 (Cs, C4), 128.0 (Cs, C3), 118.5 + 115.3
(Cs, C6 + C17), 114.9 (Cs, C20), 110.3 (Cs, C10 + C21), 87.2 (Cs,
C15), 62.9 (Cd, C13), 61.7 (Cd, C2), 55.6 (Ct, C11 + C22), 53.0 (Cs,
C12) ppm.

HRMS (EI): Calcd for C20H22O6 [M]: 358.1416 and for
C20H23O

+

6 [M+H]+: 359.1489, found 359.1566.

Synthesis of Tri-O-Acetylated Dimer (β-5) (5)
4 (2.6 g, 7.25 mmol) was dissolved in pyridine (18mL) and acetic
anhydride (11mL, 109 mmol, 5 equiv/function) was added. The
reaction was stirred at room temperature overnight. Reaction
mediumwas poured into acidified iced water. The precipitate was
filtered off and rinsed with water until neutral pH. After drying,
5 was recovered in quantitative yield and used in the next step
without further purification.

IR (neat): ν = 2,940 (C-C), 1,733 (C=O), 1,603 + 1,506 +

1,462 + 1,421 + 1,366 + 1,332 (C=C arom), 1,214 + 1,187 +

1,146+ 1,127 (C-O) cm−1.
1H NMR (CDCl3, 300 MHz) δ = 6.98 (m, 3H, H10 + H20 +

H21) 6.88 (m, 2H, H6 + H17), 6.59 (m, 1H, H4), 6.15 (dt, 1H,
J = 15.6Hz, J = 6.6Hz, H3), 6.54 (d, 1H, J = 6.6Hz, H15), 4.70
(dd, 2H, J = 6.6Hz, 1.2Hz, H2), 4.26–4.47 (m, 2H, H13), 3.91 (s,
3H, H22), 3.78 (m, 4H, H15 +H11), 2.30 (s, 3H, H26), 2.09 (s, 3H,
H24), 2.05 (s, 3H, H25) ppm.

Frontiers in Chemistry | www.frontiersin.org 5 December 2019 | Volume 7 | Article 842160

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Flourat et al. Novel Advanced Synthetic Lignin Models

SCHEME 5 | Synthesis of naturally occurring (β-5)-(β-O-4) dihydroxytrimer (14).

13CNMR (CDCl3-d6) δ= 171.0+ 170.8 (Cq, C14 +C1), 169.0
(Cq, C23), 151.3 (Cq, C18), 148.2 (Cq, C8), 144.4 (Cq, C7), 139.7
+ 139.4 (Cq, C16 + C19), 134.3 (Cs, C4), 130.7 (Cq, C5), 127.3
(Cq, C9), 122.9 (Cs, C20), 121.3 (Cs, C3), 118.2 (Cs, C21), 115.4
(Cs, C10), 110.6 (Cs, C17), 109.9 (Cs, C6), 88.1 (Cs, C15), 65.4 (Cd,
C13), 65.2 (Cd, C2), 56.0 + 55.9 (Ct, C11 + C22), 50.5 (Cs, C12),
20.6–21.1 (Ct, C24 + C25 + C26) ppm.

HRMS (EI): Calcd for C26H28O9 [M]: 484.1733 and for
C26H28O9Na+ [M+Na]+: 507.1631 found 507.1637.

Synthesis of diO-Acetylated Dimer (β-5) (1)
5 (7.25 mmol) was dissolved in THF (70mL) and piperazine
(1.87 g, 21.75 mmol, 3 equiv) was added. Reaction mixture
was stirred 4 h at room temperature. After completion, THF
was removed under reduced pressure. The crude mixture was
dissolved in AcOEt (50mL), washed with HCl 1M (3∗15mL)
and brine (20mL), dried over anhydrous MgSO4, filtered
and concentrated. After purification by flash chromatography
in 40/60 cyclohexane/AcOEt, 1 was recovered as colorless
oil (2.95 g, 92%).

IR (neat): ν = 3,443 (OH), 2,939 (C-C), 1,732 (C=O), 1,601
+ 1,515 + 1,493 + 1,460 + 1,423 + 1,364 + 1,331 (C=C arom),
1,216+ 1,144 (C-O) cm−1.

1H NMR (CDCl3, 300 MHz) δ = 6.88 (m, 5H, H6 + H10

+ H17 + H20 + H21), 6.60 (d, 1H, J =15.9Hz, H4), 6.16 (dt,
1H, J = 15.9Hz, J = 6.6Hz, H3), 5.65 (s, 1H, H23), 5.47 (d, 1H,
J = 7.5Hz, H15), 4.71 (dd, J = 1.2Hz, J = 6.6Hz, 2H, H2) 4.37
(m, 2H, H13), 3.91 (s, 3H, H22), 3.86 (s, 3H, H11), 3.77 (m, 1H,
H12), 2.10 (s, 3H, H24), 2.03 (s, 3H, H25) ppm.

13CNMR (CDCl3-d6, 75MHz) δ= 171.1 (Cq, C14), 171.0 (Cq,
C1), 148.4 (Cq, C8), 146.8 (Cq, C18), 146.0 (Cq, C19), 144.5 (Cq,
C7), 134.5 (Cq, C16), 132.3 (Cs, C4), 130.6 (Cq, C5), 127.8 (Cq,
C9), 121.2 (Cs, C3), 119.7 (Cs, C21), 115.4 (Cs, C20), 114.4 (Cs,

C10), 110.6 (Cs, C17), 108.7 (Cs, C6), 89.0 (Cs, C15), 65.4 (Cd, C2

+ C13), 56.1 (Ct, C11 + C22), 50.4 (Cs, C12), 21.2 (Ct, C24), 21.0
(Ct, C25) ppm.

HRMS (EI): Calcd for C24H26O8 [M]: 442.1628 and for
C24H27O

+

8 [M+H]+: 443.1700 found 443.1867.

Synthesis of 9
UnderN2, 1 (1.4 g, 3.16mmol) was dissolved in dryDMF (10mL)
and K2CO3 (0.66 g, 4.75 mmol, 1.5 equiv) was added (reaction
turned yellow). After cooling to 0◦C, a solution of 6 (1.9 g, 4.75
mmol, 1.5 equiv) in DMF (9mL) was added dropwise. Reaction
mixture was stirred at room temperature for 3 h, then quenched
with water (50mL) and extracted with AcOEt (3∗50mL). Organic
layers were combined, washed with brine, dried over anhydrous
MgSO4, filtered and concentrated. After purification by flash
chromatography in 5/5 cyclohexane/AcOEt, 9 was recovered as
an oil (2.04 g, 83%).

IR (neat): ν = 2,953 (C-C), 1,734 (C=Oester), 1,676
(C=Oketone), 1,593 + 1,508 + 1,459 + 1,420 + 1,379 + 1,332
(C=Carom), 1,209+ 1,143 (C-O) cm−1.

1H NMR (CDCl3, 300 MHz) δ = 7.77 (dd, J = 8.4Hz,
J = 2.1Hz, 1H, H31), 7.68 (d, J = 2.1Hz, 1H, H27), 7.27–7.45 (m,
5H, H35 +H36 +H37), 6.74–6.94 (m, 6H, H6 +H10 +H17 +H20

+H21 +H30), 6.59 (d, J =15.6Hz, 1H, H4), 6.15 (dt, J = 15.6Hz,
J = 6.6Hz, 1H, H3), 5.73 (s, 1H, H23), 5.47 (d, J = 6.9Hz, 1H,
H15), 5.23 (s, 2H, H33), 4.71 (d, J = 6.6Hz, 2H, H2), 4.43 (m, 1H,
H13a), 4.24 (m, 3H, H13b + H38), 3.92 (s, 3H, H32), 3.90 (s, 3H,
H11), 3.75 (m, 4H, H22 + H12), 2.09 (s, 3H, H41), 2.01 (s, 3H,
H40), 1.21 (t, J = 7.2Hz, 3H, H39) ppm.

13C NMR (CDCl3, 75 MHz) δ =190.0 (Cq, C25), 170.9–171.3
(Cq, C1 + C14), 167.0 (Cq, C24), 153.3 (Cs, C29), 150.7 (Cs, C18),
150.6 (Cs, C8), 149.5 (Cs, C28), 148.2 (Cs, C34), 146.3 (Cs, C19),
144.5 (Cs, C7), 136.2 (Cs, C5 + C16), 134.4 (Cs, C4), 130.7 (Cs,
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C9), 128.8 (Cs, C36), 128.3 (Cs, C26), 127.5 (Cs, C37), 127.3 (Cs,
C35), 124.8 (Cs, C31), 121.3 (Cs, C3), 118.7 (Cs, C20), 118.3 (Cs,
C21), 115.4 (Cs, C10), 112.1 (Cs, C30), 112.0 (Cs, C27), 110.5 (Cs,
C17) 110.4 (Cs, C6), 88.4 (Cs, C15), 82.7 (Cs, C23), 70.9 (Cd,
C33), 65.3 (Cd, C2 + C13), 62.3 (Cd, C38), 56.0–56.1 (Ct, C11 +

C22 + C32), 50.4 (Cs, C12), 21.2 (Ct, C41), 20.9 (Ct, C40), 14.3
(Ct, C39) ppm.

HRMS (EI): Calcd for C43H44O13 [M]: 768.2782 and for
C43H44O13Na+ [M+Na]+: 791.2680 found 791.2668.

Synthesis of 10
9 (700mg, 0.91 mmol) was dissolved in THF (7.6mL) and
water was added (2.4mL). At 0◦C, NaBH4 (344mg, 9.1 mmol,
10 equiv) was added by portions. At the end of the addition,
reaction mixture was stirred for two more hours at room
temperature, then quenched by a saturated aqueous solution of
NH4Cl (10mL) and extracted with AcOEt (2∗30mL). Organic
layers were combined, washed with brine, dried over anhydrous
MgSO4, filtered and concentrated. After purification by flash
chromatography in 100% AcOEt, 10 was recovered as an
oil (432mg, 82%).

IR (neat): ν= 3,346 (O-H), 2,934 (C-C), 1,595+ 1,508+ 1,459
+ 1,420 + 1,379 + 1,326 (C=Carom), 1,257 + 1,217 + 1,137
(C-O) cm−1.

1H NMR (DMSO-d6, 300 MHz) δ = 7.30–7.44 (m, 5H, H35

+ H36 + H37), 6.75–7.15 (m, 8H, H6 + H10 + H17 + H20 +

H21 + H27 + H30 + H31), 6.60 (d, J =15.6Hz, 1H, H4), 6.21 (dt,
J = 15.6Hz, J = 6.6Hz, 1H, H3), 5.49 (m, 1H, H15), 5.45 (m, 1H,
H25), 5.05 (m, 3H, H33 + H39), 4.74 (m, 1H, H23), 4.64 (m, 2H,
H2), 4.33 (m, 1H, H24a), 3.80 (s, 3H, H11), 3.73 (m, 4H, H32 +

H1), 3.67 (s, 3H, H22), 3.60 (m, 3H, H13 + H24b), 3.42 (m, 1H,
H12) ppm.

13C NMR (DMSO, 75 MHz) δ =150.0 (Cq, C8), 148.9 (Cq,
C19), 148.3 (Cq, C28), 148.1 (Cq, C18), 147.2 (Cq, C29), 144.2 (Cq,
C7), 137.8 (Cq, C34), 135.7 (Cq, C16), 134.4 (Cq, C5), 134.3 (Cs,
C4), 130.1 (Cq, C9), 129.9 (Cq, C26), 128.8 (Cs, C36 + C37), 128.2
(Cs, C35), 121.4 (Cs, C3), 119.6 (Cs, C31), 118.5 (Cs, C21), 116.0
(Cs, C10), 115.7 (Cs, C20), 113.2 (Cs, C30), 111.8 (Cs, C27), 111.0
(Cs, C17) 110.8 (Cs, C6), 87.5 (Cs, C15), 84.0 (Cs, C25), 71.9 (Cs,
C23), 70.3 (Cd, C33), 65.1 (Cd, C2), 60.4 (Ct, C24), 60.2 (Ct, C13),
56.1 (Ct, C11 + C22), 55.8 (Ct, C32), 53.5 (Cs, C12) ppm.

Synthesis of 11
10 (250mg, 0.38 mmol) was dissolved in methanol/acetic acid
(95/5) mixture (5mL). Reaction medium was purged with
nitrogen during 15min, then palladium on charcoal (25mg,
10% w/w) was added. The reaction was put under dihydrogen
flux overnight at room temperature. Upon completion, reaction
medium was purged with nitrogen during 20min, filtered
through PTFE syringe filter, rinsed twice with 5mL of ethanol
and concentrated. 11 was recovered as a foam (217mg, 98%)
without the need of further purification.

IR (neat): ν= 3,388 (O-H), 2,934 (C-C), 1,602+ 1,509+ 1,460
+ 1,421+ 1,366 (C=Carom), 1,258+ 1,210+ 1,138 (C-O) cm−1.

1H NMR (DMSO-d6, 300 MHz) δ = 8.75 (s, 1H, H33), 7.02–
6.64 (m, 8H, H6 + H10 + H17 + H20 + H21 + H27 + H30 +

H31), 5.43 (m, 1H, H15), 5.28 (m, 1H, H25), 5.00 (s, 1H, H35), 4.70

(m, 1H, H23), 4.59 (s, 1H, H14), 4.44 (s, 1H, H1), 4.29 (m, 1H, H),
3.77–3.69 (m, 12H, H11 +H22 +H32 +H), 3.59 (m, 4H, H), 3.40
(m, 8H, H2 +H4), 1.69 (m, 2H, H3) ppm.

13C NMR (DMSO, 75 MHz) δ = 150.4, (Cq, C8), 148.2 (Cq,
C19), 147.4 (Cq, C28), 146.1 (Cq, C18), 145.9 (Cq, C29), 143.9
(Cq, C7), 140.0 (Cq, C16), 134.6 (Cq, C5) 133.7 (Cq, C9), 128.2
(Cq, C26), 119.9 (Cs C21 + C31), 116.9 (Cs, C10 + C20), 112.9
(Cs, C30 + C27), 111.0 (Cs, C17 + C6), 95.5 (Cs, C15), 84.0 (Cs,
C25), 72.0 (Cs, C23), 63.8 (Cd, C2), 63.5 (Ct, C24), 60.4 (Ct, C13),
56.1 (Cs, C11 + C22 + C32), 55.9 (Cs, C12) 31.8 (Cd, C3), 30.6
(Cd, C4) ppm.

Synthesis of 15
9 (840mg, 1.1 mmol) and citric acid (275mg, 1.3 mmol)
were dissolved in a mixture of acetone (3mL), ethanol (2mL)
and water (1.5mL). Osmium tetroxide solution 4% in water
(170 µL, 27 µmol) was added and then N-methyl morpholine
solution 0.5M in water (270 µL, 1.3 mmol) was added too. The
reaction media was stirred overnight, quenched with Na2S2O3

(10mL) and extracted thrice with ethyl acetate (10mL). Organic
layers were combined washed with water and brine, dried over
anhydrous MgSO4, filtered and concentrated. Flash purification
was conducted on silica gel with cyclohexane/AcOEt (1/1) and
then AcOEt (100%) to afford 512mg of pure 15 as an oil (58%).

IR (neat): ν = 3,456 (O-H), 2,937 (C-C), 1,734 (C=O ester),
1,675 (C=O ketone), 1,592 + 1,508 + 1,454 + 1,419 + 1,368
(C=C arom), 1,209+ 1,135 (C-O) cm−1.

1H NMR (CDCl3, 300 MHz) δ = 7.77 (dd, J = 8.4Hz,
J = 2.1Hz, 1H, H31), 7.68 (d, J = 2.1Hz, 1H, H27), 7.31–7.44
(m, 5H, H35 + H36 + H37), 6.82–6.93 (m, 6H, H6 + H10 + H17

+ H20 + H21 + H30), 5.73 (s, 1H, H23), 5.47 (d, J = 6.9Hz, 1H,
H15), 5.23 (s, 2H, H33), 4.57 (m, 1H, H), 4.39 (m, 1H, H), 4.21–
4.35 (m, 3H, H13b +H38), 4.12 (m, 1H, H), 3.87–4.01 (m, 9H, H),
3.78 (m, 4H, H22 +H12), 2.10 (s, 3H, H41), 2.00 (s, 3H, H40), 1.21
(t, J = 7.2Hz, 3H, H39) ppm.

13C NMR (CDCl3, 75 MHz) δ =190.0 (Cq, C25), 170.9 and
171.4 (Cq, C1+ C14), 167.0 (Cq, C24), 153.3 (Cs, C29), 150.6 (Cs,
C18), 149.5 (Cs, C8), 149.5 (Cs, C28), 148.2 (Cs, C), 146.3 (Cs,
C19), 144.5 (Cs, C7), 136.2 (Cs, C34 + C5 + C16), 134.4 (Cs, C4),
130.7 (Cs, C9), 128.8 (Cs, C36), 128.3 (Cs, C26), 127.5 (Cs, C37),
127.4 (Cs, C35), 124.8 (Cs, C31), 118.8 (Cs, C20), 118.3 (Cs, C21),
115.0 (Cs, C10), 112.1 (Cs, C30), 112.0 (Cs, C27), 110.9 (Cs, C17)
110.4 (Cs, C6), 88.4 (Cs, C15), 82.7 (Cs, C23), 77.4, 74.6, 74.3 (Cd,
C4), 70.9 (Cd, C33), 65.5+ 65.3 (Cd, C2+ C13), 62.3 (Cd, C38),
56.0–56.2 (Ct, C11 + C22 + C32), 50.6 (Cs, C12), 21.0 (Ct, C41),
20.9 (Ct, C40), 14.2 (Ct, C39) ppm.

HRMS (EI): Calcd for C43H46O15 [M]: 802.2837 and for
C43H46O15Na+ [M+Na]+: 825.2726 found 825.2734.

Synthesis of 16
15 (794mg, 0.99 mmol) was dissolved in a THF/water mixture
(8.2 mL/2.6mL). At 0◦C, sodium borohydride (375mg, 9.9
mmol, 10 equiv) was added by portion. The reaction medium
was stirred at room temperature during 18 h. THF was removed
by distillation under reduce pressure and 2.5mL of methanol was
added. The crude mixture was purified by flash chromatography
over C18-grafted silica gel with water/MeOH (1/1) and then

Frontiers in Chemistry | www.frontiersin.org 7 December 2019 | Volume 7 | Article 842162

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Flourat et al. Novel Advanced Synthetic Lignin Models

water/ MeOH (1/4). 16 was recovered as a white foam
(448mg, 65%).

IR (neat): ν= 3,344 (O-H), 2,932+ 2,873 (C-C), 1,602+ 1,507
+ 1,451 + 1,419 + 1,321 (C=C arom), 1,258 + 1,213 + 1,135
(C-O) cm−1.

1HNMR (DMSO, 300MHz) δ= 7.31–7.41 (m, 5H, H35 +H36

+ H37), 6.81–7.06 (m, 8H, H6 + H10 + H17 + H20 + H21 + H27

+ H30 + H31), 5.38–5.47 (m, 2H, H23 +H41), 5.04 (s, 3H, H33 +

H1), 4.99 (t, J = 4.5Hz, 1H, H39), 4.76 (m, 1H, H3), 4.66 (m, 1H,
H14), 4.53 (m, 1H, H38), 4.45 (m, 2H, H25 + H40), 4.33 (m, 1H,
H1), 3.68–3.77 (m, 10H, H11 + H22 + H32 +H13a), 3.60 (m, 3H,
H2 + H13b), 3.43–3.48 (m, 2H, H12 + H24a), 3.31 (m, 1H, H4),
3.19 (m, 1H, H24b) ppm.

13C NMR (DMSO, 75 MHz) δ =149.6 (Cq, C7), 148.5 (Cq,
C18), 147.8 (Cq, C8), 146.8 (Cq, C28), 146.3 (Cq, C29), 143.0–
143.1 (Cq, C19), 137.4 (Cq, C34), 136.8 (Cq, C16), 135.3 (Cq, C26),
134.4 (Cs, C5), 128.4 (Cs, C36 +Cq, C9), 127.8 (Cs, C37 + C35),
119.2 (Cs, C31), 118.0 (Cs, C21), 115.1–115.4 (Cs, C10), 112.9 (Cs,
C30), 11.4 (Cs, C17), 111.0–111.4 (C20), 110.4 (C6), 86.8 (Cs, C23),
83.5 (Cs, C15), 75.9 (Cs, C4), 72.8–73.0 (Cs, C25), 71.5 (Cs, C3),
69.9 (Cd, C33), 63.2 (Cd, C13), 62.7 (cd, C24), 60.0 (Cd, C2), 55.7
and 55.4 (Ct, C22 + C32 + C11), 53.5 (Cs, C12) ppm.

HRMS (EI): Calcd for C37H42O12 [M]: 678.7310 and for
C37H42O12Na+ [M+Na]+: 701.2574 found 701.2565.

Synthesis of 14
16 (325mg, 0.48 mmol) was dissolved in a MeOH/AcOH (95/5)
mixture (4.8mL). The reaction medium was purged for 15min
under nitrogen flow before palladium on charcoal (32mg, 10%
w/w) was added. The mixture was then stirred under hydrogen
flow overnight. Upon completion, reaction medium was purged
with nitrogen during 20min, filtered through PTFE syringe filter,
rinsed twice with 5mL of ethanol and concentrated. Crude
product was submitted to azeotropic evaporation with toluene
thrice, then thrice with water to eliminate acetic acid residues.
Light yellow oil was recovered (99%).

IR (neat): ν= 3,324 (O-H), 2,933 (C-C), 1,601+ 1,507+ 1,451
+ 1,420 (C=C), 1,261+ 1,214+ 1,134 (C-O) cm−1.

1HNMR (DMSO-d6, 300 MHz) δ = 6.52–7.01 (m, 13H, H6 +

H10 +H17 +H20 +H21 +H27 +H30 +H31), 5.45 (m, 1H, H23),
4.70 (m, 3H, H3 + H37 + H36), 4.39 (m, 3H, H25), 4.24 (m, 2H,
H15), 3.63–3.77 (m, 14H, H11 + H22 + H32 + H13a), 3.08–3.55
(m, 14H, H2 +H3 +H4 +H12 +H13b +H23 +H24) ppm.

13CNMR (DMSO, 75MHz) δ= 149.6–145.5 (Cq, C7 +C18 +

C8 + C28 + C29), 142.9–143.1 (Cq, C19), 136.8–136.9 (Cq, C16),
132.9–134.4 (Cq, C5 + C26), 128.2–128.4 (Cq, C9), 118.0–120.7
(Cs, C21 + C31), 114.6–115.5 (Cs, C10 + C30), 113.2–113.3 (Cs,

C27), 110.4–111.4 (Cs, C17 +C20), 107.8–108.0 (Cs, C6), 86.8 (Cs,
C23), 83.7 (Cs, C15), 75.9–76.1 (Cd, C4), 72.8–73.1 (Cs, C25), 71.5
(Cs, C3), 63.2–64.3 (Cd, C13), 62.6 (Cd, C24), 59.9–60.0 (Cd, C2)
55.4–55.7 (Ct, C11 + C22 + C32), 53.5 (Cs, C12) ppm.

HRMS (EI): Calcd for C30H36O12 [M]: 588.2207 and for
C30H36O12Na+ [M+Na]+: 611.2104 found 611.2110.

CONCLUSION

The total convergent synthesis of the β-5/β-O-4 dihydroxytrimer
of monolignol G (11) and that of the naturally occurring
dihydrotrimer (10) have been successfully achieved in nine steps
and in 9 and 20% yield, respectively, starting from ferulic acid
using laccase-mediated dimerization, nucleophilic substitution
(SN2), and dihydroxylation as key steps.
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Wood hemicelluloses have an excellent capacity to form and stabilize oil-in-water

emulsions. Galactoglucomannans (GGM) from spruce and glucuronoxylans (GX) from

birch provide multifunctional protection against physical breakdown and lipid oxidation

in emulsions. Phenolic residues, coextracted with hemicelluloses using the pressurized

hot water (PHWE) process, seem to further enhance emulsion stability. According

to hypothesis, phenolic residues associated with hemicelluloses deliver and anchor

hemicelluloses at the emulsion interface. This study is the first to characterize the

structure of the phenolic residues in both GGM- and GX-rich wood extracts and

their role in the stabilization of emulsions. PHWE GGM and GX were fractionated

by centrifugation to obtain concentrated phenolic residues as one fraction (GGM-phe

and GX-phe) and partially purified hemicelluloses as the other fraction (GGM-pur and

GX-pur). To evaluate the role of each fraction in terms of physical and oxidative

stabilization, rapeseed oil-in-water emulsions were prepared using GGM, GX, GGM-pur,

and GX-pur as stabilizers. Changes in droplet-size distribution and peroxide values were

measured during a 3-month accelerated storage test. The results for fresh emulsions

indicated that the phenolic-rich fractions in hemicelluloses take part in the formation of

emulsions. Furthermore, results from the accelerated storage test indicated that phenolic

structures improve the long-term physical stability of emulsions. According to measured

peroxide values, all hemicelluloses examined inhibited lipid oxidation in emulsions,

GX being the most effective. This indicates that phenolic residues associated with

hemicelluloses act as antioxidants in emulsions. According to chemical characterization

using complementary methods, the phenolic fractions, GGM-phe and GX-phe, were

composed mainly of lignin. Furthermore, the total carbohydrate content of the phenolic

fractions was clearly lower compared to the starting hemicelluloses GGM and GX,

and the purified fractions GGM-pur and GX-pur. Apparently, the phenolic structures

were enriched in the GGM-phe and GX-phe fractions, which was confirmed by NMR

spectroscopy as well as by other characterization methods. The frequency of the main

bonding pattern in lignins, the β-O-4 structure, was clearly very high, suggesting that

extracted lignin remains in native form. Furthermore, the lignin carbohydrate complex of

γ-ester type was found, which could explain the excellent stabilizing properties of PHWE

hemicelluloses in emulsions.

Keywords: hemicellulose, lignin, lignin carbohydrate complex, emulsion, lipid oxidation

165

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00871
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00871&domain=pdf&date_stamp=2019-12-17
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:maarit.lahtinen@helsinki.fi
https://doi.org/10.3389/fchem.2019.00871
https://www.frontiersin.org/articles/10.3389/fchem.2019.00871/full
http://loop.frontiersin.org/people/689248/overview
http://loop.frontiersin.org/people/786608/overview
http://loop.frontiersin.org/people/808540/overview
http://loop.frontiersin.org/people/866795/overview
http://loop.frontiersin.org/people/866800/overview
http://loop.frontiersin.org/people/786697/overview


Lahtinen et al. Phenol-Hemicellulose Structures Stabilize Emulsions

INTRODUCTION

The sustainable use of natural resources requires the
development of new functional materials from side streams
of industrial processes. Woody material is renewable biomass,
which contains unexploited components that can be used for
valorized products. The main components of wood are cellulose
(33–51%), lignin (21–32%), and hemicelluloses (23–31%),
and it contains minor amounts of other compounds, such as
extractives and minerals (Fengel and Wegener, 1983; Sjöström,
1993). The processes of pulp mills are optimized and efficient
for the production of cellulosic fibers from wood, which are still
needed for many traditional products, such as paper and board
materials (van Heiningen, 2006). New technologies are also
under development for cellulosic fibers, for example as textile
fibers, as reinforcing structures in composite materials, and in
the form of nanocellulose (Faruk et al., 2012; Kim et al., 2015;
Sixta et al., 2015). However, there is also a general need and will
to produce valorized products and processes for the currently
underutilized parts of wood as well as other sources of biomass,
namely, hemicelluloses and lignin (Faruk et al., 2012; Sainio
et al., 2013).

Hemicelluloses can be extracted from biomass prior to other
processing steps by using pressurized hot water (Kilpeläinen
et al., 2014). During pressurized hot water extraction (PHWE),
hemicelluloses and sulfur-free lignin are released from woody
material at temperatures of 160–170◦C. Hemicelluloses and
lignin are partially separated, and extracts enriched with
hemicelluloses can be further purified from lignin using other
methods, such as ultrafiltration or precipitation with ethanol, if
necessary (Bhattarai et al., 2019). We have recently developed
a method of using differing centrifugal forces to separate
hemicellulose- and lignin-rich fractions of PHWE extracts
(Valoppi et al., 2019a).

The chemical structure of wood components reflects
their material properties. The role of hemicelluloses is to
provide flexibility to the cell wall. In contrast to cellulose,
hemicelluloses and lignin are heterogeneous materials with
a complex chemical structure, which is further dependent
on the type of wood (Sjöström, 1993). Thus, the main
hemicelluloses in softwoods and hardwoods are glucomannans
and glucuronoxylans, respectively, although softwoods also
contain minor amounts of glucuronoxylans and hardwoods have
some glucomannans (Sjöström, 1993).

In spruce, the main hemicelluloses are galactoglucomannans
(GGM) (Lundqvist et al., 2002; Hannuksela and Hervé du
Penhoat, 2004; Xu et al., 2007). The backbone of GGM consists of
(1→ 4)-linked β-D-mannopyranosyl (Manp) units and (1→ 4)-
linked β-D-glucopyranosyl (Glcp), and some α-galactopyranosyl
(Galp) units are (1 → 6)-linked to the backbone as single-
unit side groups. The proportions of the carbohydrates in GGM
are 4:1:0.5 for Manp:Glcp:Galp (Willför et al., 2003). In birch,
the main hemicelluloses are 4-O-methylglucuronoxylans (GX)
(Teleman et al., 2002). The backbone of GX consists of (1
→ 4)-linked β-D-xylopyranosyl (Xylp) units, to which α-4-O-
methylglucuronic (MeGlcA) substituents are (1 → 2)-linked.
The proportions are 0.5–1:10 for MeGlcA:Xylp (Teleman et al.,

2002). Both GGM and GX contain O-acetyl (OAc) groups at C-
2 and/or C-3 positions of Manp and Xylp units. The reported
degrees of acetylation are about 15–20% for spruce GGM and
25% for birch GX (Lundqvist et al., 2002; Xu et al., 2007; Du et al.,
2013).

Lignin is an aromatic polyphenol composed of phenylpropane
units (Sjöström, 1993; Boerjan et al., 2003; Vanholme et al., 2010).
The role of lignin in plants is to provide mechanical strength,
enable efficient liquid transportation, and provide protection
against microbial attack (Fengel and Wegener, 1983; Boudet,
2000). The building blocks of lignin are the monolignols p-
coumaryl alcohol (minor component of wood plants), coniferyl
alcohol (major component of softwoods), and sinapyl alcohol
(major component of hardwoods). During lignin biosynthesis,
the monolignols are oxidized to form phenoxy radicals, which
leads to radical polymerization and the formation of different
types of bonding patterns. The most frequent structure in lignin
is the β-aryl ether type (β-O-4), which is prone to react with
different chemicals, leading to degradation of lignin, for example
in kraft pulping process (Sjöström, 1993). The other frequent
linkage types include phenyl coumaran type (β-5) and resinol
type (β-β).

Hemicelluloses and lignin are closely associated in the wood
cell wall. In addition to non-covalent interactions, the presence
of covalently bound lignin-carbohydrate complexes (LCCs) was
suggested decades ago (Fengel and Wegener, 1983). However,
even today, unequivocal proof of different types of LCCs is
lacking, because these structures have low frequencies and
because structural modifications may occur during their isolation
for characterization (Giummarella et al., 2019). Recently,
isolation and characterization of the α-ether type LCC was
successfully performed (Nishimura et al., 2018) and was made
possible by the development of a methodology for enriching
LCCs and characterizing by nuclear magnetic resonance (NMR)
spectroscopy. To date, the structure of phenolic residues and
their associations with hemicelluloses in PHWE extracts are
largely unknown.

Hemicellulose- and phenolic-rich PHWE extracts exhibit
excellent emulsifying ability and physical emulsion stabilization
capacity, which gives them great potential in both bulky
and specialized industrial applications, such as food, paints,
cosmetics, and pharmaceuticals (Mikkonen et al., 2016, 2019;
Valoppi et al., 2019b). Furthermore, PHWE hemicelluloses
containing phenolic co-components offer excellent oxidative
stability in rapeseed oil-in-water emulsions (Lehtonen et al.,
2016, 2018). For comparison, emulsions prepared from rapeseed
oil, which has been purified from natural antioxidants of the oil,
tocopherols, and stabilized with Tween 20 or gum Arabic, are
oxidized in a few days (Heinonen et al., 1997; Lehtonen et al.,
2016). The presence of tocopherols retards the oxidation, which
is, however, modest compared to PHWE GGM, which improves
the oxidative stability for several weeks in an accelerated
storage test (Lehtonen et al., 2018). The strong, previously
developed hypothesis was that phenolic residues associated with
hemicelluloses would be responsible for improved physical and
oxidative stability, but their exact chemical structure was still
unclear (Lehtonen et al., 2018).
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The aim of this study was to reveal the structure of phenolic
residues responsible for the efficient emulsion stabilization
capacity of PHWE spruce GGM and birch GX. In this study,
aqueous GGM and GX were centrifuged in a parallel manner to
separate hemicellulose-rich supernatants and lignin-rich pellets.
For the first time, the fractions were characterized in detail
using complementary chemical analyses to investigate the role
of the lignin-rich fraction in the physical and oxidative stability
of emulsions. Furthermore, characterization of both GGM and
GX using various methods enabled a comparison of softwood
and hardwood hemicelluloses and different analytical methods.
The results explain the structural elements in hemicellulose-rich
wood extracts that are responsible for their excellent performance
in emulsions.

MATERIALS AND METHODS

Hemicelluloses
A pressurized hot water flow-through extraction (PHWE) system
was used to obtain GGM-rich extract from spruce and GX-rich
extract from birch (Kilpeläinen et al., 2014). Spruce sawdust
(from Herralan Saha, Finland, 96.9 kg, 43.5 kg on dry basis) was
extracted at 170◦C for 60min at a rate of 20 l min−1, and 1,000 l
of the extract was collected. Birch sawdust (from Haka-Wood,
Finland, 103.7 kg, 54.2 kg on dry basis) was extracted at 170◦C
for 60min at a rate of 20 l min−1, and 700 l of the extract was
collected. Both the spruce and birch extracts were ultrafiltrated to
obtain concentrated extracts, as described previously (Bhattarai
et al., 2019). The concentrated extracts were finally spray dried
to powdered form using a Buchi Mini Spray Dryer B-290 (Buchi,
Switzerland), which has the evaporation capacity of 1 l h−1 for
water. The conditions for the spray drying used were as follows:
inlet temperature 170◦C, outlet temperature 65◦C, and drying
air flow rate 667 l h−1. The moisture contents of the materials
were 6.0% for GGM and 3.9% for GX after storage in the dark at
room temperature.

Reagents
Rapeseed oil (Keiju, Bunge Finland Ltd, Raisio, Finland) was
purchased in a local supermarket. Monosaccharides used for
the analysis of carbohydrate content were L(+)-arabinose (Ara),
D(+)-xylose (Xyl), D(+)-galactose (Gal), D(+)-glucose (Glc),
D(+)-mannose (Man) from Merck (Darmstadt, Germany),
L(+)rhamnose monohydrate (Rha) from Sigma (St. Louis,
MO, USA), D(+)-sorbitol, D(+)-galacturonic acid monohydrate
(GalA) from Fluka (St. Louis, MO, USA), and D(+)-glucuronic
acid sodium salt monohydrate (GlcA) fromAldrich. The reagents
used for silylation were bis(trimethylsilyl)trifluoroacetamide
(BSTFA) from Merck (Darmstadt, Germany) and trimethylsilyl
chloride (TMSCl) from Fluka (St. Louis, USA). Pullulan
kit standards (Z-POS-pulkith) were used for size-exclusion
chromatography (SEC; Postnova Analytics, Landsberg am
Lech, Germany). Vanillin (Sigma-Aldrich) and syringaldehyde
(Aldrich) were used for the quantification of phenols.

The solvents used for NMR analysis were D2O and d6-DMSO,
which were purchased from Eurisotop (Saint-Aubin, France). All
other solvents used were HPLC or LC-MS grade. Milli-RO water

was used in centrifugal separation, and Milli-Q was used as a
solvent in chemical analysis.

Centrifugation of Hemicelluloses
The 10% solutions of GGM and GX were dissolved in Milli-
RO water and stirred for 2 h at room temperature (total amount
150ml). The solutions were then centrifuged at 18,677 g at room
temperature for 20min. The supernatants (GGM-pur and GX-
pur) and pellets (GGM-phe and GX-phe) were collected and
freeze-dried separately. The recovered yields were 91.0% for
GGM-pur, 4.6% for GGM-phe, 86.6% for GX-pur, and 5.8% for
GX-phe (based on dry material).

Purification of Rapeseed Oil
Rapeseed oil (Keiju, Bunge Finland Ltd, Raisio, Finland) was
purchased from a supermarket and stripped of tocopherols
using a previously described method (Lampi et al., 1999). The
composition has been determined in earlier publications (for
example Lehtonen et al., 2016, 2018).

Preparation of Emulsions
The amount of oil and emulsifier, and the applied buffer and pH
used, were based on optimizations performed in previous studies
(Mikkonen et al., 2016). Emulsions containing hemicelluloses (1
w-%), GGM or GX, or their supernatants, GGM-pur and GX-
pur, in 25mMNa-citrate buffer, pH 4.5, and stripped rapeseed oil
(5 w–%) were prepared by high-pressure homogenization using a
previously describedmethod with somemodifications (Lehtonen
et al., 2016). The total weight of each emulsion was 80 g. First,
carbohydrate was dissolved in buffer by stirring overnight at
room temperature. After the addition of oil, the coarse emulsion
was prepared by stirring the resulting mixture with Ultra-Turrax
(T25 basic, IKA, Staufen, Germany) at 22,000 rpm for 2min.
The mixture was further homogenized by passing it continuously
through a high-pressure homogenizer for 32 s at a pressure of 800
bar (Microfluidizer 110Y, Microfluidics, Westwood, MA, USA).
The homogenizer was configured with 75µm Y-type F20Y and
200µm Z-type H30Z chambers in series.

Accelerated Storage Test
For the accelerated storage test, emulsions were stored in glass
bottles (100ml) at 40◦C in the dark for 3 months. For all the
determinations, emulsions were gently mixed by turning their
containers upside down 10 times before sampling. The properties
of emulsions were monitored on the day of preparation, after 1
and 2 weeks of preparation, and after that approximately every 2
weeks. The properties, which were monitored during the storage
test, were droplet-size distribution and peroxide value. At the end
of the storage period, optical microscopy was used to visualize
the morphology of emulsions (AxioScope A1, Carl Zeiss Inc.,
203 Oberkochen, Germany). For microscopic imaging, the 100x
objective was used, with a Zeiss Phase Contrast condenser with a
Ph3 port.

Droplet-Size Distribution
The droplet-size distribution was determined by static light
scattering technique using a Mastersizer Hydro 3000 (Malvern
Instruments Ltd, Worcestershire, UK). The refractive indexes
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used were 1.33 for water and 1.47 for rapeseed oil (Rumble, 2018–
2019). The emulsions were added directly into the dispersion
accessory, which allowed dilution to avoid multiple scattering
effects. The rotor speed during measurement was 2,400 rpm.
Each sample was measured three times.

Determination of Peroxide Value
Peroxide values (PVs), as an indicator of primary oxidation of
emulsions, were determined by a previously reported method, in
which lipids are first released and extracted and then analyzed
using the ferric thiocyanate method (Lehtonen et al., 2011,
2016). Analytical samples of extracted lipids were prepared in
duplicate, and from both samples of extracted lipids, two samples
were withdrawn for the determination of PVs. Thus, the results
were calculated as averages and standard deviations of four
measured values.

Quantitative Analysis of Carbohydrates
The carbohydrate content of GGM and GX and of their
centrifuged fractions, GGM-pur, GGM-phe, GX-pur, and GX-
phe, were analyzed by GC using the acid methanolysis and
silylation method described previously (Sundberg et al., 1996).
The instrumental details of the analysis were described previously
as well (Chong et al., 2013). External calibration of five
levels of concentration was used to calculate the amount of
each monosaccharide in the samples. Methyl glucuronic acid
(MeGlcA) was quantified based on the two major signals and the
D-glucuronic acid standard (Chong et al., 2013). All samples were
analyzed in triplicate (n= 3).

Structural Characterization of Starting
Materials GGM and GX (Non-acetylated)
and Phenolic Samples GGM-Phe and
GX-Phe (Acetylated) by 2D HSQC and
HSQC-TOCSY NMR, and Evaluation of
Diffusion Constants by 2D DOSY NMR
(Acetylated or Partially Acetylated
Samples)
For structural characterization of the starting hemicelluloses,
GGM and GX, and the fractions enriched with phenolic
compounds, GGM-phe and GX-phe, 2D Heteronuclear Single
Quantum Coherence (HSQC) spectra, 2D Heteronuclear Single
Quantum Coherence—Total Correlation SpectroscopY (HSQC-
TOCSY) spectra and 2D Diffusion Ordered SpectroscopY
(DOSY) data were acquired using a Varian Unity Inova 500-
MHz spectrometer equipped with a 5-mm pulsed-field-gradient
triple resonance probehead (1H, 13C, 15N) capable of delivering
z-gradient amplitudes up to 20 G/cm. The pulse sequences
used in this study were readily available in Varian VNMR 6.1C
spectrometer operating software.

All samples were analyzed in DMSO-d6 at 27◦C. Of the
starting hemicelluloses, GGM and GX, 30mg was first dispersed
in D2O (0.7ml), freeze-dried, and finally dissolved in DMSO-
d6 (0.7ml). Of the phenolic fractions, GGM-phe and GX-phe,
40mg was acetylated in pyridine/acetic anhydride (1:1), and the
remaining reagents/solvents were removed by evaporating the

mixture with ethanol twice, with toluene four times, and finally
with chloroform under reduced pressure twice. The acetylated
sample was then dissolved in DMSO-d6 (0.7ml) and analyzed.

All HSQC spectra were recorded with a standard, phase-
sensitive, gradient-selected HSQC sequence using echo-antiecho
acquisition mode in the indirectly detected dimension. The
hard, rectangular 90◦ pulse widths were 6.7 and 11.5 µs for 1H
and 13C, respectively. The spectral width was 5,573Hz for 1H
(carrier at 5.47 ppm) and 25,133Hz for 13C (carrier at 90.01
ppm). The relaxation delay was 1 s, and the acquisition time was
0.128 s. Experiments were acquired using 64 steady-state scans,
64 transients, and a data matrix size of 713 (1H, complex points)
× 200 (13C, complex points). The data matrices were apodized by
aGaussian function (gf= 0.032) in 1H-dimension and aGaussian
function (gf = 0.004) in 13C-dimension and zero-filled up to
1,024 (1H, complex points) x 1,024 (13C, complex points) prior
to Fourier transformation.

For HSQC-TOCSY, a standard phase-sensitive, gradient-
selected (echo-antiecho) pulse sequence was applied. The hard,
rectangular 90◦ pulse widths were 6.7 and 11.5 µs for 1H and
13C, respectively. The spectral width was 5,573Hz for 1H (carrier
at 5.47 ppm) and 25,133Hz for 13C (carrier at 90.01 ppm).
Relaxation delay was 1 s and acquisition time was 0.184 s. The
TOCSY mixing was performed using the windowed MLEV-17
spin-lock scheme (Griesinger et al., 1988) to suppress possible
ROESY correlations. TOCSY mixing was applied for 100ms at
an RF power of 7.9 kHz. Experiments were acquired using 64
steady-state scans, 64 transients, and a data matrix size of 1,024
(1H, complex points) × 200 (13C, complex points). The data
matrices were apodized by a Gaussian function (gf = 0.037) in
1H-dimension and a Gaussian function (gf = 0.003) in 13C-
dimension and zero-filled up to 1,024 (1H, complex points) ×
1024 (13C, complex points) prior to Fourier transformation.

2D DOSY spectra were measured using Bipolar Pulse
Pair Stimulated Echo sequence with convection compensation
(BPPSTE-cc) (Wu et al., 1995; Jerschow and Müller, 1997). The
spectral width of 8,000Hz in 1H-dimension was covered by
the acquired 8,002 complex points, resulting in 1-s acquisition
time. The relaxation delay was 1 s. In order to map diffusion
coefficients (Dc), 20 spectra were acquired with increasing
amplitudes of rectangular diffusion gradient pulses (from 0.5 to
20 G/cm). The diffusion gradient pulse duration was 2ms, and
the diffusion delay was 600ms. The eddy-current recovery delay
was 150 µs. A total of four steady-state scans and 32 transients
were used to collect all 20 of these spectra. The free induction
decays (FIDs) were apodized using an exponential weighting
function (10-Hz line broadening) and zero-filled up to 8,192
complex points before the Fourier transform. The 2DDOSY plots
were calculated using the dosy macro (a monoexponential fit
on the peak tops) incorporated into VNMR 6.1C software. The
final size of the diffusion dimension in 2D DOSY was 256 data
points. The diffusion coefficients of the macromolecule and the
residual DMSO signal were estimated from each DOSY spectrum
(see Figures S2A–D); the horizontal line shows the estimated
values for Dc(GGM), Dc(GGM-phe), Dc(GX), and Dc(GX-phe).
Moreover, the Dc(DMSO) value for each sample is shown. In
order to compensate the effects of possible sample viscosity
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differences in the diffusion coefficient results, the estimated
diffusion coefficients of the macromolecules were corrected using
the measured diffusion coefficient values for residual DMSO
signal of the solvent (Kavakka et al., 2009). In the correction
procedure, the Dc(DMSO) value in the GGM sample was selected
as the reference [Dc(DMSOref)], and the DOSY results for each
sample were multiplied by Dc(DMSOref)/Dc(DMSO); that is,
after the correction, Dc(DMSO) was the same for all four 2D
DOSY spectra.

Analysis of Molar Masses
Molar masses of GGM, GX, and their centrifuged fractions were
analyzed by SEC (GPCmax, Viscotek Corp., Houston, TX, USA).
The instrumental details were described in a previous study
(Pitkänen et al., 2011). The samples were dissolved in 0.01M
LiBr in DMSO overnight to a concentration of 10mg ml−1 and
filtered through a 0.45µm syringe filter (GHP Acrodisc 13mm,
Pall Corp., Ann Arbor, MI, USA). The volume of the sample
injected was 100 µl. DMSO, containing 0.01M LiBr, was used
as the eluent, with a flow rate of 0.8ml min−1. The molar mass
of samples was estimated using pullulan standards for calibration
(342, 1,320, 5,900, 11,800, and 22,800 Da). The elution data were
processed using the OmniSEC 4.5 software (Viscotek Corp.).

Determination of Phenolic Content by
Pyrolysis GC-MS
Pyrolysis of the starting hemicellulose samples GGM and GX and
the centrifuged pellets GGM-phe and GX-phe was performed
using a foil pulse-type Pyrola 2000 MultiMatic pyrolyzer (Pyrol
AB, Lund, Sweden). The pyrolysis unit was connected to an
Agilent GC model 7890B equipped with an HP5-MS column
(25m x 0.20mm, film thickness 0.33µm), coupled with an
Agilent 5977B quadrupole-MSD with EI ionization (Agilent
Technologies, Santa Clara, CA, USA). Approximately 100 µg
of dry sample and a drop of acetone was applied to the Pt
filament and pyrolyzed at 600◦C for 2 s. Conditions for the GC
analysis were as follows: gas flow (helium) 0.8ml min−1, injector
temperature 300◦C, split 1:20; the column oven temperature was
50◦C for 1min, then heated with a rate of 8◦C min−1 to 320◦C,
which was maintained for 5min; the transfer line temperature
was 250◦C.

Compounds were identified by comparing acquired spectra
with spectra in the Laboratory of Wood and Paper Chemistry,
Åbo Akademi, Finland (own database) and with Wiley
10th/NIST2012. The results were calculated as the relative
abundance of each pyrolysis product (peak area-% of total
peak area).

Quantitative Determination of Extractable
Phenolic Residues by UHPLC-DAD-FLD
and Identification by LC-MS
Phenolic residues of the pellets were extracted and quantified
based on a previously described method, which was slightly
modified (Lehtonen et al., 2016). For extraction, 10mg of
GGM-phe or GX-phe was dissolved in 80% ethanol (1ml)
and centrifuged three times. The supernatants were combined

and evaporated under reduced pressure. The ethanol-soluble
phenolic residues were then extracted with ethyl acetate (3× 500
µl), after adjusting the pH by adding 400 µl of 6M HCl, and
finally the ethyl acetate was evaporated under nitrogen stream.
The ethanol-soluble phenolics were analyzed after extraction
(neutral) or after acid or base hydrolysis. The pellets containing
remaining carbohydrates from GGM-phe were also hydrolyzed
after extraction with acid or base, as described previously
(Lehtonen et al., 2016). No pellet remained from GX-phe
after extraction of phenol. All treatments were performed in
triplicate (n= 3).

For the analysis, all samples were redissolved in 10%
MeOH (1ml), filtered through a 0.2-µm PTFE syringe filter
(VWR International, Radnor, PA, USA), and separated with
an ACQUITY UPLC system (Waters, Milford, MA, USA), as
described previously (Kylli et al., 2011; Lehtonen et al., 2016).
The injection volume for all samples was 10 µl. In addition, the
sample containing the ethanol-soluble phenols hydrolyzed with
base was diluted to 1/10 for quantification at the concentration
levels explained below.

For the identification of the main phenolic compounds
extracted, the same UPLC system equipped with a Waters
Synapt G2-Si high definitionmass spectrometer with a LockSpray
Exact Mass Ionization Source was used. The LC-MS spectra
were processed with MassLynx 4.1 software, which uses an m/z
lockmass value of 556.2771 for leucine eukephalin (equal to m/z
of [M+H]+ + e−). Based on identification with MS, the main
phenolic compounds extracted were quantified using vanillin
and syringaldehyde as the reference compounds, with three
levels of concentration in the range of 10–45 ng/injection. LC-
MS spectra are presented in the Supplementary Material. ESI-
MS vanillin: m/z 153.0552 [M + H]+ (C8H9O3 + e− requires
153.0552), syringaldehydem/z 183.0657 [M + H]+ (C9H11O4 +

e− requires 183.0657).

RESULTS AND DISCUSSION

Fractionation of Hemicelluloses and
Preparation of Emulsions
The starting hemicelluloses, spray-dried hot-water-extracted
GGM and GX, were fractioned by centrifugation. As will be
explained in the characterization of materials, supernatants
consisted of hemicelluloses partially purified from phenolic
compounds (GGM-pur and GX-pur fractions), and pellets
contained mainly lignin and other phenolic residues (GGM-
phe and GX-phe). This solvent-free fractionation method takes
advantage on the low solubility of lignin in water, which
enables partial separation of precipitated lignin and water-
soluble hemicelluloses (Valoppi et al., 2019a). In a recently
published study (Valoppi et al., 2019a), the effect of using
different centrifugal treatments on the degree of purification
and properties of GGM-rich PHWE extracts was evaluated in
detail. In the present study, we used high centrifugal forces,
optimized in the previous study (Valoppi et al., 2019a), on
both GGM and GX to compare softwood and hardwood
hemicelluloses for the first time by this fractionation method
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and to reveal the structure of phenolic residues coextracted
with hemicelluloses.

Oil-in-water emulsions were then prepared from rapeseed
oil stripped from tocopherols, using the starting hemicelluloses
(GGM and GX) and the purified fractions (GGM-pur and GX-
pur) as emulsifiers. The resulting emulsions were characterized
to investigate the effect of removed phenolic residues on
the physical and oxidative stability of emulsions. During the
accelerated storage test of emulsions, the droplet-size distribution
was measured periodically to monitor the physical stability, and
the morphology was further confirmed by microscopy.

Physical Properties and Stability of
Emulsions
The droplet-size-distribution curves of all emulsions are
presented in Figure 1, and values from selected time points of
measurements are presented in Table 1 (All other values for
droplet-size measurements are found in Table S1). Only the
fresh emulsion stabilized with GGM-pur had unimodal droplet-
size distribution, and the more bimodal distribution observed
previously for GX emulsions (Mikkonen et al., 2016) was most
evident for fresh emulsion stabilized with GX-pur. The surface
average droplet size D[3,2] for all fresh emulsions was in the

range of 120–150 nm, which is similar to the previous result for
PHWE GGM (Lehtonen et al., 2018). However, the D[3,2] value
of GGM-pur and GX-pur (120 nm) emulsions was smaller than
that of emulsions with the starting GGM and GX (140–150 nm).
The more pronounced bimodal droplet-size distribution of GX-
pur compared to GX emulsion also increased the volume average
droplet size D[4,3], which is affected more by the larger droplets
compared to D[3,2]. During the storage test, the droplet size
increased for all samples, and the change was more apparent
for the emulsions stabilized with the purified hemicelluloses
GGM-pur and GX-pur. This was most clearly observed in the
D90 values, which take into account 90% of the oil droplets,
which are equal or smaller than D90. In conclusion, it seems
that the fraction that was removed from both of the purified
hemicelluloses GGM-pur and GX-pur by centrifugation was
responsible for a slightly larger droplet size of fresh emulsions,
but on the other hand, it enhanced the long-term physical
stability of emulsions, in agreement with previously published
results for GGM (Valoppi et al., 2019a).

The microscopic images obtained at the end of the 3-month
storage period (Figure 2) confirm the results from the droplet-
size-distribution measurements. The average droplet size D[3,2]
for GGM and GGM-pur was still fairly low, 210–220 nm, at the

FIGURE 1 | Droplet-size distribution of emulsions using the starting hemicelluloses, GGM and GX, and purified fractions, GGM-pur and GX-pur, as the emulsifiers.

The physical stability of emulsions was observed during the storage test at 40◦C by measuring droplet-size distribution periodically. The values for selected

measurements are presented in Table 1.
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TABLE 1 | Average droplet-size values for fresh o/w emulsions.

Emulsifier Storage

time

D[3,2]

(µm)

D[4,3]

(µm)

D10

(µm)

D50

(µm)

D90

(µm)

GGM Fresh 0.152 0.552 0.070 0.237 1.050

2 weeks 0.176 1.970 0.081 0.255 1.820

3 months 0.212 6.950 0.095 0.294 11.50

GGM-pur Fresh 0.117 0.215 0.056 0.187 0.415

2 weeks 0.144 1.130 0.068 0.214 4.180

3 months 0.226 4.870 0.100 0.295 8.850

GX Fresh 0.137 1.070 0.057 0.259 4.020

2 weeks 0.171 3.100 0.073 0.301 9.440

3 months 0.260 5.350 0.104 0.413 17.90

GX-pur Fresh 0.116 1.400 0.048 0.205 6.160

2 weeks 0.263 5.670 0.103 0.402 16.80

3 months 0.343 9.580 0.122 3.940 24.60

The D[3,2] and D[4,3] are the surface and volume weighted mean diameters. The D10,

D50, and D90 values mean, respectively, that 10, 50, and 90% of droplets are smaller

compared to that value.

FIGURE 2 | Light microscope images of emulsions at the end of the 3-month

storage period. The emulsifiers are in (a) starting GGM, (b) starting GX,

(c) GGM-pur, and (d) GX-pur. The length of the scale bar is 10µm in all

images.

end of the storage period, and these droplets were hardly visible
by optical microscopy with the magnification used. In the image
of GGM-pur in Figure 2c, there are possibly a couple of larger
droplets compared to the image of GGM in Figure 2a. In the case
of GX and GX-pur (Figures 2b,d), the difference in the number
and size of larger droplets was more evident and clearly reflects
the droplet-size-distribution data.

Oxidative Stability of Emulsions
In order to observe the oxidative stability of emulsions,
their peroxide values were measured periodically during the
accelerated storage test. The oxidative stability of emulsions
stabilized with GX was then investigated for the first time.

FIGURE 3 | Peroxide values for rapeseed oil in emulsions using starting GGM

and GX and using purified GGM-pur and GX-pur as the emulsifiers.

Peroxide values indicate the formation of hydroperoxides, the
initial oxidation products of rapeseed oil (Lehtonen et al., 2011,
2016). The results clearly show (Figure 3) that the phenolic
fraction removed from the starting hemicelluloses GGM and GX
was responsible for inhibiting lipid oxidation in emulsions.

The peroxide values for all emulsions were practically
unchanged during the first 6 weeks of storage, which is
compatible with the previously published results for concentrated
PHWE GGM (Lehtonen et al., 2018). The peroxide values of
all emulsions started to increase after 6 weeks, but the extent
of oxidation was different at the end of the storage period. The
starting hemicellulose GX was the most stabilizing of all the
emulsifiers tested, because the increase of peroxide values during
the 3-month storage period was fairly modest compared to other
emulsifiers, although the stabilization of 6 weeks for GGM is also
a notable result.

Carbohydrate Composition of Starting
Hemicelluloses and Fractionated Materials
From Centrifugation
The carbohydrate composition of the starting hemicelluloses,
GGM and GX, and their purified (pur) and phenolic (phe)
fractions (Table 2) was analyzed in order to evaluate both the
total amount of carbohydrates in each fraction and possible
differences in carbohydrate composition. The total amount of
carbohydrates was around 735mg g−1 for GGM and 615mg g−1

for GX, which is in agreement with results previously obtained
for spray-dried PHWE GGM and GX (Mikkonen et al., 2019).
The total carbohydrate contents for the purified fractions were
845 and 621mg g−1, implying that the fractionation method
increased the ratio of carbohydrates for GGM-pur but was very
similar when starting GX and GX-pur were compared. For the
fractions GGM-phe and GX-phe, the amount of carbohydrates
was clearly lower: 251 and 181mg g−1. This result indicates
that 75–82% of these fractions are of an origin other than

Frontiers in Chemistry | www.frontiersin.org 7 December 2019 | Volume 7 | Article 871171

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Lahtinen et al. Phenol-Hemicellulose Structures Stabilize Emulsions

TABLE 2 | Carbohydrate composition of starting GGM and GX, and the centrifugated fractions GGM-phe and GX-phe obtained from quantitative GC analysis of acid

methanolyzed and silylated samples.

Sample Ara Xyl Rha Gal Glc Man GalA MGA Total

GGM 9.4 ± 0.2 74.5 ± 2.2 7.1 ± 0.1 54.0 ± 1.2 102.9 ± 2.4 441.2 ± 10.3 20.4 ± 0.8 25.2 ± 2.1 734.7 ± 17.7

2.1 16.9 1.6 12.2 23.3 100.0 4.6 5.7 166.5

GGM-pur 9.9 ± 0.1 84.7 ± 1.5 7.3 ± 0.1 64.2 ± 2.9 117.7 ± 3.9 509.6 ± 4.3 23.6 ± 0.5 27.5 ± 1.3 844.6 ± 21.27

1.9 16.6 1.4 12.6 23.1 100.0 4.6 5.4 165.7

GGM-phe 6.1 ± 0.4 22.1 ± 7.8 5.2 ± 0.4 17.8 ± 6.3 46.1 ± 9.2 137.6 ± 45.0 5.7 ± 3.7 10.7 ± 4.3 251.3 ± 75.8

4.4 16.1 3.8 13.0 33.5 100.0 4.1 7.8 182.7

GX 2.2 ± 0.1 495.9 ± 3.2 7.7 ± 0.1 13.5 ± 0.3 13.3 ± 0.2 18.1 ± 0.1 11.2 ± 0.1 52.8 ± 0.4 614.8 ± 3.5

0.5 100.0 1.6 2.7 2.7 3.7 2.3 10.7 124.0

GX-pur 2.4 ± 0.1 499.7 ± 14.4 7.7 ± 0.2 13.7 ± 0.6 13.0 ± 0.6 18.5 ± 0.4 11.8 ± 0.2 54.5 ± 1.2 621.4 ± 15.4

0.5 100.0 1.6 2.8 2.6 3.7 2.4 10.9 124.4

GX-phe 1.6 ± 0.4 132.3 ± 11 5.0 ± 0.1 5.1 ± 0.0 6.0 ± 0.3 6.4 ± 0.3 4.5 ± 0.5 20.5 ± 2.4 181.3 ± 13.7

1.2 100.0 3.8 3.9 4.5 4.9 3.4 15.5 137.1

The results presented in normal font are expressed as mg/g of dry sample. For results presented in bold and italic font, the results have been normalized by setting a value of 100 for

the main carbohydrate in the sample (i.e., for GGM, Man = 100, and for GX, Xyl = 100). Glucuronic acid (GlcA) was not detected.

carbohydrates, which in the case of wood-based hot-water-
extracted material is most likely composed of lignin or other
phenolic residues.

The carbohydrate composition of the starting materials and
purified fractions was more similar to that of the phenolic-
rich fractions. Furthermore, certain carbohydrates seemed to
be associated more closely with the phenolic fractions. In both
GGM-phe and GX-phe, the presence of Araf, Rhap, Glcp, and
MeGlcA was pronounced, even taking into account the high
standard errors in the results. Different types of lignins are known
to be associated with certain carbohydrates: glucomannan-
lignin complexes have been isolated mainly from softwoods,
whereas glucan-lignins have been found in hardwoods and
xylan-lignins in both softwoods and hardwoods (Lawoko et al.,
2005; Li et al., 2011; Du et al., 2013; del Río et al., 2016).
Further separation and characterization of the different types
of carbohydrate-lignins were beyond the scope of this work,
and thus any clear conclusions about the identity of potentially
different polysaccharides associated with lignin cannot be made
at this point.

Structural Characterization of Starting
Hemicelluloses GGM and GX and
Precipitated Fractions GGM-Phe and
GX-Phe by 2D HSQC NMR Spectroscopy
For more detailed chemical characterization, the non-acetylated
starting hemicelluloses were analyzed by 2D HSQC NMR
spectroscopy. The HSQC spectra for GGM and GX are presented
in Figures 4, 5, respectively. The spectra of samples dissolved in
d6-DMSO were tentatively identified based on existing data for
GGM (Hannuksela and Hervé du Penhoat, 2004; Kim and Ralph,
2014; Berglund et al., 2019), for GX (Teleman et al., 2000, 2002;
Rencoret et al., 2012; Kim and Ralph, 2014), for lignin (Liitiä
et al., 2003), and for LCC γ-ester (Giummarella et al., 2019),
combined with the HSQC-TOCSY NMR spectra (presented in

Figures S1A,B). Furthermore, the centrifuged fractions GGM-
phe and GX-phe were acetylated prior to analysis to improve
solubility in d6-DMSO. The HSQC spectra of acetylated GGM-
phe and GX-phe side-chain area are presented in Figure 6,
for which the signals were identified according to previously
published data (Ämmälahti et al., 1998; Qu et al., 2011;Wen et al.,
2012; Du et al., 2013). The color codes and symbols used for the
chemical structures identified are presented in Figure 7, and the
list of peaks is presented in Table S2.

The NMR results support the analysis of carbohydrate
composition, and the main carbohydrates shown in Table 2

were also present in the NMR spectra of the starting materials
GGM and GX (Figures 4, 5). Thus, the most intensive signals
in the spectra of GGM and GX were assigned to Manp and
Xylp, respectively. Glcp could be assigned for both samples,
whereas MeGlcA was found only in the spectrum of GX and
Galp only in the spectrum of GGM. Interestingly, considering
the signal of MeGlcA, for which the MGA4 (see the Figure 7

text for abbreviations used in NMR spectra) does not overlap
with other signals, it seems that the threshold limit of this 2D
NMR technique prevents the observation of MeGlcA in GGM,
in which the relative amount of MeGlcA was lower compared
to GX. Both starting hemicelluloses also contained acetates,
which are naturally present in wood hemicelluloses, GGM and
GX (Sjöström, 1993). The XG13OAc was identified based on a
previous structural characterization of GX of birch, beech, and
aspen, because the position of the cross-signal between X12,3OAc
and X12OAc fits very well with the published data (Teleman et al.,
2000, 2002). The abbreviation XG13OAc refers to the structural
element (→ 4)[4O-Me-α-D-GlcpA-(1 → 2)][O-Ac-(1 →

3)]-β-D-Xylp-(1 → ). Because the previously published NMR
data were obtained in a different solvent (D2O), and because
there were nowmore overlapping signals, assignment of the other
signals belonging to this xylopyranosyl ring was not possible.

The NMR spectra show also that both starting hemicelluloses
contained lignin, for which the signals of β-aryl ether type
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FIGURE 4 | 2D HSQC NMR spectrum of PHWE GGM starting material. Upper figure is the entire NMR spectrum, and lower figure is a magnification of the side-chain

area. The nonacetylated sample was characterized dissolved in d6-DMSO. The symbols and chemical structures are presented and explained in Figure 7.

were the most intensive (Figures 4, 5). Further, the results
provide further evidence of the fact that lignin is the phenolic
material improving emulsifying/functional properties of PHWE
extracts. Because β-O-4 linkage is the most abundant type
in native lignin (Sjöström, 1993), the intensity of the signals

indicated that the structure of lignin was not extensively
degraded but instead preserved during the PHWE process.
The other lignin bonding types found in the spectra of the
starting hemicelluloses were phenyl coumaran type (β-5), found
for both hemicelluloses, and resinol type (β-β), found only
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FIGURE 5 | 2D HSQC NMR spectrum of PHWE GX starting material. Upper figure is the entire NMR spectrum, and lower figure is a magnification of the side-chain

area. The nonacetylated sample was dissolved in d6-DMSO for analysis. The symbols and chemical structures are presented and explained in Figure 7.

for GX. According to the signals in the aromatic region
at around 7 ppm, GGM contained only aromatic protons
of the guaiacyl type, and GX contained mainly aromatic
protons of the syringyl type and a small amount of guaiacyl
type protons.

The starting hemicelluloses also contained -CH2- protons
connected to ester functionality. For GX (Figure 5), the signal
at 4.30/62.92 ppm was assigned to the γ-proton of the β-O-
4-structure linked to MeGlcA through an ester bond, which
is also known as the γ-ester type LCC bond (Li and Helm,

Frontiers in Chemistry | www.frontiersin.org 10 December 2019 | Volume 7 | Article 871174

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Lahtinen et al. Phenol-Hemicellulose Structures Stabilize Emulsions

FIGURE 6 | 2D HSQC NMR spectrum of the fractions GGM-phe (upper figure) and GX-phe (lower figure). Only magnification of the side-chain areas is shown. The

acetylated samples were dissolved in d6-DMSO for analysis. The symbols and chemical structures are presented and explained in Figure 7.

1995; Giummarella et al., 2019). In addition, the signal at
4.30/83.46 ppm was assigned to the β-proton belonging to the
same LCC-bonding pattern type, confirming that γ-ester LCC
bonds must be rather frequent in GX hemicelluloses produced

by the PHWE process. According to model compound studies
using smaller synthesized molecules, as well as to those using
lignin dehydropolymer (DHP), urunosyl units can migrate to
the γ-position (Li and Helm, 1995; Giummarella et al., 2019),

Frontiers in Chemistry | www.frontiersin.org 11 December 2019 | Volume 7 | Article 871175

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Lahtinen et al. Phenol-Hemicellulose Structures Stabilize Emulsions

FIGURE 7 | Chemical structures identified by NMR. The symbols and abbreviations used in NMR spectra are G (Glc), M (Man), MGA (MeGlcA), X (Xyl), A (β-O-4/β-aryl

ether), B (β-β/resinol), C (β-5/phenyl coumaran), AEst (β-O-4 connected with MeGlcA by γ-ester bond), Est (acyl ester), GAr (guaiacyl), and SAr (syringyl). For acetylated

carbohydrates, for example, the abbreviation X12OAc refers to xylose C-1 containing acetyl group in the C-2 position.

and thus it is also possible that LCCs are formed during the
PHWE process. Similarly for GGM (Figure 4), the signals at 4.04
and 4.27/63.25–63.4 ppm could be assigned to -CH2- protons
connected to ester, but because no more of the signals present
belonged to the β-O-4-type LCC-bonding pattern, these signals
could not be unequivocally identified as originating from lignin.
For example, the GGMofAloe barbadensis contains acetyl groups
at the C-6 position of Manp, which give signals at the same
positions in the HSQC spectrum (Campestrini et al., 2013).

As already suggested by the small amount of carbohydrates,
the centrifuged fractions GGM-phe and GX-phe (Figure 6) were
composed mainly of lignin. The samples were also acetylated
prior to analysis in order to improve their solubility in d6-
DMSO. The typical bonding patterns for lignin were found,
and the signals for the β-O-4 bond type were clearly the most
intense, similarly to the starting hemicelluloses. For both GGM-
phe and GX-phe, the other lignin bonding patterns, the β-5
and β-β structures, were also more clearly identified compared

to the NMR spectra of the starting hemicelluloses. The LCC
structures could not be clearly identified from these acetylated
phenolic fractions, because the signals of γ-esters would in this
case overlap with all the acetylated γ-signals in lignin.

Molar Mass Analysis of Starting
Hemicelluloses GGM and GX, Purified
Fractions GGM-Pur and GX-Pur, and
Precipitated Fractions GGM-Phe and
GX-Phe
The results from molar mass analysis by SEC for the starting
hemicelluloses GGM and GX and for the purified and phenolic
fractions are presented in Table 3. The molar masses of starting
GGM, Mw of around 7,300 Da, and starting GX, Mw of around
3,100 Da, were in a similar range, but slightly lower compared to
the previously reported values (Mikkonen et al., 2019). However,
the previously obtained results, 8,200 Da for GGM and 4,000 Da
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TABLE 3 | Molar masses for starting hemicelluloses, GGM and GX, and the

purified and phenolic fractions analyzed by size-exclusion chromatography (SEC)

in DMSO.

GGM GGM-pur GGM-phe GX GX-pur GX-phe

Mn (Da) 917 949 363 632 710 326

Mw (Da) 7,312 7,155 2,769 3,064 3,355 2,472

Mz (Da) 20,371 18,276 25,362 6,571 8,243 8,041

Mw/Mn 7.97 7.53 7.63 4.85 4.73 7.58

for GX, were analyzed in water solutions compared to the DMSO
used in this study, which could have affected the results slightly.
The molar masses of both purified fractions were similar to those
of the starting materials, 7,200 Da for pur-GGM and 3,400 Da
for pur-GX.

For phenolic fractions containing mainly lignin, the estimated
molar masses were lower than those of the starting materials, for
GGM-phe significantly lower 2,800 Da and for GX-phe 2,500 Da.
Although present knowledge indicates that analysis by SEC gives
underestimated molar masses for lignins (Zinovyev et al., 2018),
the results show that GGM-phe and GX-phe have similar molar
masses but that their molar masses are different from those of the
starting hemicelluloses and fractions of purified hemicelluloses.
Furthermore, the polydispersity, Mw/Mn, for all GGM samples
was in the range of 7.5–8.0, although for GX samples the value
was higher for GX-phe (7.6) and lower for starting GX (4.9) and
GX-pur (4.7). In this respect, the variation of molar masses was
similar within the phenolic fractions (GGM-phe and GX-phe)
as well as for the GGM starting material and purified fraction
GGM-pur, whereas dispersity was slightly lower for starting GX
and GX-pur.

Evaluation of Diffusion Constants by DOSY
NMR (Acetylated or Partially Acetylated
Samples)
The 2D DOSY results are shown in Table 4. The viscosity
corrected value Dc(GGM) (0.17 × 10−10 m2s−1) is clearly lower
than Dc(GGM-phe) (0.21 × 10−10 m2s−1), Dc(GX) (0.22 ×

10−10 m2s−1), and Dc(GX-phe) (0.21 × 10−10 m2s−1), the latter
three being practically identical. This is in line with the SEC
results (Table 3), indicating approximately 7 kDa for GGM-pur
and 3 kDa for the others. However, it must be pointed out
that the absolute differences in these diffusion coefficients are
not large. Because there is a spread in the DOSY-correlations
(i.e., all the peaks of the molecule do not appear with the
same Dc value), it is difficult to pick a representative average
value. There are various reasons for the spread, such as possible
overlap with other residual entities, success of DOSY fitting,
non-optimized diffusion time/diffusion gradient area (in order
to achieve sufficient decay), noise, etc. This, combined with the
aforementioned small absolute differences, makes these DOSY
results indicative at best, but still usable for qualitative purposes.
Improvement could be achieved by optimizing the diffusion
delays and/or diffusion gradient areas, increasing the number of

TABLE 4 | Diffusion coefficients (Dc) obtained from DOSY NMR of acetylated (or

partially acetylated) starting GGM and GX and phenolic fractions GGM-phe and

GX-phe.

Dc (×10−10 m2s−1)

Sample Dc(MM) Dc(DMSO) Correction factor Dc(MMCorr)

GGM 0.17 1.30 1.00 0.17

GGM-phe 0.21 1.29 1.01 0.21

GX 0.21 1.39 0.94 0.22

GX-phe 0.22 1.35 0.96 0.21

Dc(MM) is the diffusion constant of macromolecule.

diffusion steps in DOSY measurement, and increasing number
of transients.

Furthermore, the lignin signals, which do not overlap with
other residues, the β-O-4 (1H 5.95 ppm) and ArH (1H 6.65
ppm for GX and 6.97 ppm for GGM), have similar diffusion
coefficients compared to carbohydrate signals. This means that
lignin has a very similar diffusion coefficient compared to
hemicelluloses, which provides further support for covalent
association of carbohydrates and lignin.

Analysis of Phenolic Contents of Starting
Hemicelluloses and Phenolic Fractions
GGM-Phe and GX-Phe Using Pyrolysis
GC/MS
The pyrolysis GC/MS technique (py-GC/MS) was used to
evaluate the usefulness of this method for fast characterization of
the phenolic content of the starting hemicelluloses and phenolic
fractions. Py-GC/MS correlates with the lignin and carbohydrate
composition, especially for pulp samples, and can be used fairly
reliably for the determination of the S/G ratio, which is the ratio
of syringyl and guaiacyl types of units in lignin (del Rio et al.,
2002; Ohra-aho et al., 2013, 2018). Thus, a rough estimation of
the lignin and carbohydrate content of the starting hemicelluloses
GGMandGX and for the lignin-rich residues GGM-phe andGX-
phe was made by grouping all the peaks from py-GC/MS and
calculating areas of all groups, as presented in Table 5.

The results were then compared to the acid methanolysis
followed by GC analysis of total carbohydrates (in Table 2).
Assuming that the starting hemicelluloses and phenolic fractions
contained only hemicelluloses and lignin, the results of the
methods should be compatible. However, the carbohydrate
contents from determined py-GC/MS were much lower
compared to the results obtained from acid methanolysis-GC
method. On the other hand, the lignin content from py-GC/MS
seemed fairly reasonable when compared to total carbohydrate
content from acid methanolysis. When the total carbohydrate
content from acid methanolysis and lignin content from py-
GC/MS were summed, the total content (lignin+ carbohydrates)
was 94.34% for starting GGM, 100.01% for GGM-phe, 86.54%
for starting GX, and 91.73% for GX-phe. According to previous
results, the py-GC/MS-analysis of carbohydrate content is not
necessarily reliable for comparing samples containing different
carbohydrates (Ohra-aho et al., 2018), which probably affected
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TABLE 5 | The products found in py-GC/MS of starting hemicelluloses GGM and

GX and phenolic fractions GGM-phe and GX-phe.

Compound GGM GGM-

phe

GX GX-

phe

Origin

Acetic acid 12.34 4.47 Carb

Methyl acetate 11.25 Carb

1-Hydroxypropan-2 one 0.58 Carb

2,3-Pentanedione 0.71 Carb

3-Hydroxypropanal 12.21 1.55 9.76 1.92 Carb

1,4-Butanedial 2.61 Carb

Methyl-2-oxopropanoate 4.79 Carb

3-Furfural 0.50 Carb

Furfural 3.12 6.68 0.43 Carb

2-Furanmethanol 2.73 Carb

2-Butanone 1.42 Carb

Cyclopent-2-ene-1,4-dione 0.44 Carb

2-Methyl-1-cyclopent-2-enone 0.72 Carb

2-(5H)-Furanone 1.60 Carb

2,5-Dihydropyran-6-one 0.82 Carb

2-Hydroxy-2-cyclopenten-1-one 0.88 0.71 Carb

3-Methyl-2-cyclopentenone 0.80 Carb

Phenol 0.83 0.34 0.67 Ar

4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one 1.05 0.59 0.43 Carb

2-Hydroxy-3-methyl-2-cyclopenten-1-one 1.83 1.85 Carb

D-arabinal 0.09 Carb

2,3-Dimethyl-2-cyclopenten-1-one 0.34 Carb

o-Cresol 0.49 0.22 0.29 0.13 Ar

3,4-Dimethyl-2-hydroxy-2-cyclopentanone 0.34 Carb

p-Cresol 0.35 0.47 0.40 0.15 H

Guaiacol 3.32 6.98 1.28 1.50 G

2-Methylpyran-3,4-dione 0.36 Carb

3-Methylguaiacol 0.20 0.14 0.15 G

4-Methylguaiacol 1.34 5.50 0.51 0.69 G

Catechol 1.30 G

5-Hydroxymethylfurfural 0.88 Carb

Methylveratrol 0.14 Ar

3-Methylcatechol 0.57 0.14 Ar

Guaiacyl acetate 0.20 G

3-Methoxycatechol 0.80 Ar

4-Ethylguaiacol 0.79 1.09 0.22 0.24 G

4-Methylcatechol 0.57 Ar

5-Acetoxymethyl-2-furaldehyde 0.39 Carb

4-Vinylguaiacol 3.16 8.34 1.04 1.24 G

Syringol 0.24 6.64 7.37 S

Eugenol 0.67 2.27 0.37 0.41 G

4-Propylguaiacol 0.26 0.33 G

Vanillin 0.64 5.25 1.66 G

cis-Isoeugenol 0.32 1.57 0.25 G

4-Methylsyringol 1.23 2.09 S

trans-Isoeugenol 1.69 6.54 0.57 0.99 G

Homovanillin 0.52 4.25 0.68 G

Acetovanillone 0.59 3.26 0.90 G

4-Ethylsyringol 0.69 0.66 S

Guaiacylacetone 0.37 1.26 0.20 G

4-Vinylsyringol 4.07 5.31 S

(Continued)

TABLE 5 | Continued

Compound GGM GGM-

phe

GX GX-

phe

Origin

Guaiacylvinylketone 0.53 G

Guaiacylpropenol 0.51 0.88 G

4-Prop-2-enyl syringol* 1.55 1.62 S

Dihydroconiferyl alcohol 0.97 3.67 G

Syringaldehyde 0.15 7.56 S

cis-Coniferyl alcohol 2.16 0.41 G

4-Propynesyringol 0.31 1.52 S

cis-4-Prop-1-enyl syringol* 3.80 4.97 S

Homosyringaldehyde 4.38 S

Acetosyringone 0.20 3.59 S

trans-Coniferyl alcohol 4.07 20.62 2.63 G

Syringylacetone 0.79 1.10 S

2,6-Dimethoxy-4-[(1e)-1-propenyl]phenyl

acetate

0.43 S

Propiosyringone 0.44 S

Syringyl vinyl ketone 1.41 S

Dihydrosinapyl alcohol 0.40 S

cis-Sinapyl alcohol 0.47 2.34 S

trans-Sinapaldehyde 2.32 S

trans-Sinapyl alcohol 13.89 S

Methyldehydroabietate 0.19 RA

9-Oxodehydroabietic acid methyl ester 0.19 RA

Total Carb 44.96 2.13 36.76 7.34

Total H 0.35 0.47 0.40 0.15

Total G 20.52 74.17 4.33 12.48

Total S 0.00 0.24 20.33 60.97

Total Lig (H + G + S) 20.87 74.88 25.06 73.60

Other units 2.60 1.08

S/G ratio 4.70 4.89

The compounds originated from carbohydrates (Carb), p-hydroxyphenyl (H), guaiacyl (G),

or syringyl-type (S) lignin units, other aromatic units (Ar), or rosin acids (RA).

*May contain areas of two signals identified to the same compound by GC-MS. The

significance to the total value is 1% or less.

The values are presented as percentages of the peak area compared to the total

peak area.

the results presented here as well. However, for the rough
evaluation of lignin content in samples of hemicelluloses, the
method could be suitable, and it could provide estimations of the
carbohydrate content in an indirect way.

The S/G ratio of the starting GX and GX-phe samples was
very similar (4.70 and 4.89, respectively; Table 5). The reliability
of analyzing the S/G ratio by py-GC/MS has been shown for
eucalyptus samples (Ohra-aho et al., 2013), and the method is
most likely valid for GX hemicelluloses. A recently published
S/G ratio for birch wood from Sweden was 3.25 (Wang et al.,
2018). Although the results are not necessarily comparable for
samples from different wood materials, the S/G ratio obtained
for lignin associated with GX seems fairly high, also taking into
consideration the results obtained for other hardwood species.
For example, in another study of eucalyptus samples, the S/G
ratio was 1.9–3.1 (Ohra-aho et al., 2013).
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Analysis and Quantitation of Small
Extractable Phenolic Compounds From
Phenolic Fractions GGM-Phe and
GX-Phe—Vanillin and Syringaldehyde as
Indicators in Lignin Participating in
Formation of Emulsions
A previous study showed that certain types of extractable small
phenolic compounds of PHWEGGM concentrate were adsorbed
on the oil droplets of rapeseed oil emulsions (Lehtonen et al.,
2018). It was then assumed that LCC structures composed
of phenolic and carbohydrate residues would improve the
emulsification and stabilization ability of PHWE hemicelluloses.
We now assume also that the extractable phenolic compounds
would be associated with lignin present in the samples. The
phenolic fractions GGM-phe and GX-phe were extracted and
analyzed with UPLC, and the main peaks were identified with
LC-MS and then quantified using corresponding standards.

The main small phenolic compounds identified according to
LC-MS were vanillin (in both GGM and GX) and syringaldehyde
(only in GX). The amounts found in GGM-phe and GX-phe are
shown in Table 6. Both compounds were found mainly in the
ethanol soluble fractions; GX was not even precipitated during
extractions. The amounts of compounds dissolved in neutral
solvent and additionally acid hydrolyzed were very similar.
Clearly, the highest amount of these compounds was released by
base hydrolysis.

The total amount of vanillin and syringaldehyde extracted
was <0.1 m-%, meaning that the amount was still much
lower considering the starting hemicelluloses. However, the
classification of vanillin and syringaldehyde would fit that of
hydroxycinnamic acids (OHCs) in terms of the previously used

TABLE 6 | The amounts obtained from UPLC analysis of main small extractable

phenolic compounds, vanillin and syringaldehyde, which were identified as the

main products extracted from the phenolic residues GGM-phe and GX-phe.

Sample Extraction

method

Vanillin

(µg/g)

Syringaldehyde

(µg/g)

S/G

ratio

GGM-phe Ethanol soluble 818 ± 109 ND

Ethanol soluble +

acid hydrolysis

995 ± 156 ND

Ethanol soluble +

base hydrolysis

6,148 ± 635 ND

Ethanol

precipitated +

acid hydrolysis

28 ± 5 ND

Ethanol

precipitated +

base hydrolysis

101 ± 26 ND

GX-phe Ethanol soluble 255 ± 21 760 ± 55 2.98

Ethanol soluble +

acid hydrolysis

313 ± 40 948 ± 122 3.02

Ethanol soluble +

base hydrolysis

1,603 ± 23 7,677 ± 170 4.79

ND, not detected.

classification (Lehtonen et al., 2018). On the other hand, ethanol
soluble phenols belonging to OHCs were found solely adsorbed
in the oil of the emulsion, which means that vanillin bound to
GGM-phe and syringaldehyde bound to GX-phe also participate
in the formation of emulsions. Furthermore, because these
compounds are clearly mainly covalently bound to the phenolic
fractions containing lignin, it is also likely that lignin is involved
in the formation and stabilization of emulsions.

The S/G ratio of syringaldehyde and vanillin extracted and
base-hydrolyzed from GX-phe was 4.79, which is very close
to the value obtained from py-GC/MS for the whole lignin.
Although the values could be similar by coincidence, it is more
likely that the similar S/G ratio obtained reflects the presence of
lignin adsorbed with hemicelluloses to the surface of emulsion
droplets. Because we have not thus far been able to completely
release hemicelluloses adsorbed on rapeseed oil droplets, this
quantitation by UPLC is by far the best method for identifying
the presence of lignin in emulsions stabilized with PHWE
hemicelluloses, and it can be used to tag on lignin associated
with hemicelluloses.

Properties of Hemicelluloses Affecting the
Physical Properties and Stability of
Emulsions
The results regarding the droplet-size distribution of emulsions
(Figure 1, Table 1) can be explained by the presence of lignin.
For fresh emulsions prepared using purified GGM-pur and
GX-pur fractions, the D[3,2] values were smaller compared to
starting GGM and GX. It is reasonable to assume that lignin’s
participation in the formation of oil droplets would increase
their size.

Regarding the physical stability of emulsions, the droplet size
increased faster during the storage of emulsions stabilized with
GGM-pur and GX-pur compared to emulsions stabilized with
the starting hemicelluloses. This indicates that the presence of
lignin stabilizes the physical structure of emulsions. For PHWE
GGM, it was recently demonstrated that the mixed mechanism
involves Pickering stabilization with interfacial adsorption of
GGM, which are probably associated with lignin (Valoppi et al.,
2019a). In addition, the bimodal distribution of GX into smaller
and larger droplets was less enhanced in the presence of lignin.

It is evident that lignin, as a natural antioxidant, is also
responsible for the improved oxidative stability of emulsions.
However, oxidation of phenolic compounds may also change
their chemical structure, which could further induce structural
changes and affect the physical stability of emulsions. The
presence of LCC bonds was evident from the NMR spectrum
of starting GX, and the γ-ester structures found could be at
least partially responsible for the functional properties of PHWE
hemicelluloses, allowing the lignin part anchor to the oil droplet
surface, as hypothesized previously (Lehtonen et al., 2018). In this
case, it is not necessary to debate whether the LCCs are derived
from the starting wood material or produced during the PHWE
process; the essential point is the excellent functional properties
of hemicelluloses produced by the PHWE process.
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CONCLUSIONS

We showed that phenolic structures, which were partially
removed from both GGM- and GX-rich wood extracts by
using centrifugal forces, played a key role in emulsion stability.
The proportions, chemical compositions, and molar masses
of the phenolic-rich fraction varied between GGM and GX
hemicelluloses. Complementary chemical characterization
of centrifuged materials showed that the phenolic-rich
fraction contained mainly native lignin and a small amount
of carbohydrates.

Using various approaches, the results confirmed that this
phenolic-rich fraction improved both the physical and the
oxidative stability of emulsions stabilized with PHWE extracts.
The antioxidative properties of phenolic compounds coextracted
with hemicelluloses may also be interlinked with the physical
stability of emulsions. Furthermore, NMR analysis confirmed
the presence of a high concentration of γ-ester type LCCs,
which could explain the excellent emulsifying capacity of PHWE
hemicelluloses. Both GGM and GX produced emulsions with
high physical and oxidative stability, although the emulsions had
slightly different types of characteristics depending on the source
of hemicellulose. The results also showed that in order to achieve
desired emulsifying properties, the total removal of lignin is not
advisable; in fact, it introduces unnecessary complexities into the
PHWE biorefining process.
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Lignocellulosic biomass (LB) is an abundant and renewable resource from plants

mainly composed of polysaccharides (cellulose and hemicelluloses) and an aromatic

polymer (lignin). LB has a high potential as an alternative to fossil resources to

produce second-generation biofuels and biosourced chemicals and materials without

compromising global food security. One of the major limitations to LB valorisation is its

recalcitrance to enzymatic hydrolysis caused by the heterogeneous multi-scale structure

of plant cell walls. Factors affecting LB recalcitrance are strongly interconnected and

difficult to dissociate. They can be divided into structural factors (cellulose specific

surface area, cellulose crystallinity, degree of polymerization, pore size and volume) and

chemical factors (composition and content in lignin, hemicelluloses, acetyl groups). Goal

of this review is to propose an up-to-date survey of the relative impact of chemical and

structural factors on biomass recalcitrance and of the most advanced techniques to

evaluate these factors. Also, recent spectral and water-related measurements accurately

predicting hydrolysis are presented. Overall, combination of relevant factors and specific

measurements gathering simultaneously structural and chemical information should help

to develop robust and efficient LB conversion processes into bioproducts.

Keywords: lignocellulose, recalcitrance, chemical composition, structure, enzymatic hydrolysis

INTRODUCTION

The environment is suffering from climate change, worsened by over-exploitation of resources thus
increasing global greenhouse gas emission (Anderson et al., 2019; Hassan et al., 2019). Sustainable
and environmentally friendly energy based on renewable resources are required in order to meet
the world’s future energy needs. Lignocellulosic biomass (LB) continues to attract global interest as a
sustainable alternative to fossil carbon resources to produce second-generation biofuels and other
biobased chemicals without compromising global food security (Menon and Rao, 2012; Chandel
et al., 2018). These include agricultural wastes such as cereal straw (Yuan et al., 2018) and bagasse
(Dias et al., 2009), forest residues such as pine (Cotana et al., 2014) and dedicated crops and
short rotation coppices such as miscanthus (Lewandowski et al., 2000), switchgrass (Schmer et al.,
2008), and poplar (Sannigrahi et al., 2010). LB is mainly composed of cellulose, hemicelluloses and
lignin, making a complex assembly of polymers naturally recalcitrant to enzymatic conversion.
That is why some pre-treatment steps are mandatory to make cellulose more accessible by
changing the physical and/or the chemical structure of LB and facilitating the conversion of
polysaccharides into fermentable sugars (Zhao et al., 2012a; Kumar and Sharma, 2017). Factors
affecting LB recalcitrance are strongly interconnected and difficult to dissociate (Zhao et al.,
2012b; Bichot et al., 2018). They can be divided into structural factors, which mainly refer
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to cellulose specific surface area, cellulose crystallinity, degree
of polymerization, pore size and volume; chemical factors,
related to composition and content in lignin, hemicelluloses
and acetyl groups. Although many studies have investigated
the impact of these factors on recalcitrance by examining
different LB feedstocks and operating process conditions,
conclusions obtained are not always obvious and even
sometimes contradictory.

This review aims to propose an up-to-date survey of the role
of chemical and structural factors on biomass recalcitrance and of
the most advanced techniques to evaluate these factors. Resulting
from the assessment of these factors, some promising methods
aimed at predicting hydrolysis are presented and discussed, so
that they should help to develop robust LB conversion processes
into biofuels and biobased chemicals.

FACTORS CONTRIBUTING TO THE
RECALCITRANCE OF LIGNOCELLULOSIC
BIOMASS

LB is naturally recalcitrant to microbial and enzymatic
degradation, which constitutes a real obstacle to its industrial
valorisation into bioenergy and biomaterials. To optimize
deconstruction, it is necessary to understand and overcome the
chemical and the structural factors conferring the recalcitrance
property to lignocellulose in plant cell walls.

Chemical Factors Impacting Enzymatic
Hydrolysis
Cellulose
Cellulose, the most abundant LB polymer, representing 40–60%
in weight (Sharma et al., 2019), consists of ß-D-glucopyranose
units linked via ß-(1,4) glycosidic bonds, with cellobiose as
the fundamental repeating unit. The cellulose chains made up
of 500–1400 D-glucose units are arranged together to form
microfibrils, which are packed together to form cellulose fibrils
(McKendry, 2002; Robak and Balcerek, 2018). Cellulose fibrils are
embedded in a lignocellulosic matrix that makes it very resistant
to enzymatic hydrolysis. Yoo et al. reported that the cellulose
content was positively correlated with the glucose release (Yoo
et al., 2017a). The degree of polymerization (DP) of cellulose
which is the number of glucose units in the polymer playing
a crucial role on LB recalcitrance. But its exact role is still
not quite clear and difficult to investigate individually with the
current knowledge. Indeed, altering DP is always accompanied
by changes in structural parameters such as crystallinity and
porosity. For example, Sinitsyn et al. (1991) found that reduction
in DP of cotton linters by γ-irradiation had a minor effect on
the saccharification rate. Ioelovich et al. got similar conclusion
(Ioelovich and Morag, 2011). However, Lu et al. (2019) reported
that the cellulose DP was negatively correlated to the cellulose
hydrolysis. It is assumed that long cellulose chains contain more
hydrogen bonds and are difficult to hydrolyze, whereas shorter
cellulose chains contain a weaker hydrogen-bonding system
and therefore are believed to facilitate enzyme accessibility
(Hallac and Ragauskas, 2011; Meng et al., 2017).

Hemicelluloses and Acetyl Groups
Hemicelluloses are heterogeneous groups of biopolymers,
representing 20–35% of the biomass weight (Chandel et al.,
2018). It contains various monosaccharide subunits to form
xylans, xyloglucan, mannans and glucomannans, and others
(McKendry, 2002). The DP of hemicelluloses is in the range of
100–200 units (Mota et al., 2018), which is much lower than
that of cellulose, but it can present a high degree of more or
less complex substitutions. Hemicellulose is amorphous, with
little physical strength. It is readily hydrolysed by dilute acids
or bases, as well as hemicellulase enzymes (Isikgor and Becer,
2015). Hemicelluloses act as a physical barrier limiting the
accessibility of enzymes. It has been reported that removal of
hemicelluloses by dilute acid or steam explosion pre-treatment
could increase cellulose conversion by improving the accessibility
of enzymes to cellulose (Auxenfans et al., 2017a; Herbaut et al.,
2018; Santos et al., 2018). Kruyeniski et al. (2019) reported that
the removal of hemicelluloses on pre-treated pine improved the
fibers porosity and the area available for enzymes. The impact
of hemicelluloses on LB recalcitrance still not quite clear as
some lignin is often removed with hemicelluloses. Some studies
have reported that hemicelluloses removal was more efficient
than lignin removal for improving enzymatic hydrolysis rate
(Yoshida et al., 2008; Leu and Zhu, 2013; Lv et al., 2013), whereas
others indicated that lignin removal was much more important
(Gao et al., 2013; Kruyeniski et al., 2019).

LB hemicelluloses can be extensively acetylated with acetyl
groups (OAc). OAc may restrict cellulose accessibility by
interfering with enzyme recognition (Pan et al., 2006). It also
might hinder the formation of productive binding between
cellulose and the catalytic domain of cellulases through
increasing the diameter of cellulose chain or changing its
hydrophobicity (Zhao et al., 2012a). Previous studies on corn
stover reported that reducing the acetyl content improved
enzyme effectiveness (Kumar and Wyman, 2009a,b). Whereas,
other studies on poplar wood, wheat straw, switchgrass and
bagasse pointed out that the effect of deacetylation was more
significant on hemicellulose digestibility than on cellulose
digestibility (Grohmann et al., 1989; Chang andHoltzapple, 2000;
Liu et al., 2014). Chang and Holtzapple (2000) and Zhu et al.
(2008) showed that the impact of OAc depends on the lignin and
cellulose content and biomass crystallinity.

Lignin
Lignin is the second most abundant polymer in LB after
cellulose, corresponding to 15–40% of dry weight (Ragauskas
et al., 2014). It is a very complex amorphous heteropolymer
of phenylpropanoid building units (p-coumaryl, coniferyl, and
sinapyl alcohol) (Agbor et al., 2011). Lignin is responsible for
hydrophobicity and structural rigidity. It binds hemicelluloses
to cellulose in the cell wall. It is well-known that lignin plays a
negative role in the conversion of cellulose influenced by several
factors such as total lignin content, lignin composition/structure
(in particular hydroxyl groups content and S and G units
content) (Santos et al., 2012). First of all, lignin can physically
limit polysaccharide accessibility: it plays a role as physical
barrier that blocks the access of enzymes to cellulose. Also,
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it can irreversibly adsorb cellulases and other enzymes during
enzymatic hydrolysis due to its hydrophobic structural features
including hydrogen bonding, methoxy groups, and polyaromatic
structures (Kumar and Wyman, 2009b; Zeng et al., 2014).
Previous studies showed that the lignin content was negatively
correlated with enzymatic digestibility in poplar (Meng et al.,
2017; Yoo et al., 2017a), also in miscanthus, in wheat straw
(Herbaut et al., 2018) and in transgenic rice (Huang et al.,
2017). The removal of lignin generally disrupts the lignin-
carbohydrates matrix, increases the porosity and reduces non-
productive adsorption sites for enzymes (Pihlajaniemi et al.,
2016; Kruyeniski et al., 2019). It has been reported that phenolic
hydroxyl groups (lignin-derived compounds) cause reversible
inhibition of cellulases (Yu et al., 2014; Yang and Pan, 2016; Yao
et al., 2018). Blocking free phenolic hydroxyl groups by chemical
reaction such as hydroxypropylation significantly reduced (by
65–91%) the inhibitory effect of lignin (Yang and Pan, 2016). Yoo
et al. showed that lignin S/G ratio is important as an independent
recalcitrance factor (Yoo et al., 2017a). However, the correlation
between lignin S/G ratio and recalcitrance is still not obvious. For
example, Herbaut et al. and Yu et al. showed a positive correlation
between the S/G ratio and the hydrolysis yields for miscanthus
and woody chips (Yu et al., 2014; Herbaut et al., 2018) because
of the higher binding capacity of G (with branched structure)
over S (with linear structure and low degree of polymerisation)
to cellulase (Guo et al., 2014; Yoo et al., 2017b). By contrast,
others found a negative correlation between S/G ratio and the
enzymatic hydrolysis in woody chips (Papa et al., 2012), in pre-
treated miscanthus (Xu et al., 2012; Li et al., 2014), in pre-treated
wheat straw (Jiang et al., 2016) and in genetically engineering
poplar (Escamez et al., 2017). On the other hand, previous
studies showed that changes in S/G ratio of untreated LB did
not influence the enzymatic hydrolysis: for untreated poplar
with S/G ratio between 1.0 and 3.0 (Studer et al., 2011), for
Arabidopsis stems containing G- and S-rich lignin (Li et al.,
2010) and for transgenic alfalfa (Chen and Dixon, 2007). Overall,
lignin contributes strongly to LB recalcitrance influenced by its
chemical composition and its structure, limiting the accessibility
of enzymes to cellulose.

Interactions Between Polymers
We detailed the impact of each polymer on LB recalcitrance
above. There is a need to find out how interactions between
them increase the recalcitrance of the cell walls to the
enzymatic hydrolysis. Cellulose and hemicelluloses are intimately
associated together through hydrogen bonds (Lee et al., 2014),
meanwhile lignin are covalently linked to hemicelluloses to
form lignin-carbohydrate complex (LCC) (Tarasov et al., 2018;
Giummarella and Lawoko, 2019). There are five different
types of lignin-carbohydrate bonds, phenyl glycosides (PG),
benzyl ethers (BE), γ-esters esters (GE), ferulate/coumarate
esters (FE/CE) and hemiacetal/acetal linkages that are linked to
lignin at 4-OH and 4-O positions (Giummarella and Lawoko,
2019). It has been suggested that the interactions between the
microfibers from cellulose and hemicelluloses, as well as the LCC
linkage plays a significant role in wood structure and affects
significantly its enzymatic hydrolysis by reducing the area of

cellulose accessible for enzymes (Balan et al., 2009; Du et al.,
2014). Until now, the study of LCC is still a controversial
topic in lignocellulosic chemistry, due to difficulties in the
characterization of heterogeneous biomass substrate in addition
to the low concentration of LCC (Obst, 1982). That is why
there is a need to develop efficient methods to enrich the LCC
such as mild chemical methods or the use of pure enzymes
in order to achieve a quantitative analysis of LCC using NMR
(Giummarella and Lawoko, 2019).

Physical Factors Impacting Enzymatic
Hydrolysis
Crystallinity
Crystallinity has been identified as one of the most extensively
studied supramolecular properties of cellulose. It represents
the proportion of crystalline regions to amorphous regions.
Crystalline cellulose fibers are closely related to each other by
non-covalent hydrogen bonds that make their enzymatic
hydrolysis 3–30 times lower than in amorphous zones
(Zhao et al., 2012b). But the impact of crystallinity on hydrolysis
differs. Some studies reported that crystallinity correlated
negatively with enzymatic hydrolysis especially at the initial
hydrolysis rate on pre-treated wheat straw (Pihlajaniemi et al.,
2016), on pre-treated corn stover (Liu et al., 2014; Xu et al.,
2019) and on hybrid polar, switchgrass, and bagasse (Chang
and Holtzapple, 2000). Others showed that crystallinity was less
critical in limiting hydrolysis than other physical features such
as DP, pore volume, accessible surface area, and particle size
(Mansfield et al., 1999; Ioelovich and Morag, 2011; Aldaeus et al.,
2015; Auxenfans et al., 2017a; Meng et al., 2017; Zhang et al.,
2018). Another piece of evidence is that in the majority of cases,
pure cellulose is used as a substrate to correlate the crystallinity
to the saccharification yield, which is not representative of the
heterogeneous of LB substrate.

Particle Size
Particle size was identified as a key parameter affecting cellulose
hydrolysis potential (Barakat et al., 2014; Vaidya et al., 2016).
The reduction of particle size through milling, grinding, and
extrusion could enhance the affinity between cellulose and
enzymes, deconstruct lignocellulose compact structure and
thus increase the rate of hydrolysis (Silva et al., 2012; Pang
et al., 2018; Yu et al., 2019). Studies have demonstrated that
mechanical deconstruction facilitates enzymatic hydrolysis of
various feedstocks such as wood chips (Jiang et al., 2017),
miscanthus and wheat straw (Kim et al., 2018) and corn
stover (Yu et al., 2019). However, some researchers pointed out
that there is a size threshold depending on the lignocellulosic
feedstocks. Chang andHoltzapple (2000), observed that a particle
size reduction below 400µm has a negligible effect on the
hydrolysis yield of poplar. Whereas, Silva et al. (2012) reported
that the size threshold was 270µm for wheat straw.

Accessible Surface Area (ASA)
Accessible surface area (ASA) of LB is a critical factor
for enzymatic hydrolysis, highly related to porosity structure
properties, such as specific surface area (SSA) and pore volume
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(Liu et al., 2014). Reduction in the particle size or increase in
pore volume causes an increase of ASA. It has been shown that
theenzymatic conversion of pre-treated pine wood is increased
with ASA (Torr et al., 2016). Also Goshadrou et al. (2013)
reported that ASA could enhance the fiber accessibility of aspen
wood to the hydrolytic enzymes. However, ASA is difficult to
estimate, SSA is often used to measure the real surface that is
available to enzymes (Silvi Octavia et al., 2017). Moreover, just
like crystallinity, it is impossible to consider only SSA (Karimi
and Taherzadeh, 2016a). The smaller the particle is, the higher the
SSA is (Silvi Octavia et al., 2017). Zhang et al. (2018) reported that
the hydrothermal pre-treated corn stover increased the SSA by
2-fold, resulting in 138% enhancement of enzymatic digestibility.
Lu et al. (2019) also found that ball milling increased the SAA
of cellulose by a factor of two due to the reduction in particle
size; these changes made cellulose more accessible and more
reactive and resulted in higher glucose yield. However, Peciulyte
et al. (2015) pointed out the absence of significant correlation
between the yield of cellulose conversion of cellulosic substrates
and the SSA.

Accessible Volume (Pore Size: Internal Surface Area)
Accessible volume of cellulose in LB is considered as an
important factor influencing enzymatic deconstruction
(Jeoh et al., 2007). According to their sizes or their shapes,
pore volumes are more or less accessible to enzymes. The size
of a cellulase is typically around 5.1 nm, and so, only the pores
larger than 5.1 nm are supposed to be accessible to enzyme
(Grethlein, 1985). Some authors found that there is a strong
correlation between pore size of the biomass and the enzymatic
conversion yield for dilute acid pre-treated poplar (Meng et al.,
2013) and cellulosic substrates (Peciulyte et al., 2015). Herbaut
et al. demonstrated that correlations with specific porosity
ranges are biomass specific and pre-treatment dependent.
For example, hydrolysis yield correlated strongly to pore size
range 15–30 nm for wheat straw, whereas it correlated to pore
size range 10–15 nm for poplar. For miscanthus, only pores
below 10 nm correlated strongly with hydrolysis, which proved
that there is no generic pore size allowing an enhancement
of hydrolysis yield and that diffusion of enzymes within the
plant cell wall is specific to each biomass species (Herbaut et al.,
2018). Other reports found that there is no correlation between
pore size and hydrolysis yield, for dilute acid pre-treated corn
stover (Ishizawa et al., 2007), pre-treated pine (Kruyeniski et al.,
2019), and dilute acid pre-treated and delignified sugarcane
(Santos et al., 2018). Moreover, Stoffel et al. (2014) and Vaidya
et al. (2016) also showed that the increase of pore volume when
lignin contents does not exceed 15% has a negligible effect on
enzymatic digestibility of pre-treated pine.

PREDICTING ENZYMATIC HYDROLYSIS

LB recalcitrance to enzymatic degradation was found to be a
multi-variant and multi-scale phenomenon, affected by several
physical and chemical factors such as hemicelluloses and
lignin content, DP of cellulose and accessible surface area and
volume (Figure 1). However, various studies have demonstrated

FIGURE 1 | Factors influencing LB recalcitrance. In blue box: the increase in

value of the factor increases LB recalcitrance; in red box: the increase in value

of the factor decreases LB recalcitrance. When factors are in two boxes, their

effect is variable.

opposing trends in the effects of these factors due to the
complexity of LB and the unknown interactions between
these factors.

Several studies have developed high throughput
methodologies to characterize the composition and the
structure of large sets of LB samples using wet chemistry and
spectroscopy (Studer et al., 2010; Krasznai et al., 2018). These
methods have the advantages of being fast and automatic
with a very low sample mass and minimal sample preparation
(Decker et al., 2018). For instance, Selig et al. developed a high
throughput method to determine glucan and xylan content in
poplar, pine, wheat stover and pine using a glucose oxidase and
a xylose dehydrogenase-based assays instead of HPLC analysis
which reduced remarkably the duration of the analysis from
48 to 5-6 h (Selig et al., 2011). Pyrolysis-molecular beam mass
spectrometry was used as a high throughput technique to analyse
lignin content and structure and polysaccharides content in LB
feedstocks (Penning et al., 2014; Decker et al., 2015; Sykes et al.,
2015; Harman-Ware et al., 2017). Decker et al. (2012) developed
a high throughput method to investigate the effect of the starch
content in a set of 250 switchgrass variants on the recalcitrance
after hydrothermal pre-treatment and enzymatic hydrolysis
(5 days).

High throughput techniques provide useful information to
characterize LB while saving time and effort. However, those
techniques are not fully automatic (some manual transfers
between operations is often necessary), also specialized costly
robots, reactors, and sophisticated computational tools are
required. More importantly, conducting enzymatic hydrolysis
takes several days, whereas there is a need to predict from initial
properties of biomass how it will behave during biotechnological
transformation in order to adapt the process conditions.
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As detailed in the previous section, measuring conventional
factors such as lignin content (for example using standard
wet-chemistry analysis), cellulose crystallinity or porosity
(for example using Simons’s staining or thermoporosimetry)
provide reliable information about composition, accessibility
and structure and can be carried out by several techniques with
their advantages and drawbacks (Table 1).

In many cases, they are very useful to understand the
relationship between assayed factors and hydrolysis. But these
parameters are far from being universal to predict hydrolysis, for
several reasons:

– Hydrolysis conditions depend on biomass species,
pre-treatments, and enzymatic cocktails, which are not
standard from one research report to another;

– Measurements of the chemical and structural parameters
depend on the instrument, methods and conditions of analysis
which are difficult to compare (for example, there are at least 6
different techniques to evaluate porosity, Table 1);

– Most importantly, due to the multi-scale architecture of LB,
not a single chemical or structural parameter can so far
explain hydrolysis.

Therefore, some other methods are required to evaluate, as a
single measurement, the interactions existing between several
parameters which are responsible for recalcitrance, in order
to predict enzymatic hydrolysis. Among them, spectral and
water-related properties of LB appear as relevant measurements
to be correlated to hydrolysis.

Infra-Red Spectroscopy
Quantitative spectroscopy is a fast, relatively low-cost, non-
destructive alternative to classic analytical methods for the
chemical analysis of biomass. Several spectroscopic techniques
have been applied to analyse biomass properties, including
fast-Fourier Transform InfraRed (FT-IR) spectroscopy, near-
infrared (NIR) spectroscopy, and Raman scattering spectroscopy.

NIR is a good method for qualitative and quantitative
screening of large population of samples. It has also been used
to predict LB composition and enzymatic digestibility (Hou and
Li, 2011; Huang et al., 2012, 2017).

FTIR spectroscopy is a reliable technique used to determine
the effect of pre-treatment (monitor the crystallinity changes),
and the degradation of cellulose during the enzymatic
saccharification. However, it provides especially qualitative
structural information rather than quantitative information.
Bekiaris et al. (2015) demonstrated that FTIR spectroscopy
combined with chemometric techniques can be used to predict
sugar conversions and yields from enzymatic saccharification
of pre-treated wheat straw. Earlier study on untreated and
pre-treated switchgrass and corn stover got similar conclusion
(Sills and Gossett, 2012). Raman spectroscopy is also a robust
analytical technique coupled to FTIR spectroscopy allowed
the prediction of lignin syringyl/guaiacyl content in diverse
lignocellulosic feedstocks (Lupoi et al., 2014).

Overall, even if infrared spectroscopy is very powerful to
predict the composition and the saccharification of LB, it requires

the creation of mathematical models which needs hundreds of
samples, which represents an intensive work. Also, models are
specific to biomass species and hydrolysis conditions, which can
limit their use.

Fluorescence Spectroscopy
Plant cell walls are autofluorescent materials, containing
some endogenous fluorophores, especially aromatic molecules:
monolignols in lignin, ferulic, acid and cinnamic acids in
hemicellulose (Auxenfans et al., 2017b). Fluorescence can
be easily and fastly measured on lignocellulosic samples
through spectrofluorimetry. Auxenfans et al. reported that
fluorescence intensity correlated strongly with the glucose
released from untreated and steam exploded lignocellulosic
feedstocks (miscanthus, poplar, and wheat straw) and concluded
that fluorescence can predict the LB saccharification.

Fluorescence lifetime as a rapid method can also be used
to explain and even predict saccharification with efficiency:
Chabbert et al. (2018) reported a strong positive correlation
between lifetime fluorescence and saccharification yields.
Fluorescence Recovery After Photobleaching (FRAP) technique
allowed to explore LB accessibility. Herbaut et al., studied
the mobility of PEG-rhodamine probes in cell walls of poplar
samples and demonstrated a strong correlation between the
accessibility of probes and the saccharification yields (Herbaut
et al., 2018). Overall, even if fluorescence by itself cannot
be related to a single parameter (lignin content, polymer
interactions,. . . ), this can be turned into an advantage since it
provides a fingerprint of lignin organization and architecture in
LB, which is likely directly related to cellulose accessibility and
thus to hydrolysis potential.

Water-Related Properties
Water acts as a swelling agent allowing enzymes diffusion toward
plant cell wall. It has been reported that water retention value
(WRV) can serve as predictor of hydrolysis rate (Noori and
Karimi, 2016; Crowe et al., 2017; Williams et al., 2017; Paës
et al., 2019). WRV is a complex function related to chemical
and structural properties of the cell wall, such as accessible
surface area and particle size. Several works reported a positive
correlation between WRV and cellulose conversion rate for
various lignocellulosic feedstocks: untreated maize (Li et al.,
2015), pre-treated poplar, pine and miscanthus with dilute
sulfuric acid (Weiss et al., 2018) and pre-treated corn stover and
switchgrass with liquid hot water (Williams and Hodge, 2014).
This method is rapid, simple, inexpensive, and provides results
comparable to the results of more advanced methods, e.g., NMR
and Simons’ staining (Karimi and Taherzadeh, 2016a).

Another experimental parameter related to water that can
be easily and fastly measured is the contact angle value
that indirectly quantifies the hydrophobicity of lignin. This
parameter could predict the inhibitory effect of lignin. Yang
et al. reported that softwood lignin more hydrophobic than
the hardwood lignin, was more able to absorb cellulase and
inhibit enzymatic cellulose hydrolysis than the hardwood lignin
(Yang and Pan, 2016).
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TABLE 1 | Approaches to study the chemical and physical factors influencing LB recalcitrance.

Factors influencing LB recalcitrance Techniques Advantages Disadvantages References

Chemical factors Cellulose Content Acid-detergent methods

Acid-hydrolysis followed by

HPLC analysis

Quantitative analysis Under estimation of cellulose

content

Herbaut et al., 2018;

Krasznai et al., 2018

Degree of

polymerization

(DP)

Gel Permeation

Chromatography (GPC)

Dedicated method Dissolution of cellulose can be

uncomplete

Engel et al., 2012;

Meng et al., 2017

Viscometry No calibration Instability of cellulose in the

alkaline solvent

Karimi and

Taherzadeh, 2016a;

Neto et al., 2016

Hemicelluloses Content Acid hydrolysis followed by

HPLC analysis

Robust Methyl esterified samples non

detected

Herbaut et al., 2018

Acetyl groups Nuclear Magnetic Resonance

(NMR)

Sensitive Sample preparation Arai et al., 2019

Gas Chromatography-Mass

Spectrometry (GC-MS)

Robust Sample derivative preparation Benouadah et al.,

2019

Acid-hydrolysis followed by

HPLC analysis

Rapid Global analysis Li et al., 2015

Lignin Content Acid hydrolysis followed by

Klason lignin (insoluble) and

UV absorbance (acid-soluble

lignin).

Simple and relatively fast Over estimation of the soluble

lignin content

Auxenfans et al.,

2017a

Acetyl bromide soluble Rapid, simple, precise,

appropriate for small

sample size

Lignin standard needed

Sample solubilisation

Hatfield and

Fukushima, 2005

Molecular weight GPC Dedicated method Formation of aggregates Yoo et al., 2017a

Phenolic

hydroxyl group

NMR Fast and sensitive Sample solubilisation Yao et al., 2018

Infrared spectroscopy (IR) and

Raman spectroscopy

Fast and sensitive Only chemical functions

analysis

Structural

information

NMR In-depth information, fast

and sensitive

Complex sample preparation Yao et al., 2018

IR Non-invasive, easy and

fast

Only chemical functions

analysis

Over et al., 2017

Physical factors Crystallinity (CrI) NMR In-depth information and

sensitive to the crystalline

phase and amorphous

phase

Results highly dependent on

the instrument and the

method used to analyse data

Yoo et al., 2017a

X-Ray Diffraction (XRD) High sensitivity to the

crystalline phase

Qualitative estimation and lack

of precision

Depending on the method

used to analyse data, the CrI

value can vary drastically

XRD is less sensitive to the

amorphous phase

Lee et al., 2015;

Chen et al., 2018

(Continued)

F
ro
n
tie
rs

in
C
h
e
m
istry

|
w
w
w
.fro

n
tie
rsin

.o
rg

D
e
c
e
m
b
e
r
2
0
1
9
|V

o
lu
m
e
7
|
A
rtic

le
8
7
4

188

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Z
o
g
h
la
m
ia
n
d
P
a
ë
s

R
e
c
a
lc
itra

n
c
e
a
n
d
H
yd

ro
lysis

o
f
L
ig
n
o
c
e
llu
lo
se

TABLE 1 | Continued

Factors influencing LB recalcitrance Techniques Advantages Disadvantages References

IR and Raman spectroscopy Semi-quantitative and

sensitive

Minimal

sample preparation

Chemometric techniques

required

Only relative values

Monrroy et al., 2015;

Agarwal et al., 2016

Sum-Frequency-Generation

(SFG) vibration spectroscopy

Selective detection of

crystalline cellulose

Barnette et al.,

2011; Lee et al.,

2015

Particle size Laser granulometry Fast and simple Method based on the

assumption that the particles

are spherical, which is not

always the case

Pang et al., 2018

Scanning Electron

Microscopy (SEM)

The morphology and

microstructure of the

particles can be observed

and their sizes can be

quantified

Image processing is needed Vaidya et al., 2016;

Pang et al., 2018

Accessible surface area (ASA) Simons’ staining (SS) Can be done in wet

samples, measures both

internal and external

surface

Semi-quantitative

Measurement depends on the

shape and tortuosity of

the pores

Meng et al., 2017;

Santos et al., 2018

Water Retention Value (WRV) Reflects correctly the

swelling of the

lignocellulosic matrix

WRV depends on the

chemical composition and the

structure of biomass

Overestimation of ASA

Weiss et al., 2017,

2018

Pore volume Mercury porosimetry Provides a wide range of

information: pore size

distribution, total area and

pore volume, average

pore diameter

Suitable for macro-pores

(14–200µm)

Over estimation of the pore

volume (the smallest one)

Grigsby et al., 2013;

Brewer et al., 2014;

Meng et al., 2015

Brunauer-Emmett-Teller (BET) Sensitive Over estimation of pore

volume

Liu et al., 2019

Solute exclusion Quantitative Does not determine

accessibility of external

surfaces

Ishizawa et al., 2007

NMR cryoporometry and

relaxometry NMR

Non-destructive Requires complex setup Meng and

Ragauskas, 2014

Thermoporometry (TP-DSC) Simple Over estimation of pore

volume

Gustafsson et al.,

2019; Kruyeniski

et al., 2019

Soft X-ray Tomography (SXT) High resolution and

quantitative information

SXT data collection is

challenging

An et al., 2019

Surface morphology SEM and Transmission

electron microscopy (TEM)

High resolution 2D

images.

Provide qualitative and

quantitative informations.

Sample preparation may

damage the samples

Karimi and

Taherzadeh, 2016b;

Li et al., 2018

Atomic Force Microscopy

(AFM)

No sample preparation Low scanning speed Isaac et al., 2018
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SUMMARY AND PERSPECTIVES

Biomass recalcitrance is a multi-variant and multi-scale
phenomenon, and thus cannot simply be assayed by one single
chemical or structural factor due to the complex and still
unknown interactions between these parameters (Figure 1).
Nonetheless, spectral analysis based on infrared and fluorescence
properties of LB together with water-related characteristics seem
to be able to represent chemical and structural properties of
LB, thus relating nano- and macro-scale properties. Regarding
future developments, the integration of large amount of data
(chemical properties, images, spectra) by the means of machine
learning approaches should help devising more complex
models predicting not only composition but also dynamical
behavior of LB over transformation such as hydrolysis. In this
context, imaging and quantification of structural features at the

cellular/tissular scale (by fluorescence confocal microscopy based
on previous reports studying for example plant morphogenesis)
or at nano-scale (by atomic force microscopy) might be relevant
paths to follow.
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Pyranose dehydrogenases (PDHs; EC 1.1.99.29; AA3_2) demonstrate ability to oxidize

diverse carbohydrates. Previous studies of these enzymes have also uncovered

substrate-dependent regioselectivity, along with potential to introduce more than one

carbonyl into carbohydrate substrates. Enzymatic oxidation of carbohydrates facilitates

their further derivatization or polymerization into bio-based chemicals and materials

with higher value; accordingly, PDHs that show activity on xylooligosaccharides

could offer a viable approach to extract higher value from hemicelluloses that

are typically fragmented during biomass processing. In this study, AbPDH1 from

Agaricus bisporus and AmPDH1 from Leucoagaricus meleagris were tested using

linear xylooligosaccharides, along with xylooligosaccharides substituted with either

arabinofuranosyl or 4-O-(methyl)glucopyranosyluronic acid residues with degree of

polymerization of two to five. Reaction products were characterized by HPAEC-PAD to

follow substrate depletion, UPLC-MS-ELSD to quantify the multiple oxidation products,

and ESI-MSn to reveal oxidized positions. A versatile method based on product reduction

using sodium borodeuteride, and applicable to carbohydrate oxidoreductases in general,

was established to facilitate the identification and quantification of oxidized products.

AbPDH1 activity toward the tested xylooligosaccharides was generally higher than that

measured for AmPDH1. In both cases, activity values decreased with increasing length of

the xylooligosaccharide and when using acidic rather than neutral substrates; however,

AbPDH1 fully oxidized all linear xylooligosaccharides, and 60–100% of all substituted

xylooligosaccharides, after 24 h under the tested reaction conditions. Oxidation of linear

xylooligosaccharides mostly led to double oxidized products, whereas single oxidized

products dominated in reactions containing substituted xylooligosaccharides. Notably,

oxidation of specific secondary hydroxyls vs. the reducing end C-1 depended on both the

enzyme and the substrate. For all substrates, however, oxidation by both AbPDH1 and

AmPDH1was clearly restricted to the reducing and non-reducing xylopyranosyl residues,
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where increasing the length of the xylooligosaccharide did not lead to detectable

oxidation of internal xylopyranosyl substituents. This detailed analysis of AbPDH1 and

AmPDH1 action on diverse xylooligosaccharides reveals an opportunity to synthesize

bifunctional molecules directly from hemicellulose fragments, and to enrich for specific

products through appropriate PDH selection.

Keywords: carbohydrate oxidoreductases, pyranose dehydrogenase, xylooligosaccharide, degree of oxidation,

telechelic molecules

INTRODUCTION

Hemicelluloses comprise a diverse group of polysaccharides
present in plant cell walls, and are thought to strengthen cell
wall structures through interactions with both cellulose and
lignin (Ebringerová, 2006; Scheller and Ulvskov, 2010). Xylans
are the dominant hemicellulose in cell walls of both grasses
and deciduous trees. In deciduous trees, the main xylan is
glucuronoxylan, where the β-(1→ 4)-linked D-xylopyranose
(Xylp) backbone can be substituted with 4-O-methylated
glucopyranosyluronic acid (MeGlcpA); the Xylp backbone can
also be acetylated (Ebringerová, 2006; Scheller and Ulvskov,
2010). Arabinoxylans (AXs) are the main xylans in grasses, where
the Xylp backbone can be substituted with L-arabinofuranose
(Araf ). In addition to Araf, arabinoglucuronoxylans found in cell
walls of both grasses and coniferous trees, contain glucuronic
acid and MeGlcpA substitutions (Scheller and Ulvskov, 2010).

So far, biocatalysts that transform hemicelluloses have mainly
been studied and developed to deconstruct corresponding
polysaccharides to sugars that can be fermented to fuels
and chemicals (Chundawat et al., 2011). These enzymes
include glycoside hydrolases (GHs), carbohydrate esterases
(CEs), and auxiliary activities (AAs) that are classified by
the Carbohydrate-active enzyme (CAZy) database (www.cazy.
org) into multiple GH, CE, and AA families (Lombard
et al., 2014). Alternatively, enzymatic functionalization of
hemicelluloses, including oligosaccharides liberated during
lignocellulose processing, opens new possibilities to make high
value bioproducts that retain the carbon and energy stored in
starting carbohydrate structures.

Carbohydrate oxidoreductases that act on hemicelluloses
without cleaving them are attractive targets for further
functionalization (Parikka et al., 2012). Among these are
AA3 and AA7 FAD-containing oxidoreductases. Briefly, AA7
activity is restricted to the anomeric carbon of carbohydrate
substrates (Huang et al., 2005; Vuong et al., 2013); the resulting
lactone undergoes spontaneous ring-opening to the carboxylic
acid that can be used in polymerization reactions (MacCormick
et al., 2018). On the other hand, AA3 oxidoreductases are
reported to oxidize the anomeric carbon and secondary
hydroxyls to carboxylic acid or ketone functional groups,
respectively (Giffhorn et al., 2000; Levasseur et al., 2013; Sützl
et al., 2018). Based on phylogenetic analyses, AA3 sequences have
been divided into four subfamilies, including activities such as
cellobiose dehydrogenase, alcohol oxidase and pyranose oxidase
in subfamilies 1, 3, and 4, respectively. Subfamily 2 is the most

complex one of these, comprising enzymes with aryl-alcohol
oxidase, aryl-alcohol dehydrogenase, glucose oxidase, glucose
dehydrogenases, or pyranose dehydrogenase (PDH) activities
(Levasseur et al., 2013; Sützl et al., 2018). From these, AA3_2
PDHs have been shown to oxidize several monosaccharides
and some oligosaccharides through single or double oxidation
and substrate dependent regioselectivity (Peterbauer and Volc,
2010; Rafighi et al., 2018), which increases their attractiveness on
oligosaccharide modification.

PDHs have been found in a narrow group of litter-
decomposing fungi within the fungal division Basidiomycota
(Peterbauer andVolc, 2010). These extracellular enzymes contain
two domains, an FAD-binding and substrate-binding domain
(Tan et al., 2013). The active site contains two conserved
histidines. His512 of AmPDH1 from Leucoagaricus meleagris
acts as the main base in the first reductive half-reaction and
His556 together with Gln392 and Tyr510 take part in substrate
interactions that likely influence the observed substrate specific
regioselectivity (Graf et al., 2013, 2015; Tan et al., 2013). After the
first half-reaction, the reduced flavin is oxidized by an electron
acceptor which acts as the second substrate in the reaction. Along
with AmPDH1, AbPDH1 from Agaricus bisporus are the two
most studied PDHs. AbPDH1 and AmPDH1 oxidize D-xylose to
2,3-diketo-D-xylose (Volc et al., 2000; Sedmera et al., 2006) and
display slightly higher relative activity towardD-xylose compared
to D-glucose (Volc et al., 2000; Sedmera et al., 2006). In addition
to D-xylose, AmPDH1 was shown to oxidize xylobiose (X2)
(Sygmund et al., 2008). PDH activity on oligosaccharides with
degree of polymerization (DP) greater than two has been tested
using cello- and maltooligosaccharides. Those studies confirm
that AbPDH1 and AmPDH1 are both active toward cellotetraose
and maltotriose (Volc et al., 1997; Peterbauer and Volc, 2010),
and that AmPDH1 is also active toward maltooligosaccharides
up to maltoheptaose (Tasca et al., 2007; Peterbauer and Volc,
2010; Rafighi et al., 2018). Among the characterized PDHs,
AmPDH1 showed highest catalytic efficiency (kcat/Km) toward
D-xylose (Sygmund et al., 2012), whereas AbPDH1 showed
highest catalytic efficiency toward cellobiose, maltose and lactose
(Gonaus et al., 2016).

PDH action toward xylooligosaccharides common to
hardwood and agricultural resources has not been investigated.
Herein, AbPDH1 and AmPDH1were directly compared in terms
of activity toward linear and substituted xylooligosaccharides,
and ability to oxidize corresponding substrates at more than
one position to create a new class of telechelic building blocks.
The analysis of corresponding oligosaccharide products is
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complicated by the multiple hydroxyl groups that could
potentially be oxidized. Moreover, the oxidized products
are inherently unstable in water because they can further
transform into various end products. For example, oxidation
of the anomeric carbon leads to a lactone which spontaneously
hydrolyzes to the carboxylic acid in water (Vuong et al., 2013).
Furthermore, secondary hydroxyls that are oxidized to ketones
and primary hydroxyls that are oxidized to aldehydes, exist
primarily as hydrates (geminal diols) in water (Volc et al.,
2002; Andberg et al., 2017). In this study, a new analytical
method was developed to simplify and clarify the analysis
of oxidized xylooligosaccharides utilizing deuterium to label
the oxidized position. By following the deuterated residues
by HILIC-MS-ELSD and ESI-MSn, the oxidation positions
were identified and the proportion of each reaction product
was quantified. Both AbPDH1 and AmPDH1 were shown to
oxidize X2, xylotriose (X3) and xylotetraose (X4) with and
without Araf substitution; however, activity toward acidic
glucuronoxylooligosaccharides was 10-times lower than with
neutral substrates.

MATERIALS AND METHODS

Materials
Below mentioned growth medium chemicals, yeast extract,
yeast nitrogen base, and peptone were purchased from
Lab M Ltd. (UK). Salts and vitamins were obtained from
Sigma-Aldrich or Merck (Germany). Neutral substrates X2,
X3, X4, 32-α-L-arabinofuranosyl-xylobiose (A3X), 23-α-L-
arabinofuranosyl-xylotriose (A2XX), 33-α-L-arabinofuranosyl-
xylotetraose (XA3XX) were purchased from Megazyme (UK).
23-(4-O-methyl-α-D-glucuronyl)-xylotriose (U4m2XX) and
23-(4-O-methyl-α-D-glucuronyl)-xylotetraose (XU4m2XX)
substrates were prepared as in Koutaniemi et al. (2012) by
Dr. T. Vuong, University of Toronto and Dr. S. Koutaniemi,
University of Helsinki and kindly provided to the study. The
commercial laccase from Trametes versicolor (Sigma-Aldrich,
Germany) was used in oxidation reactions (described below)
to recycle 1,4-benzoquinone (BQ; Sigma-Aldrich, Germany)
electron acceptor.

PDH Production and Purification
Agaricus bisporus and Agaricus meleagris pyranose
dehydrogenases (AbPDH1 and AmPDH1; pyranose:acceptor
oxidoreductase, EC 1.1.99.29, CAZy family AA3_2) were
expressed in Pichia pastoris strain KM71H. Codon optimized
genes encoding AbPDH1 and AmPDH1 amino acid sequences
(AAW92124 and AAW82997, respectively) were obtained as
subcloned in pPICZB plasmids with C-terminal 6 x His tag
(GenScript, New Jersey, USA). PDHs were produced in eight
2 l shake-flasks each containing 250ml of medium. Precultures
were grown over night in buffered glycerol-complex medium
[BMGY; 100mM potassium phosphate buffer, pH 6.0, 2%
(w/v) peptone, 1% (w/v) yeast extract, 1.34% (w/v) yeast
nitrogen base, 4 × 10−5% (w/v) biotin, 1% (v/v) glycerol] at
30◦C and 220 rpm. Cells were then transferred to methanol-
complex medium (BMMY) containing 0.5% (v/v) methanol

instead of glycerol. Methanol was added to 0.5% (v/v) every
24 h and induction was continued 4 d at 25◦C and 220 rpm.
After the induction, culture supernatants were recovered and
filtered, and the secreted recombinant proteins were purified
by affinity chromatography; AbPDH1 was further purified by
anion exchange and size exclusion (Figure S2). Final protein
concentrations were measured using the Bradford method (Bio-
Rad Laboratories, US); purified proteins were then aliquoted and
stored in−80◦C.

Initial Activity Measurements
To select the optimal conditions for the xylooligosaccharide
oxidation, the activity of AbPDH1 and AmPDH1 was screened at
30◦C with 25mM substrate (D-xylose or D-glucose) and 5mM
BQ in 50mM sodium acetate, 50mM ammonium acetate (at pH
values 3.0–5.5), and in 50mM sodium phosphate (at pH values
6.0–7.0) buffers. Reduction of BQ (εabs290nm = 2.24mM−1 cm−1)
in 250 µl reaction was followed at 290 nm; all reactions were
performed in triplicate.

Enzyme loading for PDH conversion of xylooligosaccharides
was based on activity units determined in 50mM ammonium
acetate buffer (pH 5.5). PDH activity was measured using 25mM
D-xylose and 5mM BQ similarly as mentioned above. Laccase
activity was measured using 5mM hydroquinone (HQ, Sigma
Aldrich, Germany), and oxidation of HQ (εabs249 = 17.25 mM−1

cm−1) in 250 µl reaction was followed at 249 nm.
Initial AbPDH1 and AmPDH1 activity toward

xylooligosaccharides was measured using 10mM neutral
or 2mM of acidic substrates, and 0.2mM ferrocenium
hexafluorophosphate (Fc+, Sigma Aldrich, Germany) as
the electron acceptor. Reactions (100 µl) were performed at
30◦C in 50mM sodium phosphate buffer (pH 7.5), and the
reduction of the Fc+ ion (εabs250nm = 10.6 mM−1 cm−1) was
measured for up to 1 h at 250 nm. All the activity measurements
were followed using an Eon plate reader (BioTek, USA).

Enzymatic Conversion of
Xylooligosaccharides
Reactions (30–400µl reaction volume in 1.5ml Eppendorf tubes)
were performed at 30◦C for up to 48 h with shaking (500
rpm) in 10mM ammonium-acetate buffer (pH 5.5) containing
1mM BQ as the electron acceptor, and 5mM of neutral
xylooligosaccharides or 4mM of acidic xylooligosaccharides
(Table 1). Enzyme loadings for reactions containing neutral
xylooligosaccharides were 50 mU of AbPDH or AmPDH,
and 50 mU of T. versicolor laccase. Enzyme loadings for
reactions containing acidic xylooligosaccharides were 800 mU
of AbPDH1 or AmPDH1, and 800 mU of T. versicolor laccase.
Time course sampling (25 or 10 µl) for the HPAEC-PAD
analyses was done at 1, 4, and 8 h for the neutral substrates
and 24 h for acidic substrates. Total reaction time was 24
or 48 h. Oxygen availability was not controlled during the
reactions. Reactions were stopped by filtrating the samples
through 10 kDa cut off Vivaspin 500 spin columns (Sartorius,
Germany) and then kept frozen at −80◦C before analysis by
High-Performance Anion-Exchange Chromatography Coupled
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TABLE 1 | Structures of xylooligosaccharides and oxidation reaction details.

Substrate Substrate

(mM)

PDH

(U/ml)

Reactiona

time (h)

Xylobiose (X2) 5 0.2 Up to 24

Xylotriose (X3) 5 0.2 Up to 24

Xylotetraose (X4) 5 0.2 Up to 24

32-α-L-arabinofuranosyl-xylobiose (A3X) 5 0.2 Up to 24

23-α-L-arabinofuranosyl-xylotriose (A2XX) 5 0.2 Up to 24

33-α-L-arabinofuranosyl-xylotetraose (XA3XX) 5 0.2 Up to 24

23-(4-O-methyl-α-D-glucuronyl)-xylotriose (U4m2XX) 4

4

0.2

2

Up to 48

Up to 24

23-(4-O-methyl-α-D-glucuronyl)-xylotetraose (XU4m2XX) 4

4

0.2

2

Up to 48

Up to 24

aAll the reactions contained 0.2 U/ml of laccase and 1mM BQ as electron acceptor.
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with Pulsed Electrochemical Detection (HPAEC-PAD) and mass
spectrometry as described below.

Quantification of Substrate Depletion by
HPAEC-PAD
Products of reactions described above (section Enzymatic
Conversion of Xylooligosaccharides) were diluted in ultrapure
water to 50–100 ppm concentrations depending on the sensitivity
of substrate detection by HPAEC-PAD. Substrate depletion over
the course of the reaction was followed using a DionexTM-
5000+ system equipped with a DionexTM CarboPacTM PA1
IC column and corresponding precolumn (Thermo Scientific,
USA). The samples were eluted at 1 ml/min with eluent
A (0.1M NaOH) in a linear gradient toward an increasing
proportion of eluent B (1M NaOAc in 0.1M NaOH). The
gradient reached 21.7% B at 20min after injection, 38% B
at 25min and 100% B at 27min after which it was kept
at 100% for 7min. Data were analyzed using the Thermo
Scientific Dionex Chromeleon 7 Chromatography Data System
(version 7.2 SR4, Thermo Fisher Scientific). Corresponding
xylooligosaccharides with three known concentrations were
used to create a standard curve for each run. Integrated
peak areas of the enzyme treated xylooligosaccharides were
compared against the corresponding control reactions without
the PDH enzyme.

Mass Spectrometric Analysis of Oxidized
Products by Direct Infusion
A 5 µl sample from 24 h reactions described above (section
Enzymatic Conversion of Xylooligosaccharides) was mixed with 5
µl of 10 mg/ml NH4Cl and 500 µl 50% acetonitrile (ACN) in
water. Each sample solution was then introduced into Quadruple
Time-of-flight (Q-Tof) mass spectrometry with an ESI source
(SYNAPT G2-Si, Waters, MA, USA) at a flow rate of 5 µl/min.
The capillary was set to 3 kV; source temperature to 80◦C and
desolvation temperature to 150◦C. The cone gas was 100 l/h and
desolvation gas was 600 l/h with nebulizer set at 6.5 bar. The
analysis was done in negative mode and the ions were collected in
m/z range of 50–800. The products of acidic xylooligosaccharides
oxidized by 2 U/ml PDH for 24 h were analyzed directly by
ESI-Q-Tof-MS without the addition of NH4Cl.

Identification of Oxidized Positions
Through Fragmentation Analysis of
Products After NaBD4 Reduction
The multiple potential oxidations and reactivity of oxidized
products in water complicate the interpretation of MS spectra.
Therefore, after confirming the production of oxidized
xylooligosaccharides by direct infusion mass spectrometry,
reaction products were reduced using NaBD4 to facilitate
their identification. Specifically, NaBD4 was added to the 24 h
reactions described above (section Enzymatic Conversion of
Xylooligosaccharides) at 3mol equivalent NaBD4 per mole of
substrate in the initial reaction; the resulting solution was then
stirred overnight to reduce the carbonyls back to hydroxyls.

After reduction, samples were desalted using Porous Graphitic
Carbon (PGC) columns (Hyper carb PGC 50mg, Thermo
Fisher, MA, USA). Briefly, a column was pre-washed with 0.1%
trifluoroacetic acid (TFA) 80% ACN and water before loading a
sample. The impurities were washed away with Milli Q water and
the reaction products were eluted with 50% ACN. The purified
samples were then lyophilized, dissolved in 200 µl MilliQ-water,
and diluted to 10µg/ml using 50% ACN, after which ammonium
chloride (10 mg/ml) was added to a final concentration of 40
µg /ml. The negative ion MS and MSn spectra were obtained
by direction infusion of the solutions to the Finnigan LXQ
Ion Trap (IT) mass spectrometer equipped with ESI source
(Thermo Fisher, MA, USA) at a flow rate of 5µl/min. The
parameters were automatically tuned by the instrument based on
X3. The collision energy for fragmentation was optimized based
on each substrate.

X2 and its oxidized products after reduction were not
successfully purified by the PGC column. Instead, they
were analyzed by Acquity Ultra High Performance Liquid
Chromatography (UPLC) coupled to an ESI-Q-Tof mass
spectrometer (Waters, MA. USA) as described in Figure S12.

Quantification of Oxidized Products by
UPLC-ESI-Q-Tof-MS and UPLC
Evaporative Light Scattering Detection
(ELSD)
The reaction products after NaBD4 reduction and PGC
purificationwere quantified using anAcquity UPLC coupled with
ELSD (Waters, MA, USA). A 1.7µm, 2.1∗150mmAcquity UPLC
BEHAmide column (Waters, MA, USA) was used to separate the
reaction products. The mobile phases were (A) ACN with 0.1%
ammonium hydroxide and (B) 20% ACN with 0.1% ammonium
hydroxide. The elution gradient was as follows: from 96%ACN to
50% ACN in 10min, isocratic (50% ACN) for 2min, back to 96%
ACN in 0.01min, and 18min re-equilibrium in initial conditions.
The flow was at 250 µl/min with column temperature at 35◦C.
The ELSD drift tube temperature was set to 40◦C and the gain
to 200. The nebulizer was set to cooling and pressure to 40 psi.
Reaction products were diluted with pure ACN to ∼3,000 ng of
reaction products per 7 µl of injected sample. External standards
were made by reducing and purifying the pure substrates using
the PGC column as described in section Identification of Oxidized
Positions Through Fragmentation Analysis of Products After
NaBD4 Reduction. Standard curves were made by injecting 200–
3,750 ng of each reduced substrate for each injection. The Acquity
UPLC coupled with ESI-Q-Tof-MS was used to identify the
peaks in ELSD chromatogram. The parameters for ESI-Q-Tof
were set to the same as mentioned in section Mass Spectrometric
Analysis of Oxidized Products by Direct Infusion, except that the
desolvation temperature was set to 400◦C. Quantitative analysis
of the reaction products using the UPLC-ELSD and mass spectra
collected in section Identification of Oxidized Positions Through
Fragmentation Analysis of Products After NaBD4 Reduction
was then achieved as described below (section Quantitative
Interpretation of Mass Spectra).
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Quantitative Interpretation of Mass Spectra
Following NaBD4 reduction of oxidized xylooligosaccharides,
the same m/z value can be obtained for isotopic non-
oxidized xylooligosaccharides and specific oxidized products.
For example, the monoisotopic mass of X3 has an m/z of 452,
and the naturally present isotopic chloride, carbon, hydrogen
and oxygen generate m/z values of 453 and 454. At the same
time, single oxidation of a secondary hydroxyl in X3 followed
by NaBD4 reduction will also generate a peak at m/z 453, and
double oxidation of secondary hydroxyls in X3 followed by
NaBD4 reduction will generate a peak at m/z 454 (Figure S1).
Therefore, the following system of equations (Equations 1–4)
was established to calculate the percent of single oxidized and
double oxidized products, taking into account the abundance of
naturally present isotopic substrate:

Abundance of isotopicm/z for a given reduced oligosaccharide

= abundance of non-oxidized oligosaccharide

+ abundance of single oxidized oligosaccharide

+ abundance of double oxidized oligosaccharide

= a+
(
b− a× r1÷ 100

)

+
{
c− a× r2÷ 100−

(
b− a× r1÷ 100

)
× r1÷ 100

}
(1)

where a, b, and c are the abundance of m/z values corresponding
to non-oxidized, single oxidized, and double oxidized
oligosaccharides in reactions following enzymatic oxidation
(e.g., m/z 452, 453, and 454, respectively, for X3); and r1 and
r2 are the abundances of corresponding m/z values naturally
present the isotopic substrate.

Therefore:

Non-oxidation% = 100% − single oxidation%

− double oxidation% (2)

where:

Single oxidation%

=
Abundance of single oxidized oligosaccharide

Abundance of isotopicm/z for a given reduced oligosaccharide

×100% (3)

Double oxidation%

=
Abundance of double oxidized oligosaccharide

Abundance of isotopicm/z for a given reduced oligosaccharide

×100% (4)

When an oligosaccharide is oxidized at the reducing end C-
1, the reaction product containing the carboxyl acid forms an
anionic, deprotonated species. For example, X3 oxidized at the C-
1 position will have anm/z of 429. Herein, the theoretical isotopic
distribution of C-1 oxidized oligosaccharides was generated by
Masslynx V4.1. When additional oxidations take place at the
secondary hydroxyls, the deuterium label would increase the
correspondingm/z value by a corresponding number of Daltons.

Therefore, Equations (1)–(4) can be extended by Equations (5)–
(8), to calculate the extent of oxidized products with at least one
oxidation at the reducing end C-1:

Abundance of isotopic m/z for a given oligosaccharide

oxidized at the reducing end C-1

= abundance of C-1 oxidized oligosaccharide

+ abundance of double oxidized oligosaccharide

+ abundance of triple oxidized oligosaccharide

= a′ +
(
b′ − a′ × r1′ ÷ 100

)

+
{
c′ − a′ × r2′ ÷ 100−

(
b′ − a′ × r1′ ÷ 100

)
× r1′ ÷ 100

}

(5)

where a′, b′, and c′ are the abundance of m/z values
corresponding to C-1 oxidized, C-1 oxidized + single oxidation
at a secondary hydroxyl, and C-1 oxidized + double oxidation
at secondary hydroxyls (e.g., m/z 429, 430, and 431, respectively,
for X3); and r1′ and r2′ are the relative abundance of theoretically
generated isotopic oligosaccharide with one oxidation at
reducing end C-1.

In this case, the double oxidation consists of one reducing end
C-1 oxidation and one secondary hydroxyl oxidation, and a the
triple oxidation consists of one reducing end C-1 oxidation and
two secondary hydroxyl oxidation.

Therefore:

Reducing end C-1 oxidation% = 100% − double oxidation%

−triple oxidation% (6)

where:

Double oxidation%

=
Abundance of double oxidized X3

Abundance of isotopic m/z for a given
oligosaccharideoxidized at the reducing end C-1

× 100%

(7)

Triple oxidation%

=
Abundance of triple oxidized X3

Abundance of isotopic m/z for a given oligosaccharide
oxidized at the reducing end C-1

×100%

(8)

See Figure S1 for example calculations.

RESULTS

Initial Rates of PDH Action on
Xylooligosaccharides
The yield of recombinantly produced and purified AbPDH1 and
AmPDH1 was 1.65 and 11.5 mg/l, respectively, where over 90%
purity was reached for both enzymes (Figure S2). The activity
and pH optima of each PDH was comparable to previous studies
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when using glucose as the substrate (Table S1). Activity on xylose
and xylooligosaccharides was then measured using Fc+ ion
as the electron acceptor, given the particular sensitivity of the
corresponding assay (Sygmund et al., 2008). Both AbPDH1 and
AmPDH1 were active on 10mM X-X4 and A3X; furthermore,
AbPDH1 was distinguished by its additional activity on A2XX
and XA3XX under the conditions used (Figure 1).

Activity of both enzymes on xylose (43–45 U/mg; Figure 1)
were similar to those previously reported for the native
AmPDH1 (39 U/mg; Sygmund et al., 2008). Overall, AbPDH1
had higher activities toward X3, X4, and A3X compared to
corresponding activity of AmPDH1. Notably, the activity of
AbPDH1 toward A3X was comparable to unsubstituted X2, and
AbPDH1 activity toward A2XX and XA3XX was ∼40 and 55%
of the corresponding unsubstituted X3 and X4 substrates. By
contrast, the activity of AmPDH1 on A3X was only 38% of its
activity on X2 and initial activity values could not be obtained for
AmPDH1 oxidation of A2XX or XA3XX under these conditions.
Similarly, initial activities were not obtained for AbPDH1 and
AmPDH1 toward U4m2XX or XU4m2XX; however, oxidation of
all tested xylooligosaccharides by AbPDH1 and AmPDH1 was
observed after reaction optimization and prolonged incubation
time, as described below.

Measuring Xylooligosaccharide
Conversion by AbPDH1 and AmPDH1
To maximize xylooligosaccharide oxidation by AmPDH1 and
AbPDH1, the Fc+ electron acceptor used to measure initial rates
was replaced with BQ that can be regenerated using laccase

FIGURE 1 | Activity of AbPDH1 (white) and AmPDH1 (with diagonal stripes)

on 10mM of neutral or 2mM of acidic xylooligosaccharides at pH 7.5 using

Fc+ ion as electron acceptor. X1, xylose; X2, xylobiose; X3, xylotriose; X4,

xylotetraose; A3X, 32-α-L-arabinofuranosyl-xylobiose; A2XX,

23-α-L-arabinofuranosyl-xylotriose; XA2XX,

33-α-L-arabinofuranosyl-xylotetraose; U4m2XX,

23-(4-O-methyl-α-D-glucuronyl)-xylotriose; XU4m2XX,

23-(4-O-methyl-α-D-glucuronyl)-xylotetraose. Error bars represent standard

deviation of three replicate reactions. Reactions with U4m2XX and XU4m2XX

were done in duplicates. Nd., no activity detected under these conditions

after 24 h.

(Baminger et al., 2001). In an effort to optimize PDH and
laccase activities, glucose and xylose oxidation by AmPDH1
and AbPDH1 was tested at pH values ranging from pH
3.0 to 7.0 (Figure S3). Based on these analyses, subsequent
reactions were performed at pH 5.5. Notably, the addition of
laccase clearly increased substrate conversions by both enzymes
(Figure S4), where up to 85% depletion of xylose (50mM starting
concentration) was reached in 24 h using 5 mM BQ.

Both AbPDH1 and AmPDH1 fully depleted X2, X3, and A3X
after 24 h; AbPDH1 also fully depleted X4 after 24 h (Figure 2).
With the exception of X2, substrate depletion was more rapid
in reactions containing AbPDH1 than AmPDH1 (Figure 2).
Differences in substrate conversion were most apparent after 8 h,
where X3 and X4 conversion by AbPDH1 was 1.2 and 3.9 times
higher than by AmPDH1, respectively (Figures 2B,C).

When testing AbPDH1 and AmPDH1 activity over 24 h on
A3X, A2XX, and XA3XX, minor α-arabinofuranosidase activity
was detected in the commercial laccase. Specifically, after 24 h
in reactions containing laccase alone, 7.5, 11.5, and 20% of
Araf was hydrolyzed from A3X, A2XX, and XA3XX, respectively
(Figures S5–S7). This reduction of substrate by hydrolysis was
taken into account by comparing the substrate depletion in PDH
reactions to corresponding control reactions containing laccase
alone. Whereas, both AbPDH1 and AmPDH1 were able to fully
deplete A3X by 8 h (Figure 2D), A2XX conversion by AbPDH1
was 1.6 times higher than AmPDH1 after 24 h (Figure 2E), and
both AbPDH1 and AmPDH1 transformed∼60% of XA3XX after
24 h (Figure 2F).

When using the same enzyme loading (0.2 U/ml) as for neutral
xylooligosaccharides, only AbPDH1 showed clear conversion of
both U4m2XX and XU4m2XX (Figure S8). Detectable conversion
of U4m2XX and XU4m2XX by AmPDH1 was only observed
after increasing the enzyme loading 10 times (to 2 U/ml).
When comparing AbPDH1 and AmPDH1 after 24 h at the
higher enzyme loading, AbPDH1 depleted nearly 100% of
both U4m2XX and XU4m2XX whereas substrate depletion by
AmPDH1 was ∼30 and 20% for U4m2XX and XU4m2XX,
respectively (Figure S8).

Direct Infusion ESI-Q-Tof Mass
Spectrometry Confirms the Formation of
Oxidized Xylooligosaccharides
Direct infusion ESI-Q-Tof analyses confirmed that all the tested
substrates were oxidized by both AbPDH1 and AmPDH1.
The C-1 oxidation products were negatively charged and
detected in their anionic form, while neutral oligosaccharides
were detected as chlorine adducts. X2, X3, X4, A3X, A2XX,
XA3XX gave peaks at mass-to-charge ratios (m/z) 317, 449,
581, 449, 581, and 713, respectively (Figures S9, S10). Consistent
with the HPAEC-PAD analyses summarized above, low levels
of products with a loss of pentose (132 Da) were detected
in reactions containing Araf substituted xylooligosaccharides,
resulting from α-arabinofuranosidase side activity in the
commercial laccase preparation. U4m2XX and XU4m2XX were
detected deprotonated [M-H]− with peaks at m/z 603 and 735,
respectively (Figure S11).
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FIGURE 2 | Substrate depletion by AbPDH1 (square) and AmPDH1 (cross) followed by HPAEC-PAD. Substrates: (A) xylobiose, X2, (B) xylotriose, X3, (C)

xylotetraose, X4, (D) 3
2-α-L-arabinofuranosyl-xylobiose A3X, (E) 23-α-L-arabinofuranosyl-xylotriose, A2XX, and (F) 33-α-L-arabinofuranosyl-xylotetraose XA3XX.

Depletion of 5mM substrate using 0.2 U/ml PDHs, 1mM BQ and 0.2 U/ml laccase was compared to the control reaction containing all reaction components except

PDH. Error bars show the data range of duplicate reactions. Error bars are not visible when the data range fits inside the drawn data point.

Both AbPDH1 and AmPDH1 completely consumed X2

and X3 after 24 h treatment. By contrast, varying amounts of
residual substrate could be detected for X4 and all substituted
xylooligosaccharides. AbPDH1 and AmPDH1 treatment of X2,
A3X, and XA3XX resulted in similar MS spectra and thus end
products; however, clear differences in product profiles were
seen for the other tested substrates. For example, highest peaks
following X3 oxidation by AbPDH1 and AmPDH1 were at
m/z 463 and 427, respectively; and highest peaks following X4

oxidation were at m/z 595/597 and 561, respectively (Figure S9).
Considering substituted xylooligosaccharides, a peak at m/z 597
represented the highest product peak from A2XX following 24 h
treatment with AbPDH1, whereas the most abundant peak after
24 h AmPDH1 treatment was the non-oxidized A2XX (m/z 581;
Figure S10). Consistent with the greater oxidation of neutral
xylooligosaccharides by AbPDH1 compared to AmPDH1, the
ESI-Q-Tof analyses confirmed significant oxidation of U4m2XX
and XU4m2XX by the higher dose of AbPDH1, resulting in peaks
atm/z 619 and 751, respectively. By contrast, AmPDH1 oxidized
U4m2XX and XU4m2XX to a small percentage (Figure S11).
Given the higher oxidation of neutral substrates by both enzymes,
the corresponding products were analyzed in greater detail.

Qualitative Comparison of Oxidized
Xylooligosaccharides Generated by
AbPDH1 and AmPDH1
Due to the multiple potential oxidations and reactivity of
the oxidized products in water, MS spectra interpretation is
challenging. Taking the AbPDH1 oxidized X3 as an example
(Figure S1C), the main peakm/z 463 is expectedly representing a

chlorine adduct of a double oxidized product with two carbonyl
groups of which the other one has reacted with water to a
hydrate (compound A in Table S2). Peak m/z 481 is presumably
the chorine adduct of the same double oxidized product in
which both carbonyls are in the hydrate form. The second most
abundant peak m/z 427 is most probably the double oxidized
product carrying carboxylic acid group at the reducing end C-
1 and one carbonyl group (compound B in Table S2) whereas
peak m/z 445 can represent the same product in a hydrate form.
Mass to charge ratio of 445 can also represent a chlorine adduct of
the original double oxidized product with two carbonyl groups.
Thus, one compound that is oxidized at two secondary hydroxyls
is shown as three peaks in the mass spectrum (compound A in
Table S2).

To facilitate the interpretation of MS spectra, the oxidized
products were treated with NaBD4, and analyzed by ESI-
MS after purification. Thus, a PDH oxidation at secondary
hydroxyl resulting in a ketone is equivalent to one Dalton
difference in mass after NaBD4 reduction compared to substrate
(Figure 3A). Instead, the oxidation at the reducing end C-
1 forms a carboxyl group, which is resistant to NaBD4

reduction (Figure 3B). Compared to the chloride adduct of
NaBD4 reduced substrate, the oxidation at reducing end C-
1 will result in a deprotonated m/z peak that is 23 Da less.
Therefore, by counting the Dalton difference between the
reduced oxidation products and the reduced original substrates,
the number of oxidations occurring in one molecule can
be determined.

After NaBD4 reduction, the predominant peak in mass
spectra of oxidized X2 by both PDHs was m/z 322, which is
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FIGURE 3 | The principle of isotopic labeling with NaBD4 reduction. (A) One oxidation at secondary hydroxyls is equivalent to one Dalton difference in mass and (B)

oxidation at C-1 hydroxyl is resistant to NaBD4 reduction.

2 Da more than the control X2 indicating double oxidation
at two secondary hydroxyls (Figure S12). The 2 Da increase
in mass was also seen for oxidized X3. Oxidation of X4 by
both PDHs resulted in single and double oxidized products
after 24 h reaction. Notably, Araf substitution inhibited multiple
oxidation of corresponding substrates; A3X and A2XX were
mostly single oxidized at a secondary hydroxyl while the
XA3XX was still largely non-oxidized by both PDHs after 24 h
reaction (Figure S13).

In addition to oxidizing secondary hydroxyls, both AbPDH1
and AmPDH1 oxidized the reducing end C-1 of all substrates.
Moreover, mass spectra of X2, X3, and X4 products revealed that
reducing end C-1 oxidation and secondary hydroxyl oxidations
could co-exist in one molecule, resulting in final products with a
mass that is 22 Da (reducing end C-1 oxidation+ one secondary
hydroxyl oxidation) or 21 Da (reducing end C-1 oxidation+ two
secondary hydroxyls oxidation) less than the control substrate
(Figure S12).

Direct infusion mass spectrometry after NaBD4 reduction
thus confirmed the ability of both AbPDH1 and AmPDH1 to
oxidize xylooligosaccharides atmultiple positions. Quantification
of the reaction products was subsequently important to uncover
the specificity of each PDH.

Separate Quantification of
Xylooligosaccharides Oxidized at
Secondary Hydroxyl Positions and the
Reducing End C-1
A two-stage MS-based approach was developed in this study
to quantify single and multiply oxidized oligosaccharides, and
as well as oxidations at secondary hydroxyls vs. the reducing
end C-1 (section Quantitative Interpretation of Mass Spectra; see
Figure S1 for example calculation).

Product profiles were first calculated based on mass spectra,
where different ionization intensities are obtained for neutral and
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acidic products, preventing the direct quantitative comparison
of residual substrate products with ketone groups, and acidic
products with reducing end C-1 oxidation. As a result, the
extent of oxidized secondary hydroxyls and the reducing end C-
1 were calculated separately (Figure 4). Overall, products with
two ketones (i.e., oxidation of two secondary hydroxyls) were
dominant for linear xylooligosaccharides. The only exception was
AmPDH1 oxidation of X4, which was only partially oxidized
and mainly to a single oxidized product (Figure 4A). For
all linear xylooligosaccharides treated for 24 h with AbPDH1,
products oxidized at the reducing end C-1 were mostly also
oxidized at a secondary hydroxyl group (i.e., were double
oxidized products, Figure 4B). This same pattern was observed
for AmPDH1 oxidation of X3; however, a triple oxidized product
(C-1 oxidation + two ketones) represented more than 50% of
acidic products generated through AmPDH1 oxidization of X2.
Whereas, oxidation of linear xylooligosaccharides mostly led to
double oxidized products, single oxidized products dominated
in reactions containing Araf substituted xylooligosaccharides
(Figures 4A,B).

Total Comparative Quantification of
Oxidized Xylooligosaccharides Generated
by AbPDH1 and AmPDH1
Using hydrophilic interaction chromatography (HILIC), acidic
and neutral reaction products were successfully separated and
identified by MS (Figures S14, S15). The acidic products (C-
1 oxidation) eluted earlier than the neutral ones and these
two classes of products could be quantified after HILIC
separation with on-line ELSD using external standards. The
ELSD quantification was successfully done for X3, X4, A3X,
A2XX, and XA3XX products. Due to co-elution with salts, X2

products could not be quantified. Six reaction species could be
quantified: non-oxidized substrate, one oxidation at a secondary
hydroxyl, two oxidations at secondary hydroxyls, one oxidation
at the reducing end C-1, one oxidation at reducing end C-1
with one oxidation at secondary hydroxyl, and one oxidation at
reducing end C-1 with two oxidations at secondary hydroxyls
(Figure 5).

AbPDH1 and AmPDH1 primarily oxidized secondary
hydroxyls, and to a lesser extent the anomeric C-1. The main,
double oxidized derivative with two ketone groups represented
81 and 56% of X3 products after 24 h treatment by AbPDH1
and AmPDH1, respectively (Figure 5). AbPDH1 also mainly
oxidized X4 at secondary hydroxyls with 38% being single
ketone and 48% being double ketone products, whereas the most
abundant reaction product after AmPDH1 treatment was C-1
oxidized X4 (34%). Dominating A3X products (73–78%) carried
single ketone group whereas A2XX was primary oxidized by
AbPDH1 to one (50%) and two (21%) ketone derivatives. After
AmPDH1 treatment, 48% of A2XX remained non-oxidized and
39% of products carried single ketone group. The composition
of reaction products from XA3XX treatments by both PDHs
was rather similar, with ∼50% of substrates being non-oxidized
after 24 h reaction;∼25% converted to products with one ketone

group, and 22% were oxidized only at the reducing end C-1
(Figure 5).

MS Fragmentation to Determine the
Oxidized Residues
The oxidized products after reduction were analyzed using Q-
Tof or ion trap by following the deuterium label in the fragment
ions. For example, the MS/MS spectrum of reduced X2 shows
the glycosidic linkage cleavage generating Y1 ion containing the
reduced Xylp residues at m/z 152 (Figure 6A). The molecular
masses of Y1 ions carrying 1 Da more than the control sample
(Figures 6B,C), indicate that one oxidation had taken place at
the reducing Xylp residue by both AbPDH1 and AmPDH1.
The mass of precursor ions increased by 2 Da for oxidized
samples, thus the other oxidation was at the non-reducing end
Xylp residue. The C-1 oxidized X2 would have m/z 297 and
generate the Y1 ion at m/z 165 (data not shown). The m/z
298 ion produced the Y1 ion also at m/z 165 (Figure 6D),
suggesting one secondary hydroxyl oxidation took place at
the non-reducing Xylp moiety together with the oxidation at
reducing end C-1. The Y1 ion shown in Figure 6E increased
by 1 Da compared to the compound shown in Figure 6D,
indicating that AmPDH1 can even generate triple oxidized
X2 with a ketone group at the non-reducing Xylp residue,
a ketone at the reducing Xylp residue, and a reducing end
carboxylic acid.

Following the same procedure as described above for X2,
the oxidized positions for other linear xylooligosaccharides
were determined (Figure 5; see example MSn spectra in
Figures S16, S17). Oxidation by both AbPDH1 and AmPDH1
was clearly restricted to the reducing and non-reducing Xylp
residues. Consistent with quantification using ELSD (section
Separate Quantification of Xylooligosaccharides Oxidized at
Secondary Hydroxyl Positions and the Reducing End C-1), the
MS fragmentation confirmed that linear xylooligosaccharides
were mostly multi-oxidized by both PDHs, with the exception
of X4 oxidation by AmPDH1 which was dominated by single
oxidation. The MS fragmentation further revealed that the
oxidation of X4 by AmPDH1 was localized to the reducing
end secondary hydroxyls or reducing end C-1. Surprising,
whereas single oxidation of X4 by both AbPDH1 and AmPDH1
was restricted to the reducing Xylp, single oxidation of X3

by both PDHs was mainly at the non-reducing end Xylp
secondary hydroxyls (Figure 5). Double oxidation by PDHs
included products oxidized at (1) secondary hydroxyls of both
the reducing and non-reducing Xylp, or (2) the reducing C-
1 position and a secondary hydroxyl at the non-reducing end.
Increasing the length of the xylooligosaccharide to X3 and X4

did not lead to detectable oxidation of internal Xylp substituents.
Interestingly, in addition to the regioselectivity of single and
double oxidations, a product of m/z 299 was detected in the
AmPDH1 oxidized X2 after reduction, representing products
that were triple oxidized. In this case, it is conceivable that
the reducing Xylp is oxidized at both the reducing end C-1,
and a secondary hydroxyl. This was the only detected triple
oxidized product.
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FIGURE 4 | Distribution of (A) neutral products (unreacted substrate and oxidations at secondary hydroxyls) and (B) acidic products (reducing end C-1 oxidation with

zero, one or two secondary hydroxyls oxidations). Reactions with AbPDH1 are indicated by solid color and reactions with AmPDH1 are indicated by diagonal stripes.

The Araf substituted substrates were mainly single oxidized
or non-oxidized after 24 h treatment. A3X containing α-(1→ 3)-
linked Araf substitution at the non-reducing end Xylp residue,
was single oxidized by both PDHs at the reducing end Xylp
resulting in a ketone group or C-1 oxidized carboxylic acid. A2XX
with α-(1→ 2)-linked Araf substitution was similarly oxidized at
the secondary hydroxyl or C-1 of the reducing end Xylp by both
PDHs. Interestingly, in some A2XX products, a second ketone
group was detected at the non-reducing end Xylp, which carries
the Araf substituent. Moreover, AmPDH1 showed unique ability
to form products with a single ketone group at the non-reducing
end Xylp of A2XX. No clear oxidation of Araf was detected in any
of the samples.

DISCUSSION

AbPDH1 was first isolated over 20 years ago (Volc et al.,
1997), and was followed nearly 10 years later by the isolation
of AmPDH1 (Sedmera et al., 2006). Since then, AbPDH1 and

AmPDH1 have been biochemically characterized using a broad
collection of monosaccharides, heteroglycosides, and selected
oligosaccharides, revealing their potential for single and double
oxidation of many plant-derived carbohydrates, and motivating
their application in biofuel cells and organic syntheses (Giffhorn
et al., 2000; Peterbauer and Volc, 2010). Herein, AbPDH1 and
AmPDH1 were directly compared in terms of potential to
oxidize diverse xylooligosaccharides, both linear and branched,
acid and neutral. In particular, we investigated the impact of
xylooligosaccharide length and substitution on the extent and
position of oxidation by each enzyme. In this way, we evaluated
the potential of AbPDH1 and AmPDH1 to serve as catalysts in
the synthesis of telechelic building blocks from xylan fragments
common to wood and agricultural residues.

Consistent with reported AmPDH1 activity toward X2

(Sygmund et al., 2008) and glucose-containing oligosaccharides
(Volc et al., 1997; Tasca et al., 2007; Peterbauer and Volc, 2010;
Rafighi et al., 2018) both AbPDH1 and AmPDH1 produced
herein oxidized X2 as well as X3 and X4. As observed for PDH
activity toward cellooligosaccharides and maltooligosaccharides
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FIGURE 5 | Summary of main oxidation products and oxidized positions following xylooligosaccharide treatment by AbPDH1 and AmPDH1. Representative product

structures are drawn for those representings > 5% of the reaction mixture; the symbol nomenclature for glycans was adopted from Varki et al. (2015). A black dot in

the center of a star represents a secondary hydroxyl oxidation, and a black dot at the tip of a star represents oxidation at the reducing end C-1. The proportion of

each reaction product is shown by the number in each cell and summarized by the pie chart shown in each row.

(Kujawa et al., 2007; Sygmund et al., 2008; Peterbauer and Volc,
2010; Graf et al., 2017), the specific activity (U/mg) of both
AbPDH1 and AmPDH1, as well as the rate of the substrate
depletion detected with HPAEC-PAD, decreased with increasing
degree of polymerization, where the impact of substrate length
on activity was greater for AmPDH1 than for AbPDH1.
Notably, AmPDH1 depleted X2 faster than AbPDH1, which is
in line with the previous studies, where AmPDH1 shows higher
catalytic turnover toward disaccharides, cellobiose, maltose and
lactose than AmPDH1 (Sygmund et al., 2008; Gonaus et al.,
2016). However, the reverse pattern was observed for longer
linear oligosaccharides; AbPDH1 activity toward substituted
xylooligosaccharides was also substantially higher than that
measured for AmPDH1. In both cases, however, activities toward
A3Xwere higher than X3, and activities toward neutral substrates
were higher than for the acidic xylooligosaccharides U4m2XX and
XU4m2XX. The structural basis for these differences in AbPDH1
and AmPDH1 activity toward oligosaccharides awaits a solved
structure for AbPDH1 and of enzyme-substrate complexes for
this enzyme family. Still, as found in Gonaus et al. (2016), a
homology model of AbPDH1 based on the solved structure of
AmPDH1 revealed two amino acid deletions in the loop 1 region,
differences in the loop 3 region, and substitution of Phe508 in
AmPDH1 to the smaller Val505 in AbPDH1. These differences
vary the amino acid content in loop regions at the entrance of the

substrate binding pocket, and could impact accessibility of the
active site (Gonaus et al., 2016).

When considering the synthesis of telechelic molecules
from xylooligosaccharides, it is especially important to evaluate
the extent and positions of oxidation in each reaction
product. To facilitate this analysis, we established an alternative
method for the identification and quantification of oxidized
carbohydrates, which utilizes NaBD4 reduction and is solely
based on MS and UPLC systems. This method enables fast
quantification of formed carbonyl groups as the results are readily
interpreted by counting the Dalton difference. In addition,
the analysis can be accomplished with reaction products in
microgram levels, allowing it to be an attractive technique for
characterizing carbohydrate oxidoreductases where enzyme or
substrate quantities are limiting. For example, even though
specific activity values could not be obtained using the acidic
xylooligosaccharides U4m2XX and XU4m2XX, the near-complete
oxidation of both substrates by AbPDH1 after 24 h was confirmed
using this method. Given the higher activity of both AbPDH1
and AmPDH1 on neutral xylooligosaccharides, corresponding
product profiles were quantified in more detail. Consistent with
activity values, AbPDH1 reached a higher level of double oxidized
end products from X4 and A2XX compared to AmPDH1. An
exception was for X2, where treatment with AmPDH1 led even
to a triple-oxidized product. The ESI-MSn analyses confirmed
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FIGURE 6 | HILIC-MS/MS spectra collected in negative ion mode showing fragmentation of X2 after enzymatic oxidation by PDHs followed by NaBD4 reduction. (A)

Negative MS/MS 320 of the X2 control, (B) negative MS/MS 322 of the X2 oxidized by AbPDH1, (C) negative MS/MS 322 of the X2 oxidized by AmPDH1, (D)

negative MS/MS 298 of the X2 oxidized by AbPDH1, (E) negative MS/MS 299 of the X2 oxidized by AmPDH1. Product ions named according to Domon and Costello

(1988). Oxidations at C-2, C-3, and C-4 are not distinguishable.

that oxidations were targeted to the reducing and non-reducing
ends of all tested xylooligosaccharide substrates. Interestingly,
yet unexplained, selectivity was noticed by both enzymes. For
example, a single keto group was formed at the non-reducing
Xylp residue of X3, whereas in X4 a single keto group was found
solely at the reducing end Xylp. Also, AmPDH1 produced more
C-1 oxidized acidic products from X3 and X4 than AbPDH1. As
previously reported for activity toward cellobiose, maltose and
lactose (Volc et al., 2004; Sygmund et al., 2012; Gonaus et al.,
2016), AbPDH1 and AmPDH1 oxidized the anomeric carbon
together with secondary hydroxyls of xylooligosaccharides.

Although cross-ring fragmentation was observed in some
oxidation products (e.g., with C-1 oxidation), we were not able to
identify which secondary hydroxyl was targeted by each enzyme
due to proton transfer during the fragmentation (Domon and
Costello, 1988). Nevertheless, as reported for glucose-containing

oligosaccharides (Sedmera et al., 2006; Peterbauer and Volc,
2010; Rafighi et al., 2018), the context of the secondary hydroxyls
at C-2 and C-3 positions clearly impacted AbPDH1 and
AmPDH1 activity toward xylooligosaccharides. Most notably,
the alpha-(1→ 3)-linked Araf in A3X and XA3XX shifted
AbPDH1 and AmPDH1 activity toward the reducing end of both
substrates. By contrast, both the reducing and non-reducing ends
of A2XX were oxidized.

In summary, with the newly developed method to identify
and quantify oxidized carbohydrates, we successfully determined
the degree of oxidation and analyzed the regioselectivity of
AbPDH1 and AmPDH1 toward xylooligosaccharides present
in wood and agricultural fiber. The widened carbohydrate
profile of AbPDH1 and AmPDH1 provides further support
for their proposed biological function in evading plant defense
mechanisms through reducing plant-derived quinones, or
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promoting lignin depolymerization through reducing lignin-
derived radicals generated by lignin-active peroxidases and
laccases (Peterbauer and Volc, 2010; Sützl et al., 2018; Herzog
et al., 2019). Confirming herein that oxidative activity is restricted
to the ends of xylooligosaccharides, and that both linear and
substituted xylooligosaccharides are accepted, also opens new
applications of PDHs that transform underused xylan streams
into telechelic molecules primed for polymerization.
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