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Conversion of technical lignin into performance biopolymers such as polyurethane
offers environmental and economic advantages when combined with production of
biofuels from biomass sugars, presenting significant interest toward studying the role of
pretreatment on lignin structure and functionality. Co-solvent enhanced lignocellulosic
fractionation (CELF) pretreatment, employing acidic aqueous tetrahydrofuran (THF)
mixtures, was developed to effectively break down the lignin-carbohydrate matrix and
promote extraction of lignin from lignocellulosic biomass with desirable purity and yield.
In this study, we report the effects of CELF pretreatment reaction severity on the
molecular structure of CELF-extracted lignin and its impact toward the mechanical
properties of the resulting lignin-based polyurethanes. Reaction temperature was found
to play the most significant role, compared to reaction time and acidity, in manipulating
structural features such as molecular weight, functionality and intra-polymer structure.
At the severe reaction conditions at 180◦C, the order of reactivity for primary lignin
interlinkages characterized by semiquantitative HSQC NMR analysis were found to
be β-ether > phenylcoumaran (β−5′) > resinol (β−β′) facilitating a high degree of
depolymerization and yielding a high frequency of free phenolics and reduced aliphatic
hydroxyl groups. All side-chain interlinkages were depleted converting guaiacyl subunits
into condensed forms, while still retaining uncondensed syringyl subunits. Under the
mild 150◦C temperature reaction, CELF lignin had higher molecular weight and retained
more β-ether interlinkages. The results from CELF lignin-based polyurethane synthesis
indicated that the tensile properties depended on the miscibility of CELF lignin with
other components and low molecular weight cuts improved the dispersion of lignin in
the polyurethane network. Pre-mixing of CELF with poly(ethylene glycol) (PEG) reduced
the brittleness and improved the ductility of the CELF lignin-PEG polyurethanes.
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GRAPHICAL ABSTRACT | The impact of pretreatment severity on the structure of CELF lignin and tensile properties of CELF lignin-based PU.

INTRODUCTION

Lignin found in lignocellulosic biomass is a class of
heterogeneous biopolymers typically derived from three
types of phenylpropanoid subunits: guaiacyl (G), syringyl (S),
and p−hydroxylphenyl (H) (Higuchi, 2003). Angiosperm poplar
lignin is composed of S, G with a varying S/G ratio depending
on the species and a small amount of H subunits which are
connected by six predominant interlinkages: β−O−4′, β−β′,
β−5′, 5−5′, β–1′ and 4–O–5′ (Sannigrahi et al., 2010). In the
plant cell wall, about 3% of the lignin subunits are covalently
bonded with hemicelluloses to form lignin-hemicellulose
matrix and lignin provides drought-resistance and a protective
barrier against pathogen invasion (Balakshin et al., 2007;
Giummarella et al., 2019). The recalcitrance of plant cell
wall is designed by nature to be resistant to biological and
chemical degradation. Therefore, in order to reduce the costs
associated with processing lignocellulosic biomass to biofuels
and biochemicals, pretreatment is often employed to modify the
plant cell wall to improve accessibility of cellulolytic enzymes to
the crystalline cellulose domains from which fermentable glucose
can be released (Mostofian et al., 2016).

In order to improve upon conventional aqueous biomass
pretreatment methods, the addition of miscible co-solvents
greatly improves the dissolution of lignin that is critical in
maximizing utilization of all major biomass fractions by
subsequent catalytic and biological conversion methods.

Co-solvent-based pretreatment technologies employing
tetrahydrofuran (THF), γ-valerolactone (GVL), and Cyrene
in aqueous solutions have been shown to provide significant
functional advantages in improving microbial and enzymatic
accessibility of cellulose while also achieving clean extraction of
lignin and high total sugar recovery, merits that are important
toward improving the competitiveness of liquid fuels from
biomass (Shuai et al., 2016; Smith et al., 2017; Liu et al., 2018;
Petridis and Smith, 2018; Meng et al., 2020). The pretreatment
method that employs THF as a co-solvent is known as Co-
solvent enhanced lignocellulosic fractionation (CELF). THF
has uniquely lower boiling point so that it can be simply boiled
out of the solution after pretreatment in order to induce lignin
precipitating out of solution and to recover THF. This avoids
potentially more complicated and energy-intensive solvent
recovery methods, such as CO2-induced phase modification
or anti-solvent extraction, that have been proposed for the
recovery of high boiling co-solvents (Wyman et al., 2016).
In previous studies, CELF has demonstrated wide operating
flexibility in terms of reaction conditions such as temperature,
solvent ratio, duration, and acid loading to finely control the
extent of cellulose and lignin dissolution independently to
support sugar hydrolysis at lower severities and to support
tandem sugar hydrolysis and dehydration to furfurals at higher
severities (Cai et al., 2013; Nguyen et al., 2016; Seemala et al.,
2018). THF is non-pernicious and is considered a toxicologically
safer alternative to dioxane and can be classified as a green
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chemical if produced from furfural by catalytic decarbonylation
followed by hydrogenation (Cai et al., 2013; Fowles et al., 2013;
Meng et al., 2018). Recently, all-atom molecular-dynamics
(MD) simulation studies have probed the functionality of
THF-water mixtures to “relax” native lignin globules into
non-aggregated random-coils under the CELF pretreatment
reaction environment to facilitate both lignin solvation and
depolymerization, offering a wider operating range to alter
the structure and degree of polymerization of lignin during
pretreatment (Mostofian et al., 2016; Smith et al., 2016).
This high degree of lignin tunability opens a broad range of
potential pathways for upgrading lignin such as biopolymers,
carbon substrates, antioxidants, resins, and hydrocarbon fuels
(Ragauskas et al., 2006, 2014). While structural characterization
of CELF lignin resulting from reaction conditions identified
for achieving optimal total sugar recovery or high furfural
yields have been reported previously (Meng et al., 2018, 2019b;
Wang et al., 2018), a systematic study focused on elucidating
the impact of pretreatment temperature, reaction time, and
acid loading on lignin structure is needed to understand
the potential spectrum of chemical moieties and inter-unit
components that would be available to serve future lignin
valorization efforts. Herein, the correlation between CELF
pretreatment severity and resultant CELF lignin characteristics
from hardwood poplar was established quantitatively by
using 31P nuclear magnetic resonance (NMR), heteronuclear
Single Quantum Coherence (HSQC) NMR, gel permeation
chromatography (GPC), thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC). To improve our
understanding of lignin fragmentation by acidolysis under
CELF conditions, we tracked potential side-reactions such as
lignin condensation and loss of monosaccharides as well as the
primary acidolysis reaction on the lignin β–O–4′ interlinkages.
Lignin has been considered as a sustainable and low-cost
replacement for petrochemical polyols in the production of
commercial polyurethanes products (Wang et al., 2017a). In
the study of Kraft lignin-based polyurethanes, it was found
that the mechanical strength of the polyurethane network was
dependent on the molecular weight of Kraft lignin cuts prepared
by sequential precipitation, and the presence of long-chain
polyethylene glycol was able to improve the ductility of the
materials (Wang et al., 2019). The understanding of CELF lignin
molecular features, in return, facilitated the screening of lignin
species for producing CELF lignin-based polyurethane (CL-PU)
products such as adhesives.

MATERIALS AND METHODS

Materials
The poplar wood chips used for this study is known as BESC
standard poplar. It was determined through compositional
analysis (NREL protocol TP-510-42618) to contain 21.2% acid-
insoluble lignin (Sluiter et al., 2012). Before pretreatment, the
poplar chips were knife-milled and passed through a 1 mm
particle screen. Chemicals reagents such as THF, sulfuric acid,
poly[(phenyl isocyanate)-co-formaldehyde] (PMDI, Mn∼340)

and dibutyltin dilaurate were purchased from Sigma-Aldrich and
Fisher Scientific.

CELF Pretreatment
Poplar wood chips were loaded into a 1 L Hastelloy Parr
autoclave reactor (236HC Series, Parr Instruments Co., Moline,
IL, United States) equipped with twin pitched-blade Rushton
impellers at a solid to liquid loading of 7.5 wt%. The chips
were soaked overnight at 4◦C in a 1:1 (w/w) THF-water
solution containing dilute mixtures of sulfuric acid (0.025 M
to 0.1 M or 0.25–1% in liquid). The pretreatment reactions
were carried out at temperatures of 150, 160, and 180◦C for
durations of 15 and 30 min. All reactions were maintained at
target temperature (±1◦C) by convective heating by using a
4 kW fluidized sand bath (Model SBL-2D, Techne, Princeton,
NJ, United States), and the reactor temperature was measured
directly by using an internally fixed thermocouple (Omega,
K-type). To arrest the reaction after the allotted duration, the
reactor was submerged in a large room-temperature water bath.
The pretreated solids were then vacuum filtered and separated
from the pretreatment liquor at room temperature through a
paper filter. Finally, the dry mass of the solids and the mass of
the liquor was recorded.

CELF Lignin Recovery and Purification
The liquid fraction collected from post filtration was poured in
a beaker and titrated to pH ∼7 using ammonium hydroxide.
THF was then boiled out of solution at 80◦C under a hot plate
with continuous stirring at 130 rpm for about 4 h. The beaker
and contents were then allowed to cool to room temperature
overnight and the liquor was then poured out. Lignin that had
precipitated onto the beaker after the removal of THF and liquor
was rinsed with water and then placed in a dark oven at 65◦C to
dry overnight. The resulting lignin was collected and placed onto
a glass fiber filter paper. The lignin was then washed with diethyl
ether followed by a water wash to remove soluble impurities and
placed in an oven at 65◦C to dry overnight to a moisture content
of<3% (determined by gravimetric analysis at 105◦C). The lignin
was then ground to a fine powder by a mortar and pestle.

Structural Characterization of CELF
Lignin
Quantitative 31P NMR and the heteronuclear single quantum
coherence (HSQC) NMR spectra were acquired on a Bruker
Avance III HD 500-MHz spectrometer according to a previously
published literature (Wang et al., 2018; Meng et al., 2019a).
In the quantitative 31P NMR experiments, a 90◦ pulse width,
1.2 s acquisition time, 25 s pulse delay were used in
collecting 64 scans. 20∼30 mg (accurately weighed) CELF
lignin sample was dissolved in 700 µL pyridine/CDCl3
(1.6:1, v/v) with 1 mg/mL chromium(III) acetylacetonate
and 2.5 mg/mL N-hydroxy-5-norbornene-2,3-dicarboximide
(internal standard). The lignin sample was subjected to
NMR analysis promptly after phosphitylating with 60 µL
2-chloro-4,4,5,5 tetramethyl-1,3,2-dixoaphospholane (TMDP).
The obtained 31P NMR spectra were calibrated by using the
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TMDP-water phosphitylation product (δ132.2 ppm) as the
internal reference. The HSQC NMR spectra were processed and
analyzed by using TopSpin software (version 3.5pl7, Bruker).

Gel Permeation Chromatography
Dried CELF lignin sample (∼2 mg) was acetylated and
processed according to a previous literature (Wang et al.,
2018). The acetylated CELF lignin was dissolved and then
incubated in tetrahydrofuran for 24 h. The molecular weight
analysis was performed on an Agilent GPC SECurity 1200
system equipped with several Waters Styragel columns (Water
Corporation, Milford, MA, United States), an Agilent UV
detector (λ = 280 nm) at a flow rate of 1.0 mL/min at 30◦C.

Thermal Analyses
The thermal gravimetric analysis (TGA) of lignin was operated on
a TA Q50 thermogravimetric analyzer (TA Instruments) heating
in a nitrogen atmosphere. The sample (∼10 mg) was initially
incubated at 105◦C for 15 min to remove the last trace of
moisture and THF. Then, the temperature was raised from 105 to
900◦C at 10◦C/min. The differential scanning calorimetry (DSC)
measurements were performed in heat-cool-heat mode on a TA
Q2000 DSC (TA Instruments) with a heating/cooling rate of
20◦C/min.

CL-PU Synthesis and Characterization
The CL-PUs were synthesized by polycondensation as described
in a previous literature, and they were denoted according to
the corresponding CELF lignin samples (Wang et al., 2019). In
this work, the selected CELF lignin samples, CELF2, CELF3 and
CELF4, were disolved in THF with or without poly(ethylene
glycol) (PEG, Mw = 4,000, Alfa Aesar) (1:1, w/w). The polyol/THF
mixture was incubated in a thermal shaker (Alkali Scientific Inc.)
at 140 rpm, 60◦C for 1 h, and then it was combined with a THF
solution containing PMDI with NCO/OH ratio at 1:1 and 1.5%
dibutyltin dilaurate. After 3-day curing at room temperature, the
CL-PU samples were kept at 150◦C for 3 h. The tensile testing
was carried out on a dual column Instron 5567 universal testing
system equipped with a 500 N static load cell. For each CL-
PU sample, three dog-bone specimens were tested according to
ASTM D638 standard (Type V) at a strain rate of 0.1 mm/min.

RESULTS AND DISCUSSION

Delignification in Acidic CELF
Pretreatment
Poplar wood meal was pretreated under five CELF pretreatment
conditions varying in catalyst dosage, temperature and duration
time as summarized in Table 1. The THF-water content was
fixed at 1:1 (w/w) which has been determined to be the
minimum THF needed to achieve high delignification (Cai
et al., 2013). The resultant CELF lignin samples were denoted
“CELF1 – CELF5” referring to the degree of pretreatment
severity. During the CELF pretreatment, the macromolecular
lignin was degraded into fragments and dissolved in the THF-
water mixture. Below 180◦C, the removal of lignin increased

TABLE 1 | CELF pretreatment conditions and mass yield (%) of CELF lignin in
total poplar lignin.

Lignin sample H2SO4

(wt%)
Temperature

(◦C)
Duration

(min)
Lignin

yield (%)

CELF1 0.25 150 15 65.2

CELF2 0.5 150 15 69

CELF3 0.5 160 15 75.5

CELF4 0.5 180 15 94.4

CELF5 1 180 30 142.1

steadily when the poplar biomass was pretreated at elevated
temperature or with higher catalyst dosage. However, total CELF
lignin yield after 180◦C reaction was significantly higher for
CELF5 (142.1% of total lignin in poplar biomass) as compared
to CELF4 (94.4% of total lignin in poplar biomass). The
mass in excess of 100% for the CELF5 sample was likely
due to cross-polymerization reactions between soluble sugars
and lignin during pretreatment and the formation of pseudo-
lignin, a polyphenolic compounds derived from carbohydrates
subjected to dilute acid reaction (Sannigrahi et al., 2011; Hu
et al., 2012; Shinde et al., 2018). For example, Hu et al. found
that up to 87% of the holocellulose was converted into acid
insoluble pseudo-lignin including approximately 30% aqueous-
dioxane-soluble pseudo-lignin after a severe two-step dilute
acid pretreatment at 180◦C (Hu et al., 2012). Pseudo-lignin
preferentially forms via polymerization or polycondensation of
carbohydrate degradation products at high temperature in the
presence of oxygen during acid pretreatment (Hu and Ragauskas,
2014). It consumes valuable fuel precursors such as furfural,
5-hydxoylmethylfurfural, and levulinic acid; moreover, similar
to lignin, pseudo-lignin absorbs on the surface of biomass
and creates a recalcitrant barrier against cellulosic enzymatic
hydrolysis (Hu et al., 2012). Therefore, the generation of pseudo-
lignin should be suppressed during CELF pretreatment to
provide higher yields of reactive intermediates from both the
sugars and lignin in biomass.

Another index to evaluate the efficiency of CELF pretreatment
is the molecular weight of the CELF lignin. The GPC
profiles presented in Figure 1 showed the typical bimodal
molecular weight distribution pattern for all five CELF lignin
samples, and the impact of pretreatment severity on lignin
depolymerization can be visualized by the intensity changes of
high- and low-molecular weight peaks. At low pretreatment
temperature (150◦C), the high molecular-weight peaks were
found to be predominant for CELF1 and CELF2, and mild
degradation of lignin occurred as its Mw was reduced by
20∼25% compared with the reported value of poplar cellulolytic
enzyme lignin (CEL) (Mw ∼ 12,000) (Meng et al., 2018). The
most dramatic changes in molecular weights and polydispersity
(PDI) were observed between CELF2 and CELF3: more
than 50% reduction of Mw was achieved by increasing the
pretreatment temperature from 150 to 160◦C while other
variables remained the same. However, Mw of CELF4 obtained
at 180◦C was decreased by an additional 17% compared
with CELF3 (160◦C). At 180◦C, the reduction in molecular
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FIGURE 1 | GPC profiles, weight-average and number average molecular weights of CELF lignin obtained under different pretreatment conditions.

weight was caused by β–O–4′ acidolysis which was, however,
partially compensated by the repolymerization of degraded lignin
fragments via condensation.

Impacts of Pretreatment Severity on the
Structural Features of CELF Lignin
Acid-catalyzed delignification preferentially starts from β–O–
4′ linked alkyl aryl ethers with a free phenolic end, and
the cleavage reaction proceeds along the polymer chain until

reaching more recalcitrant bonds (Sturgeon et al., 2014). Under
the acidic condition, the Cα position of beta ether loses a
water molecule and forms a benzylic carbocation. The beta
ether cleavage involves two pathways giving two end products:
phenylacetaldehyde and Hibbert ketone (Scheme 1A), when
sulfuric acid is used as the catalyst, forming Hibbert ketone
is thermodynamically favored (Lundquist and Lundquist, 1972;
Imai et al., 2011; Sturgeon et al., 2014). In addition to
lignin depolymerization at low pH, C–C crosslinking between
lignin components occurs via condensation reactions such
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SCHEME 1 | Mechanisms of acid-catalyzed β−O−4′ cleavage (A) and Cα condensation (B).

as the one occurring on Cα as depicted in Scheme 1B
(Li et al., 2018).

The multifunctionality of lignin macromolecules includes
aliphatic, phenolic and carboxylic –OH groups. The phenolic
-OH group can be classified into guaiacyl, C5-substituted
and p-hydroxyphenyl. The hydroxyl contents of CELF1∼5
determined by 31P NMR analysis and the corresponding spectra
are shown in Table 2 and Figure 2A, respectively. As the CELF
pretreatment adopts more severe conditions, more free phenolic
hydroxyl groups were released as a result of acid-catalyzed β–O–
4′ cleavage, and they became the major functional groups (∼70%)
found in CELF lignin when the pretreatment temperature was
raised to 180◦C (Figure 2B). Meanwhile, the relative content
of aliphatic hydroxyl groups decreased from 74 to 26%. In the
predominant lignin substructure, β–O–4′ alkyl aryl ether, the loss
of aliphatic -OH groups arises from several factors including the

cleavage of the monomeric components, oxidation of hydroxyl
groups, and dehydration of side chain Cα and Cγ leading to Cα

condensation or formation of stilbene structures (Hallac et al.,
2010; Meng et al., 2018). The contents of syringyl and guaiacyl
phenolic -OH groups increased comparably with the release of
free phenolic ones (Table 2 and Figure 2C). However, unlike the
former two, the p-hydroxyphenyl end units mainly derived from
p-hydroxybenzoate were found to be more vulnerable to cleavage
as its corresponding hydroxyl content decreased from ∼20 to
∼5% of the phenolic hydroxyl content.

Detailed structural evolution of CELF lignin in relation to
the pretreatment severity can be mapped by semiquantitative
HSQC NMR analysis. As shown in Figure 3, the 2D HSQC
spectra of CELF1, 3 and 5 prepared under mild, medium
and harsh pretreatment conditions, were distinguishably
different based upon the appearance and disappearance of

TABLE 2 | CELF lignin hydroxyl contents determined by quantitative 31P NMR analysis.

OH content, mmol/g lignin CELF1 CELF2 CELF3 CELF4 CELF5

Aliphatic 4.55 ± 0.04 3.94 ± 0.01 2.45 ± 0.05 1.11 ± 0.02 1.07 ± 0.02

Phenolic 1.56 ± 0.05 1.71 ± 0.05 2.18 ± 0.03 3.05 ± 0.01 2.81 ± 0.05

Carboxylic 0.08 ± 0.01 0.07 ± 0.01 0.10 ± 0.01 0.15 ± 0.00 0.17 ± 0.02

Total 6.19 ± 0.08 5.72 ± 0.05 4.72 ± 0.08 4.31 ± 0.03 4.04 ± 0.09

C5-substituted 0.76 ± 0.03 0.9 ± 0.02 1.30 ± 0.01 1.71 ± 0.01 1.71 ± 0.02

Guaiacyl 0.50 ± 0.02 0.54 ± 0.03 0.67 ± 0.02 1.02 ± 0.00 0.97 ± 0.00

p-Hydroxyphenyl 0.30 ± 0.01 0.28 ± 0.01 0.21 ± 0.00 0.22 ± 0.00 0.13 ± 0.01

The error values were obtained from standard deviation of duplicate results.
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FIGURE 2 | (A) Quantitative 31P NMR spectra of TMDP phosphitylated CELF lignin samples. (B) The relative quantities (%) of aliphatic, phenolic and carboxylic
hydroxyl groups in total lignin hydroxyl groups. (C) The relative contents (%) of syringyl, guaiacyl and p-hydroxyphenyl hydroxyl groups in total lignin phenolic hydroxyl
groups.

some specific structural features. In the aliphatic region, CELF1
possessed clear and intensive characteristic cross-peaks such
as β–O–4′ alkyl aryl ether (A), β–β′ resinol (B) and β–5′
phenylcoumaran (C) substructures, but it showed much fewer
traces of carbohydrate signals compared with the poplar
CEL (Meng et al., 2018). In the aromatic region, in addition
to those well-defined cross-peaks of S and G subunits, and
p-hydroxybenzoate substructure (PB), new cross-peaks of
Scondensed and G2,condensed representing condensed S and G
subunits, can be found around δ105.7∼106.9/δ6.46∼6.53 ppm
and δ112.8/δ6.78 ppm, respectively. In the G subunits,
condensation reactions can occur on open aromatic C5 or
C6 and cause chemical shift migration of C2–H2 in the
HSQC spectrum. In the spectrum of CELF3, the peak areas of
Scondensed and G2,condensed expanded, and a weak cross-peak
of Cγ–Hγ in lignin-bound Hibbert ketone (HK) end group
can be observed. Under extreme pretreatment condition
(1 wt% H2SO4, 180◦C and 30 min duration time), CELF5
lost all side-chain interlinkages. The missing G2 and G6,
remaining G5 cross-peaks indicated that all G subunits were in a
condensed form and substitution on C6 was preferred at 180◦C.
Moreover, 5-hydroxymethylfurfural, a dehydration product
of glucose, was found in CELF lignin, given that the cross-
peaks of its C3–H3 (δ122.8∼124.2/δ7.50∼7.55 ppm), C4–H4
(δ109.6∼110.1/δ6.43∼6.62 ppm) and C6–H6 (δ55.8/δ4.55 ppm)
can be clearly observed in the spectra of CELF4 and CELF5
(Constant et al., 2016).

The quantified impacts of pretreatment severity on lignin
structure is summarized in Figure 4. Compared with other

CELF lignin samples, CELF1 underwent minimal structural
modification and preserved most of the native lignin structural
features such as high frequency of β–O–4′ interlinkages [41 per
100 (S + G) units] and high molecular weight (Figure 4A).
The content of β–O–4′ decreased rapidly from CELF1 to
CELF5; on the other hand, β–β′ and β–5′ interlinkages were
more resistant to acidolysis, but they were eventually cleaved
or transformed at 180◦C, and β–5′ that can only be formed
from G subunits was removed more rapidly. Due to the
presence of C5-methoxyl group, S subunits are favorably linked
through β–O–4′. It was found that the transgenic poplar lignin
composed of ∼98% S subunits possessed similar β–O–4′, but
higher β–β′ content compares with wild poplar species (Stewart
et al., 2009). Interestingly, in this work, the change of S/G
with increasing pretreatment severity indicated that only at
180◦C the loss of S subunits started to surpass the G ones
accompanying with the removal of β–β′ (Figure 4B). Below
180◦C, S2,6condensed/S was higher than G2condensed/G, but under
harsh pretreatment conditions (180◦C), the trend was reversed,
and less than 80% of the S subunits were in condensed form.
In the HSQC spectra of CELF lignin samples (Figure 3),
the cross-peak at δ106.3/δ7.25 ppm is assigned to C2,6 in
the oxidized S subunits, and Sox/S was hardly affected by
pretreatment severity (Figure 4B). It has been reported that
oxidation of Cα or Cγ–OH in β–O–4′ substructure can lower
the C–O–aryl bond strength, and consequently facilitate lignin
depolymerization (Guo et al., 2018). Therefore, the oxidized
S subunits were presumably located at the end of the CELF
lignin polymer chain.
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FIGURE 3 | HSQC spectra of CELF1, 3 and 5. Structure (A) β–O–4′ linked alkyl aryl ether substructure; (B) β–β′ linked resinol substructure; (C) β–5′ and α–O–4′

linked phenylcoumaran substructure; (G) guaiacyl unit; (S) syringyl unit; (S′) oxidized syringyl unit; (PB) p–hydroxybenzoate substructure; (HK) Hibbert ketone; (F)
etherified 5-(hydroxylmethyl) furfural.

Correlation Between Thermal Behaviors
and Molecular Structure of CELF Lignin
One of the pathways to the valorization of lignin isolated
from CELF process is to incorporate them into polymeric
materials; therefore, it is essential to have a deep fundamental
understanding of their thermal behaviors. The DSC profiles in
Figure 5A exhibited two distinct glass transition patterns for
CELF lignin depending on the molecular structure that can be
tuned by pretreatment severity. Below 180◦C (CELE1∼3), glass
transition temperature (Tg) of CELF lignin is positively correlated
to molecular weight. The CELF lignin samples obtained at
180◦C are highly condensed and crosslinked through rigid C–
C bonds rather than C–O bonds. Although their molecular
weights were significantly lower than CELF1∼3, no clear
glass transition state can be observed for CELF4 and CELF5
within the experimental temperature range. In Figure 5B, the
TGA thermograms indicated that the CELF lignin samples
underwent three degradation steps. The most prominent peak

arising from breaking C–C interlinkages and demethoxylation
of aromatic rings at 350∼400◦C can be observed for all
CELF lignin samples (Wang et al., 2018). However, the peak
was shrinking as the pretreatment becomes harsher, and such
phenomenon is consistent with the decreasing S/G ratio caused
by demethoxylation. The peak around 280◦C is mainly caused by
the bond rupture of ether interlinkages and aliphatic side chains,
which release phenolic compounds, aldehydes, and carboxylic
acids (Zhao et al., 2014). Its decay reflected lignin molecular
structure evolving from flexible and native-like to a rigid and
highly condensed under elevated pretreatment severity. The mass
loss around 150◦C is mainly attributed to dehydration of aliphatic
hydroxyl groups (Hirose et al., 1998).

Screening CELF Lignin for CL-PUs
The CELF lignin samples, CELF2, CELF3 and CELF4 prepared
under 150, 160, and 180◦C pretreatment temperatures, were
selected for producing CL-PUs. As shown in Table 3, the CL-PUs
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FIGURE 4 | Semiquantitative HSQC analyses of CELF lignin interunit linkages and subunits. (A) Changes of β–O–4′, β–β′ and β–5′ interunit linkage contents [per 100
(S + G) units] with increasing pretreatment severity; (B) Changes of condensed guaiacyl (G2cond ), condensed syringyl (S2,6cond ) and oxidized syringyl (Sox) subunit
contents with increasing pretreatment severity.

(CL2, CL3, and CL4) using lignin as the solo polyol were brittle
materials with elongation at break (εb) hardly exceeded 5%, and
their Young’s modulus (E), ultimate stress (σmax) increased as
higher pretreatment temperature was employed. The aliphatic -
OH groups in lignin are found more reactive in polyurethane

synthesis, and urethane formation on the aromatic ring are less
favorable due to steric hindrance effect and acidic character of
phenolic -OH groups (Cateto et al., 2011). However, in this
work, the mechanical properties of CL-PUs were determined by
the miscibility between CELF lignin and PMDI in THF. In the
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FIGURE 5 | (A) DSC and (B) TGA analyses of CELF lignin samples obtained under different pretreatment conditions.

TABLE 3 | The tensile properties of CL-PUs: Young’s modulus (E), ultimate stress
(σmax) and elongation at break (εb).

CL-PUa E (GPa) σmax (MPa) εb (%) Lignin (%)

CL2 0.80 ± 0.16 22.01 ± 6.35 3.46 ± 0.80 59.6

CL3 0.97 ± 0.09 27.85 ± 13.19 4.50 ± 0.46 61.7

CL4 1.04 ± 0.10 39.92 ± 8.92 4.47 ± 1.06 62.9

CL2-PEGb 0.21 ± 0.03 9.23 ± 2.04 7.13 ± 1.96 36.5

CL3-PEGb 0.21 ± 0.01 13.20 ± 1.18 24.23 ± 5.05 37.4

CL4-PEGb 0.07 ± 0.00 8.87 ± 1.90 89.77 ± 26.3 37.9

The error values were obtained from standard deviation of triplicate results.
aNCO/OH = 1:1. bCELF lignin/PEG = 1:1 (w/w).

sequential precipitation study, it was found that CELF lignin cuts
with higher molecular weight inclined to precipitate out from
the THF-methanol co-solvent as the solvent polarity decreased

(Wang et al., 2018). Similarly, in this work, the solvation behavior
of CELF lignin was manipulated by its molecular weight. CELF2
(Mw = 8800 g/mol) and CELF3 (Mw = 3900 g/mol) were not
completely soluble in THF at 60◦C, and further precipitation
occurred when they were mixing with PMDI in THF. Compared
to CELF3, CELF 4 (Mw = 3250 g/mol) possessed higher
proportion of lower-molecular-weight lignin species as shown in
the GPC profiles (Figure 1). CELF4 was fully soluble in THF at
room temperature, and as a result, CL4 exhibited better E and
σmax given the fact that CELF4 is structurally highly condensed
and rigid. It was reported that PEG was able to form strong
hydrogen bonds with lignin aliphatic and phenolic -OH groups,
and thus disrupt the non-covalent intermolecular interaction
between macromolecular lignin species (Kadla and Kubo, 2003;
Wang et al., 2017b). Herein, 50% (w/w) PEG was pre-mixed
with CELF lignin samples aiming to promote the solvation of the
latter ones in THF. In general, the soft segments formed by PEG
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reduced the brittleness and improved the ductility of the CL-PEG
PUs (Table 3). Consistent with the control set, the variation of εb
for CL-PEG PUs indicated that the efficacy of PEG depended on
the solvation behavior of CELF lignin.

CONCLUSION

Poplar biomass was pretreated in the CELF process under
different conditions, in which lignin was depolymerized and
extracted with acidic aqueous THF. The pretreatment severity
strongly influenced the molecular weight, multifunctionality and
intra-polymer structure characteristics of the co-product lignin.
Mild CELF pretreatment at low temperature was conducted
to reduce the changes on lignin chemical structure and
preserve high molecular weight, high β–O–4′, and aliphatic
hydroxyl contents. When the pretreatment temperature was
increased from 150 to 180◦C, the content of aliphatic hydroxyl
groups was reduced 4-fold, which had a negative impact on
the multifunctionality of CELF lignin. The studies of CELF
lignin thermal behaviors confirmed that CELF lignin isolated
from high-severity pretreatment was composed of hetero-
oligomers with rigid and highly condensed molecular structure.
Considering the efficiency of CELF process, high temperature
(180◦C) should be avoided given that monosaccharides can
be wasted on the massive side-reactions forming pseudo-lignin
and etherification between lignin and 5-hydroxymethylfurfural
during the pretreatment. On the other hand, the synthesis
of CL-PU indicated that the tensile properties depended on
the miscibility of CELF lignin with other components such
as PMDI, and the presence of PEG would disrupt the strong
hydrogen bonding between lignin macromolecules and improve
the dispersion of CELF lignin in the PU network. Therefore, for
CELF lignin prepared under mild pretreatment conditions such
as at 150 and 160◦C, fractionation to separate out high molecular
weight cuts will be required to improve its dispersion in the CELF
lignin-based polyurethanes.
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