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Cadmium and Copper Removal From
Aqueous Solutions Using
Chitosan-Coated Gasifier Biochar
Griffin A. Burk, Amali Herath, Glenn B. Crisler II, David Bridges, Shivani Patel,
Charles U. Pittman Jr. and Todd Mlsna*

Department of Chemistry, Mississippi State University, Starkville, MS, United States

Gasifier Biochar (GBC) and Chitosan-Coated Gasifier Biochar (CGBC) derived from
pine wood was used to remove Cu2+ and Cd2+ from water. Chitosan-Coated Gasifier
Biochar was made by mixing GBC with aqueous acetic acid chitosan solution followed
by treatment with NaOH. Both CGBC and GBC were characterized using FT-IR,
scanning electron microscopy, surface area measurement (BET), elemental analysis,
thermogravimetric analysis, and point of zero charge. Chitosan accounts for 25% of
the weight of the CGBC. Thermogravimetric analysis showed chitosan decomposes
sharply at 225–270◦C and then more slowly thereafter. The BET surface areas of
GBC and CGBC were 34.1 and 4.61 m2/g, respectively. Batch adsorption studies
performed at pH values of 2–5 followed Cu2+ and Cd2+ adsorption quantitatively using
atomic absorption spectrophotometry. Sorption was evaluated using the Freundlich,
Langmuir, and Sips isotherm models. Cu2+ adsorption on CGBC fit best the Sips
model (capacity 111.5 mg/g) and Cd2+ with the Langmuir model (capacity 85.8 mg/g).
Langmuir adsorption capacities on GBC were 83.7 and 68.6 mg/g for Cu2+ and Cd2+

respectively. CGBC removed more Cu2+(25.8 mg/g) and Cd2+(17.2 mg/g) than GBC
because chitosan modification generates amine coordination sites that enhance metal
adsorption. Adsorption on CGBC and GBC of both metal ions followed pseudo-second
order kinetics.

Keywords: sorption, chitosan, gasified biochar, copper, cadmium, metal ions removal 2

INTRODUCTION

Cadmium and copper ions are toxic and are a concern in the treatment of wastewaters (Fu and
Wang, 2011). These metals can enter the environment from metal plating facilities (Kadirvelu et al.,
2001), mining operations (Razo et al., 2004), fertilizer plants (Sabiha et al., 2009), paper industries
(Nriagu and Pacyna, 1988), batteries (Liu et al., 2014), and some preservatives and pesticides
(Mohan et al., 2007). Their toxicity at low concentrations led the World Health Organization
(WHO) to set guidelines for maximum amount of Cu2+ and Cd2+ levels in drinking water at
0.003 and 2 ppm, respectively (World Health Organization, 2011). Cadmium exposure will damage
kidneys, cause nausea, salivation, cramps, diarrhea, chronic pulmonary problems, and bone decay
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Scheme 1 | Chitosan’s amino group coordination with heavy metal ions.

(Mohan and Singh, 2002). Where copper is handled or stored
industrially and can come in contact with storm water, this
water must be monitored and remediated before releasing into
the environment. Site-specific permits vary, but some locations
require Cu2+ concentration to be as low at 5 ppb before it can be
legally released. Although copper is an essential nutrient, chronic
high-level exposure can cause gastrointestinal distress and other
health problems (Stern, 2010).

Many procedures have been developed to remove metals
from contaminated water. Industrial techniques include chemical
precipitation (Matlock et al., 2002; González-Muñoz et al., 2006;
Huisman et al., 2006), ion exchange (Vaaramaa and Lehto,
2003; Dañbrowski et al., 2004), membrane filtration (Blöcher
et al., 2003; Qdais and Moussa, 2004), electrochemical treatment
(Hunsom et al., 2005), and adsorption (Bailey et al., 1999;
Basci et al., 2004). Adsorption is the most widely employed
because of its flexibility and reversibility (Fu and Wang, 2011).
Activated carbon is the most popular adsorbent for remediating
heavy metals, but its high cost has increased interest in
novel alternatives (Babel and Kurniawan, 2003). Many low-cost
adsorbents have been well studied (Babel and Kurniawan, 2003),
including zeolites (Erdem et al., 2004), clays (Bereket et al., 1997),
mosses (Brown et al., 2000), algae (Mallick, 2002), coal (Mohan
and Gandhimathi, 2009), chitosan (Wan Ngah et al., 2011), and
biochar (Mohan et al., 2014). Biochar and chitosan have received
recent attention due to their biodegradable and bio-recyclable
properties, but their joint use is less known.

Biochar is produced from biomass by three different processes;
slow pyrolysis (350–800◦C), fast pyrolysis (400–550◦C), and
gasification (700–1500◦C) (Mohan et al., 2014). Pyrolysis
biochars have been extensively studied for heavy metal removal
while, gasification biochars are much less studied. During
gasification at 700–1500◦C, solid biomass partially combusts,
producing syngas and an ash-like biochar as a byproduct (Mohan
et al., 2014). Gasifier biochars (GBC) have higher carbonization
and metal oxide (ash) percentages (Brewer et al., 2009).

Chitosan is an aminopolysaccharide biopolymer which
is biodegradable, biocompatible, non-toxic and renewable.
Therefore, chitosan is widely used as an emerging adsorbent for
wastewater treatment (Crini, 2005), chromatographic supports
(Muzzarelli and Tubertini, 1969), and enzyme immobilization
(Krajewska, 2004). It has several features that make it amenable to
environmental applications. Its precursor, chitin is abundant, the
second most natural polymer on earth, non-toxic, biocompatible,

biodegradable and has antibacterial properties (Ravi Kumar,
2000). Chitin can be extracted from various crustaceous shells
such as shrimps, prawns, crabs, and some fungi (Ngah and Isa,
1998). Chitosan is generally prepared by alkali or enzymatic
deacetalyzation of chitin consisting of unbranched chains of β-
(1-4)-2- acetoamido-2-deoxy-D-glucose. Chitosan and chitosan
derived composites have been extensively studied for heavy
metal and dye removal as it makes active sites for chelation
or adsorption by amine and hydroxyl functional groups.
Previously, metal adsorption on chitosan has been studied
using hydrogels (Liu et al., 2012), beads (Wan Ngah et al.,
2002), and other chitosan-coated supports (Boddu et al., 2008;
Popuri et al., 2009).

Biosorbents in their natural form are typically very soft
and tend to agglomerate in aqueous solutions or they form
gel-like structures that reduce potential commercial applications
(Boddu et al., 2003). A solid substrate is often needed to
physically support the biosorbent and make it more available
for the binding of metal ions. Chitosan deprotonates at
high pH. This deprotonation reduces chitosan’s solubility in
aqueous media, and the chitosan congeals to form a coating
on the substrate surface. Oxalic acid has been found to be
a promising linker between chitosan and substrates such as
alumina and perlite. Oxalic acid forms hydrogen bonds or
strong chelates with alumina or perlite and ionic bonds with
amine groups in chitosan (Dobson and McQuillan, 1999).
Removal of hexavalent chromium from aqueous medium was
reported using a composite made from chitosan-coated onto
alumina. It was also reported that the coating improved the
adsorption capacity of chitosan for Cr(VI) by exposing more
binding sites on the composite biosorbent to adsorb heavy metals
(Boddu et al., 2003).

Chitosan immobilized on perlites have shown higher removal
capacities of Cd(II) even at low pH 2–4.5 while both pure perlite
or chitosan showed no removal of cadmium at pH < 4 (Hasan
et al., 2006). Chitosan/sand composite made from the coating
of chitosan on montmorillonite clay particles has improved the
adsorption of tungsten ions from aqueous medium. This three-
dimensional sorbent used exposed amine functional groups to
coordinate with metal cations to make complexes (Gecol et al.,
2006). Poly(vinyl alcohol) is a non-toxic, biocompatible polymer
that has been employed to immobilize chitosan to prepare
poly(vinyl alcohol)-chitosan composite for the removal of Cu(II)
and Cd(II) from waste water (Kumar et al., 2009).
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Chitosan-modified pyrolysis biochars have been previously
used to remove heavy metals from water (Zhou et al., 2013; Zhang
et al., 2015; Huang et al., 2016). Here, we evaluate both uncoated
and chitosan-coated gasified pine wood biochar for their copper
and cadmium removal capabilities. Green, GBC coated with
chitosan can be produced at low cost because both components
are inexpensive and readily available.

MATERIALS AND METHODS

Preparation of Chitosan-Coated Gasifier
Biochar
All chemicals used in this study were analytical grade from Sigma
Aldrich, USA and used as received unless specified. Biochar
was formed in a down-draft gasifier (BioMax 25, Community
Power Corp., Littleton, CO, United States) at Mississippi State
University at 700–900◦C under nitrogen flow (10◦C/min) with a
residence time of 5–10 s fed with pine wood chips. Chitosan flakes
(prepared by 85% deacylation of chitin), 3.0 g, from Dungeness
Environmental was dissolved into 180 mL of 2% acetic acid.
The pine wood gasifier bio-char (3 g) was then added to the
chitosan/acetic acid solution and stirred for 30 min. The resulting
mixture was added dropwise into 900 mL of a 1.2% NaOH
solution and then aged for 24 h. The pH after aging was ∼10.
Deprotonation of chitosan rendered it insoluble, and it complexes
to form a coating on the biochar. The chitosan-coated biochar
was then filtered and washed with 100 mL of deionized water and
allowed to dry at 90◦C in air for 24 h. The final weight of the dried
sample was 4 g. The 3 g of biochar complexed 1 g of chitosan
resulting is a 25/75 wt% chitosan/biochar complex.

Char Characterization
The chemical composition (C, H, N) of both GBC and Chitosan-
Coated Gasifier Biochar (CGBC) was determined via combustion
analysis. Ash content was also calculated for both biochars. The
organic oxygen content was determined by subtracting the sum
of the %C, %H, %N, plus the ash weight from the initial sample.
The ash contains additional oxygen in the form of metal oxides.
BET surface areas, pore volumes, and averaged pore diameters
of both adsorbents were examined using a Micromeritics TriStar
II Plus 3030 surface area analyzer using nitrogen adsorption
isotherms at −196◦C (BET). The FT-IR transmission spectra of
both chars were collected using an FT-IR fixed with a diamond
AT-IR unit Bruker Alpha II, United States. Thermogravimetric
analysis (TGA) was done under air at a heating rate of 10◦C/min
from 32 to 1000◦C for both GBC and CGBC using a TA
Instrument’s Q50 thermogravimetric analyzer (United States).
Surface morphologies of the two adsorbents were examined
by scanning electron microscopy (SEM) using a JEOL JSM-
6500F FE-SEM at 5 kV. Energy-dispersive X-ray spectroscopy
(EDX) was carried out on both biochars using a Zeiss, EVO
40 scanning electron microscope containing a BRUKER EDX
system. The point of zero charge (PZC) of both GBC and CGBC
was determined using 0.01 M NaCl aqueous solutions with pH
values ranging from 2 to 10 at pH intervals of 2. The solutions
(25 mL) were stirred at 200 rpm for 8 h with 0.025 g of suspended

adsorbent. After adsorbent removal, the pH of the supernatant
was measured using an ORION model 210 pH meter. The PZC
was obtained by plotting pH of the initial solution against pH of
the final solution.

Adsorption Studies
All chemical reagents were analytical grade. Water for stock
solutions was filtered with a Millipore Milli-Q Academic
system using a Quantum EX Ultrapure Organex Cartridge.
Batch sorption studies for GBC and CGBC char were
conducted by varying Cu2+ and Cd2+ concentrations from
25 to 300 mg/L using deionized water at pH 5. A 0.025 g
quantity of char was added to 45 mL vials each containing
25 mL solutions of Cu2+ or Cd2+ at different concentrations.
The solutions were shaken for 24 h at 200 rpm to reach
equilibrium. Biochars were then removed by filtration using
Whatman #1 qualitative filter papers, and the adsorbate
concentrations remaining in the filtrate were determined
using atomic absorption spectroscopy. All experiments were
repeated, and the presented result error bars represent the
standard deviation of three replicates. The adsorbate amount
removed per gram of char (Qe) was calculated using: Qe =

V(C0− Ce)
M . Here, Co and Ce are initial and equilibrium

analyte solution concentrations in the solution (mg/L), V
is the solution volume (L), and M is the total mass of
adsorbent added (g).

The Cu2+ and Cd2+ uptake rate kinetics of the
two biochars were determined at pH 5 and 25◦C
at time intervals between 2 min and 16 h. The
concentrations of Cu2+ and Cd2+ were 100 ppm. The
total volume was 25 mL, and the mass of each adsorbent
used was 0.010 g.

RESULTS AND DISCUSSION

Characterization of Chitosan Coated
Biochar
The BET surface areas of GBC and CGBC along with their
elemental analyses (combustion and ash) are presented in
Table 1. The surface area of GBC (34.1 m2/g) is within the
expected range for gasified biochar (Mallick, 2002; Son et al.,
2018). Coating with chitosan causes a dramatic decrease in the
surface area of CGBC (4.61 m2/g). This decrease is due to the
chitosan coating which covers pore openings and is consistent
with previous studies (Zhou et al., 2013). Chitosan coating
also decreases the pore volume and average pore size (Huang
et al., 2016). Material C, O, N and ash combustion analysis
is included in Table 1. Metal oxide composition cannot be
analyzed from this method but both GBC and CGBC have high
ash content, 56.3 and 22.6% for GBC and CGBC, respectively,
which is common for GBCs (Yongcheng et al., 2013). Gasifier
biochars traditionally have a high ash content because of the high
preparation temperatures and times. The ash content is much
reduced during the chitosan coating process. This is likely due
to a combination of washing away of some of the biochar ash
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TABLE 1 | Properties of the studied biochars.a

Char BET surface area (m2/g) Pore volume (cm3/g) Pore sizec (nm) %N %C %H %O Ash Contentb (wt%)

GBC 34.1 0.067 270 0.29 24.3 1.08 17.5 56.8

CGBC 4.61 0.00076 1.14 3.25 29.3 4.44 40.0 23.1

aEDX analysis showed substantial amounts of Ca, Mg, and Fe present in GBC. bAn analysis of the metals present as their oxides was not performed. cAverage pore size
reported with BET.

TABLE 2 | Sieving differences of GBC and CGBC using 5 g of both biochars.

Particle size (µm) Biochar wt%

GBC CGBC

>300 14.2 83.8

300–150 11.4 7.0

150–75 16.8 4.1

<75 57.6 5.1

and the additions of ash-free chitosan. The biochars also show
low%C composition compared to pyrolysis biochars (Mallick,
2002). The addition of chitosan resulted in an increase in the
%N composition from GBC to CGBC. The %N composition for
CGBC was found to be 3.25% which equates to a 25/75 wt% ratio
of chitosan to biochar in agreement with the gravimetric analysis
obtained from the synthesis of CGBC.

The FT-IR spectra of GBC and CGBC are shown in Figure 1.
The CGBC band at about 3280 cm−1 is due to NH stretching of
chitosan amino groups coated on the biochar surface. This band
is not found in the GBC. The 2872.2 cm−1 band of CGBC is
attributed to C–H stretching of –CH and CH2 groups of chitosan,

FIGURE 1 | FTIR spectra of CGBC and GBC.

while bands at 1653.3 and 1559.0 cm−1 are due to amide carbonyl
stretching vibration of unhydrolyzed amide functional groups
remaining in chitosan (Udaybhaskar et al., 1990; Zhang et al.,
2015; Huang et al., 2016; Afzal et al., 2018; Ifthikar et al., 2018).
The band near 1405 cm−1 in both GBC and CGBC is typical
of C–O–H bending of phenols found in most biochars (Cantrell
et al., 2012; Chauhan et al., 2012).

Scanning electron microscopy images of GBC and CGBC
(Figure 2) illustrate large pore channels of GBC left over
from the pine wood’s original morphology with clusters of
metal oxide or salt particles (ash) dispersed throughout the
channels (Figure 2A). Figure 2B is at a lower magnification and
shows a very smooth surface with large pores. In contrast, in
CGBC the pore channels are covered and blocked by the thick
chitosan coating (Figures 2C,D). This accounts for the low BET
surface area of CGBC. Figure 2D shows that the overall surface
morphology has changed to a rough chitosan coated biochar
surface. The EDX spectra (Supplementary Figures 4–7) for both
Cu2+ and Cd2+ experiments show the presence of these two
elements on both adsorbents’ surfaces after adsorption. EDX
mapping analysis (Figures 2E–H) revealed the adsorption of
Cu2+ on the surfaces of GBC and CGBC. EDX mapping images
of Cd2+ adsorbed on both biochars are shown in Supplementary
Figure 3. Variable mesh sized sieves were used to calculate the
percentage fraction of biochar under each particle size. Sieving
experiment results (Table 2) confirmed that the biochar particle
size increased due to chitosan coating.

Differences in the TGA curves (Supplementary Figure 1) of
GBC and CGBC, when heated at 10◦C/min in air, supports the
presence of chitosan on the CGBC surface. GBC is thermally
stable to approximately 540◦C and then quickly loses about 18%
of its weight between 550–700◦C (Zhou et al., 2013). This is due
to the loss of carbon in the form of CO or CO2 in this range. The
CGBC has a lower temperature weight loss region (225–270◦C)
where chitosan thermally degrades (Hong et al., 2007), followed
by a slower loss of chitosan residue up to ∼540◦C. From 540
to 1000◦C, CGBC exhibits more weight loss than GBC due to
the continued weight loss from chitosan residues along with the
underlying biochar decomposition and the lower ash content of
the CGBC. These weight loss changes for GBC and CGBC are
comparable to what is found in the literature (Zhou et al., 2013;
Dewage et al., 2018).

The PZC is the pH at which the net charge of the biochar
surface is zero. The PZC (Supplementary Figure 2) drops upon
chitosan coating (11.2 for GBC and 10.2 for CGBC). The PZC
of GBC is higher than fast pyrolysis biochars and almost all slow
pyrolysis biochars, with consequences for heavy metal adsorption
(Wan Ngah and Hanafiah, 2008; Hu et al., 2019). This high pH is a
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FIGURE 2 | SEM images of GBC (A,B), CGBC (C,D) and EDX analysis of (E) GBC before adsorption and (F) GBC after Cu2+ adsorption. Panel (G) is CGBC before
adsorption and panel (H) is CGBC after Cu2+ adsorption.
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result of the relatively high concentration of surface metal oxides
and metal hydroxides, which may form on water uptake, as well
as metal carbonate formation. All this is a consequence of high
gasification temperatures. Biomass combustion converts most
carbon to gas, lowering the GBC carbon content, while leaving
behind a high ash fraction. Gasification also decarboxylates
R-COOH functions and lowers organic hydroxyl content.

Effect of Solution pH
The adsorption of Cu2+ and Cd2+ was quantified over a pH
range of 2–5 (Figure 3). Initial metal ion concentrations were
100 mg/L and adsorption was allowed to reach equilibrium
(24 h). Adsorption capacities rose with increasing pH for
each metal ion. The largest increase occurred with a pH

FIGURE 3 | Effect of pH on Cu2+ and Cd2+ ion adsorption onto GBC and
CGBC using 0.025 g of adsorbent and 25 mL 100 ppm solutions of each
metal ion at the desired pH. Both starting and finishing pH values for GBC
(CGBC) are shown.

change of 2–3. An increase in adsorption with rising pH
as observed previously with chitosan (Vold et al., 2003;
Krajewska, 2004). Figure 3 shows that the amount, mg of
ion/g for char, of Cu2+ and Cd2+ adsorbed are similar at
higher pH for both GBC and CGBC. The pH dependence of
metal ion adsorption is closely connected with the adsorbents’
surface charge (Guibal, 2004; Krajewska, 2004; Huang et al.,
2016; Xiao et al., 2019). At low pH, both adsorbents will
be more highly positively charged. Metal ions and protons
from H3O+ compete for the amine groups on CGBC, and
protons also compete with the metal ions for biochar adsorption
sites. As the pH is raised, adsorption sites will become
progressively deprotonated (Supplementary Table 1) resulting in
decreased electrostatic repulsion of positively charged metal ions
(Wan Ngah and Hanafiah, 2008).

Effect of Contact Time
Adsorption vs time on GBC and CGBC for each metal ion is
shown in Figure 4. Biochar (0.01 g) was stirred at 200 rpm
with 25 mL of 100 ppm solutions of each metal individually.
Metal adsorption was rapid in the first hour for each metal ion.
Equilibrium was reached for both biochars in 6 h and 2 h for
Cu2+ and Cd2+, respectively. An increase in the adsorption
capacity from GBC to CGBC occurs for Cu2+ but not Cd2+.
This is believed to be due to a lower binding constant of Cd2+

to chitosan compared to Cu2+ (Krajewska, 2004).

Adsorption Kinetics
Pseudo first and second order linear kinetics models were
used to fit the adsorption vs time data for Cu2+ and Cd2+.
The first order model (eq. 1)

log
(
qe − qt

)
= log qe −

k1t
2.303

(1)
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FIGURE 4 | Effect of contact time of (A) Cu2+ and (B) Cd2+ adsorption onto GBC and CGBC. Standard deviation error bars are from three replicates.
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FIGURE 5 | Pseudo-second order plots for Cu2+ and Cd2+ adsorption.

TABLE 3 | Pseudo-first and second order parameters for Cu2+ and Cd2+

adsorption of at pH of 5 and 100 ppm of metal adsorbate using GBC and CGBC.

Adsorbate Biochar Pseudo-first order Pseudo-second order

k1 qe R2 k2 qe R2

Cu2+ GBC 0.205 41.9 0.81 0.022 41.9 0.99

CGBC 0.170 83.1 0.97 0.011 83.1 0.99

Cd2+ GBC 0.125 84.0 0.74 0.011 84.0 0.99

CGBC 0.176 84.6 0.45 0.012 84.6 0.99

gives qt as the amount of metal adsorbed at time, t; qe is
the amount adsorbed at equilibrium; and k1 (h−1) is the
first order adsorption rate constant. The pseudo first order
plots of log(qe − qt) verses t (Supplementary Figure 8)
exhibited very poor fits and correlation coefficients, 0.45–
0.95 (Table 3).

The pseudo second order linear model (eq. 2) is:

t
qt
=

1
k2q2

e
+

t
qe

(2)

where qt is the amount of metal adsorbed at time, t; qe is the
amount adsorbed at equilibrium; and k2 (h−1) is the second order
adsorption rate constant. The plots of t/qt versus t produced
excellent linear fits (Figure 5). The pseudo second order kinetic
parameters for Cu2+ and Cd2+ are provided in Table 3 with
correlation coefficients of 0.99. Both GBC and CGBC adsorb
Cu2+ and Cd2+ via pseudo second order kinetics.

Adsorption Isotherm Models
To aid the design of GBC and CGBC applications, Freundlich
(Freundlich, 1906), Langmuir (Langmuir, 1918), and Sips
(Sips, 1948) models were employed to evaluate the maximum
adsorption properties of both adsorbents. The three model

equations are:

qe =
qmaxKLCe

1+ KLCe

(
Langmuir model

)
(3)

qe = KFC1/n
e

(
Freundlich model

)
(4)

qe =
qmaxKLFC1/n

e

1+ KLFC1/n
e

(
Sips

)
(5)

where Ce (mg/L) is the equilibrium concentration in the
solution; qe (mg/g) is the adsorbate removed by an amount
of adsorbent at equilibrium; qmax (mg/g) is the maximum
adsorption capacity; n is the degree of non-linearity; KL
(L/mg), KF [(mg/g)(L/mg)1/n], and KLF [mg/g (mg/L)−1/n]
are the constants for Langmuir, Freundlich, and Sips models,
respectively. Origin Pro 2018 software was used to fit the isotherm
data. Adsorption isotherm studies were conducted over 25–
300 mg/L for both Cd2+ and Cu2+ to simulate the concentrations
of toxic metals released in industrial effluents and to provide data
for adsorption capacities.

Figure 6 shows the adsorption isotherm fittings for each
metal ion with both GBC and CGBC at 30◦C. Table 4
presents the summarized values of the fitting parameters
with the corresponding correlation coefficients obtained for
each metal ion adsorbate onto the biochars. The adsorption
data for Cd2+ gave similar fits to both the Langmuir and
Freundlich models with R2 values over 0.93. The Cu2+

data was also found to fit the Freundlich model very
well. The Sips model also fits the Cu2+ well with R2

values >0.94. The good fit for both Langmuir and Sips
models suggests a monolayer adsorption mechanism could
operate for both metals onto GBC and CGBC. Monolayer
adsorption is consistent with other claims of heavy metal ion
adsorption onto chitosan-functionalized materials (Krajewska,
2004; Deng et al., 2017). However, our isotherm studies are not
definitive on this point.
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FIGURE 6 | Adsorption isotherms for Cu2+ and Cd2+ removal by GBC and CGBC plotted using non-linear least squares curve fitting.

TABLE 4 | Isotherm parameters for adsorption of Cu2+ and Cd2+ on GBC and CGBC.

Adsorbate Biochar Langmuir model Freundlich model Sips model

qmax KL R2 n KF R2 qmax KFL n R2

Cu2+ GBC 83.7 0.76 0.99 15.61 62.7 0.99 86.2 0.46 1.52 0.95

CGBC 87.6 4.10 0.85 13.39 68.4 0.99 112 1.12 2.71 0.94

Cd2+ GBC 68.6 2.04 0.99 28.42 59.7 0.95 – – – –

CGBC 85.8 0.28 0.93 15.13 60.0 0.99 – – – –

TABLE 5 | Comparison of GBCs’ and CGBCs’ metal adsorption capacity with other biochars, chitosan, and activated carbon.

Adsorbent pH Surface area
(m2/g)

Cu2+ adsorption
capacity (mg/g)

Cd2+ adsorption
capacity (mg/g)

Cu2+ adsorption
capacity (mg/m2)

Cd2+ adsorption
capacity (mg/m2)

References

GBC 5 34.1 86.2 68.6 2.53 2.01 This Study

CGBC 5 4.61 112 85.8 24.3 18.6 This Study

Chitosan 4.5 Not available 71.2 - (Cheung et al., 2003)

Chitosan 5.0 Not available 45.2 (Huang et al., 1996)

Chitosan coated
PVC beads

4-5 Not available 87.9 (Popuri et al., 2009)

Chitosan 4.5 Not available 80.71 – – – (Ngah and Isa, 1998)

Oak Bark Char 5 25.4 25.4 5.4 – 0.21 (Mohan et al., 2007)

Switchgrass
Biochar

5 5.01 31 34.4 6.19 6.87 (Mallick, 2002)

Carbon F-400 5 984 – 8.00 – 0.008 (Mohan et al., 2007)
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The maximum GBC adsorption capacities for Cd2+ and
Cu2+on GBC were given, respectively, by the Langmuir
(70.5 mg/g for Cd2+) and Sips (89.2 mg/g for Cu2+) models.
Using CGBC provided an increase in the maximum adsorption
capacities to 80.8 mg/g for Cd2+ (Langmuir model) and 112 mg/g
for Cu2+ (Sips model). Chitosan deposition likely acted to
increase both Cu2+ and Cd2+ removal ability due to the
formation of strong metal ion/amine coordination. Adsorption
capacities compare favorably to those reported in the literature
for other biochar adsorbents (Mohan et al., 2014). Addition of
the chitosan decreased the surface area by 86%, but increased
in the overall Cu2+ and Cd2+ adsorption capacities. Table 5
compares these capacities to other biochars, chitosan, and
activated carbon. Capacities of the adsorbents are given as both
mg adsorbed/g adsorbent and as mg adsorbed/m2 of the surface
area measured by BET.

CONCLUSION

Gasifier pine wood biochar, GBC, was modified by surface
deposition of 25% wt chitosan (CGBC). CGBC and GBC
were characterized by FTIR, SEM, BET surface area, elemental
analysis (EA), TGA, and PZC. The surface area of CGBC
was 4.61 m2/g, which was decreased from GBC, 34.1 m2/g,
due to pore blocking by chitosan. Batch adsorption studies
were performed at pH of 2–5 to find the optimum pH.
The maximum metal adsorption occurred at pH 5. Pseudo-
second order kinetics provided the best fit with regression
coefficients of 0.99. The max adsorption capacity was studied
using the Freundlich, Langmuir, and Sips isotherm models.
Cd2+ adsorption was best fit using the Freundlich (GBC) and
Langmuir (CGBC) models. Cu2+ was best fit with Freundlich
but showed good fitting to the Langmuir (GBC) and Sips
(CGBC) models. GBC removed the Cu2+ and Cd2+ ions
from water with good capacities which increased upon coating
with chitosan (producing CGBC). The chitosan amine groups
increase adsorption capacity by metal ion coordination. The
adsorption capacities for Cu2+ and Cd2+ (mg/m2) are better
than other biochars and activated carbons that were reported
earlier (Table 5).

This work demonstrates that byproduct biochars from
gasification can successfully adsorb Cu2+ and Cd2+, and that
this adsorption can be augmented with chitosan-coating of the
biochar. Production of high ash biochars from gasification is
growing with the increasing use of biomass as an alternative
energy source. This work highlights an application for low cost,
high ash gasified biochar.
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