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ARTICLE INFO ABSTRACT

Article history: In this work, a novel engineered biochar prepared through modification with chitosan and pyromellitic
Received 22 April 2017 dianhydride (PMDA) was investigated as an adsorbent for the removal of heavy metal ions from single
Revised 16 July 2017 metal and mixed-metal solutions (Cd, Cu and Pb). Characterization experiments with FTIR and XPS sug-
:‘c];?g Lelc; lzﬂjiﬁley ]280]11171y 2017 gested that the novel modified biochar had more surface functional groups compare to the pristine bio-

char. Adsorption experiments indicated that the initial pH of the solution influenced the ability of
biochars to adsorb heavy metals in single- and multi-metal systems. Moreover, the chitosan-PMDA mod-
ified biochar had strong selective adsorption of Cu(Il). Mechanism studies showed that chemisorption
was the major mechanism for heavy metal removal by the chitosan-PMDA modified biochar.
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Heavy metals Furthermore, the types of effective functional group for these heavy metal removal were different. The
Adsorption mechanism N—C=0 group played a dominant role in the process of Pb(Il) removal, while several N-containing func-
Selective functional groups tional groups and C=C groups participated in the adsorption of Cd(II). The novel engineered biochar had

selective adsorption capacity for copper due to the N-containing functional groups, meanwhile abundant
carbonyl groups also participated in the removal of copper, and may reduce Cu(Il) to Cu(I).
© 2017 Elsevier Inc. All rights reserved.
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non-biodegradability [1]. Heavy metals could be accumulated in
living organisms by the food chain, which have become a world-
wide environmental problem [2]. To solve this issue, numerous
treatment technologies, such as adsorption, chemical oxidation,
ion exchange, precipitation, and membrane separation have been
developed [3,4]. Most of these methods require a high operational
energy and relevant cost; meanwhile, they also bring environmen-
tal consequences related to energy consumption [5]. Adsorption
has been considered a universal choice for heavy metal removal
from wastewater due to its low cost and high efficiency.

Among various sorbents, carbon materials such as biochar and
activated carbon (AC) have been widely developed to remove con-
taminants. Compared with activated carbon, biochar is easier to
prepare and is less expensive [6]. The typical price for commercial
AC is around US $ 3000/ton [7]. Although a stable market for bio-
char has not been established to date, recent reviews have esti-
mated production costs at US $ 246/ton [8] and US $ 51-386/ton
[9]. Given that finding, biochar is far less expensive than AC. Bio-
char, a carbonaceous material obtained by heating biomass, has
several excellent properties, such as high specific surface area, por-
ous structure and abundant surface functional groups [10]. Many
studies have compared the adsorption abilities of biochar and acti-
vated carbon (Table S1). Biochar has received increasing attention
as a result of its low cost, convenient preparation and high removal
capacity [11,12].

With the purpose of further improving the adsorption capacity
of biochars, numerous modification approaches have been estab-
lished. These modified biochars are also referred to as engineered
biochars [13-15]. These methods may dramatically change the
physicochemical properties of biochars and significantly improve
their ability to adsorb contaminants. Trakal et al. prepared an engi-
neered biochar by impregnating with magnetic particles, which
exhibited better adsorption capacity for Cd(II) from aqueous solu-
tions than that of the original biochar [16]. Zuo et al. reported a
modification using H,0,, by which the Cu(Il) adsorption capacity
of hydrothermal biochar was significantly enhanced [17].

In this study, a novel modified biochar for the removal of heavy
metals from aqueous solution was prepared through modification
with chitosan and pyromellitic dianhydride (PMDA). Chitosan, a
surface modification agent, has been used to modify surfaces of
adsorbents due to the ability of amine and hydroxyl functional
groups to bind to various heavy metal ions [18]. The anhydride
of PMDA may react with amino groups to form acid amides
(—CO—NH—) and carboxyl groups. The remainder of the anhydride
group, which is not involved in the reaction, may be hydrolyzed to
carboxyl groups [19]. This reaction is illustrated in Fig. S1. It is
commonly believed that these functional groups show strong
interactions with heavy metals such as ion-exchange, electrostatic
attraction and surface complexation [10,20]. The objectives of this
work were (1) preparation and characterization of the studied bio-
chars; (2) assessment of the adsorption capability of the biochars
to lead, cadmium and copper; and (3) analysis of the adsorption
mechanism of the modified biochar.

2. Materials and methods
2.1. Materials

All chemicals and reagents utilized in these experiments were
of analytical grade. Solutions were prepared using Milli-Q water.
Chitosan (95% acetylation degree) was purchased from Hefei
Bomei Biotechnology Co., Ltd. Cadmium nitrate tetrahydrate (Cd
(NO3),-4H,0), copper nitrate trihydrate (Cu(NOs),-3H,0) and lead
nitrate (Pb(NOs),) were purchased from Sonopharm Chemical
Reagent Co., Ltd. Rice straw was obtained from Changsha, Hunan

province, China. The biomass was air-dried, milled and sieved
(<1 mm).

2.2. Preparation of adsorbents

The biomass was converted into biochar by pyrolysis in a tube
furnace at 450 °C with a heating rate of 5°C /min under an N,
atmosphere for 2 h. The pristine biochar is referred to as BC.

The method to synthesize chitosan-modified biochar was based
on a previous study by Zhou et al. (2013) [21], and it was amended
and optimized in this study. The procedure is as follows: 1.0 g of
chitosan was first dissolved in 50 mL acetic acid (2%), and 1.0g
of BC was later added to the solution. The mixtures were stirred
for 30 min in a water bath at 50 °C. Then, the biochar-chitosan
homogenous suspension was added dropwise into a 300 mL NaOH
(1%) solution and kept in the solution for 18 h at room tempera-
ture. The chitosan-modified biochar was subsequently washed
with Milli-Q water to remove the excess NaOH, oven-dried for
24 h at 60 °C, and later milled and sieved (<1 mm).

Next, 1.5 g PMDA was dissolved in 50 mL dimethyl formamide
(DMF), and 0.5 g of the chitosan-modified biochar was added into
the solution and stirred constantly for 4.5h in a water bath at
50 °C. After naturally cooling to room temperature, the materials
were washed with DMF, Milli-Q water and NaOH successively,
and washed with Milli-Q water to be neutral, and, finally, oven-
dried for 24 h at 60 °C. The resulting biochar sample is referred
to as CPMB.

2.3. Characterization of adsorbents

The morphologies of BC and CPMB were characterized by scan-
ning electron microscopy (SEM) (JEOL JSM-6700. Japan). The
Brunauer-Emmett-Teller (BET) surface area and the total pore vol-
ume were calculated based on the N, adsorption-desorption iso-
therms measured by a gas sorption analyzer (Quantachrome
Quadrasorb SI, USA). Ash content was determined by heating the
biochars to 750 °C in air. The X-ray diffraction (XRD) patterns were
obtained from an X-ray diffractometer (Rigaku D/max-2500,
Japan). The Fourier transform infrared spectroscopy (FTIR) of the
samples were measured on a spectrophotometer (Nicolet, Magna
550 spectrometer). Surface chemical composition was confirmed
by an ESCALAB 250 Xi X-ray Photoelectron Spectrometer (XPS)
(Thermo Fisher, USA).

2.4. Adsorption experiments

In this experiment, 1 g/L standard stock solutions of Cd(Il), Cu
(I1) and Pb(II) were prepared by dissolving specific amounts of Cd
(N03)2—4H20, CU(N03)2—3H20, and Pb(NO3)2 in Mllll—Q water. All
batch adsorption experiments were performed in 150 mL Erlen-
meyer flasks by mixing 1.0 g/L biochar with metal solutions of
varying initial concentrations (5-500 mg/L) on a shaker at
150 rpm. The pH values of the solutions were adjusted by adding
0.01 M HNOs3 or 0.01 M NaOH until the desired pH was reached.
The concentrations of residual metals were determined by an
atomic absorption spectrometer (AAS, PEAA700, USA). The effect
of pH on the adsorption of heavy metals was determined by adjust-
ing the pH of the initial metal solution (100 mg/L) to values in the
range of 2.0-6.0. The flasks were shaken for 24 h at room temper-
ature. The competitive adsorption tests were conducted with
multi-metal aqueous solutions, which contained Cd(II), Cu(Il) and
Pb(Il), by adjusting the pH values from 2.0 to 6.0, with constant
metal ion concentrations of 100 mg/L. Kinetic experiments were
performed at different time intervals, ranging from 5 to
1440 min, with 100 mg/L metal solutions at pH 5.0. Adsorption iso-
therms were determined by shaking suspensions at pH 5.0 for 24 h,
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with initial metal concentrations varying between 5 and 500 mg/L.
Adsorption thermodynamic studies were conducted by holding
experimental temperatures at 298, 303 and 308 K.

The amount of adsorbate removed by the adsorbent, g (mg/g)
was calculated using the following equation:

Co—Ce
=———xV 1

q b (1)
where Cy (mg/L) and C. (mg/L) represent the initial and equilibrium
concentration of the heavy metal, respectively, V (L) is the volume
of the solution, and m (g) is the mass of the adsorbent.

3. Results and discussion
3.1. Characteristics of the studied biochars

SEM images of the sorbents are shown in Fig. 1. The particle
morphologies of BC and CPMB were different. It was observed that
the external morphology of CPMB was rougher than that of BC. A
number of tiny and fine pores were observed in the SEM image
of CPMB. These differences demonstrated that these modifications
changed the structure of BC.

An analysis of the XRD spectrum (Fig. S2) provided information
about the crystalline structure and the phase composition of the
biochars. Several peaks were detected in the XRD spectrum, sug-
gesting that there were a quantity of mineral crystals presented
in the biochars. After modification, KCl and CaCOs disappeared,
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which indicated that the modification changed the phase composi-
tion of BC.

The surface area of BC/CPMB was 32.1/62.6 m?/g and the pore
volume was 0.038/0.096 cm?/g (Table S2), which indicated that
the surface area and porous structure of the biochar improved sig-
nificantly after modification. Generally, relatively greater struc-
tured porosity of the adsorbents could achieve a better
adsorption performance [22]. The ash content of BC was 32.1%,
and that of CPMB was 22.6%. The modification decreased the ash
content significantly, which was due to the disappearance of KCI
and CaCOs.

The functional groups of biochars are connected with their
physicochemical properties, which impact their adsorption abili-
ties [15,20]. In this study, FTIR analysis was used for detecting
the functional groups. The functional groups of CPMB were differ-
ent from those of BC (Fig. S3). Typically, the broad and strong band
of approximately 3430 cm~! might be assigned to be overlapping
N—H and O—H stretching bands, whereas the peak at 2925 cm™!
might be assigned to the aliphatic C—H group [23,24]. The peak
at 1597 cm™~! might be explained by the blueshift of the peak at
~1720 cm~! which was characteristic for C=0 stretches of car-
boxyl groups and carbonyl groups [25-29]|. This peak might be
shifted by a change in protonation, the proximity to other atoms,
steric hindrances, hydrogen bonding strengths, local dielectric
strength, or a change in polarity [26]. For BC, the peaks at
1420 cm™! and 875 cm~! demonstrated the presence of carbonate
[23,29], which was consistent with the result of the XRD spectrum
analysis. The peak at 1385 cm™' might be assigned to an —OH
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Fig. 1. Scanning electron microscopic images of BC (a, ¢) and CPMB (b, d).
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bending vibration or a COO— stretching vibration [26,27,30]. These
two peaks indicated the presence of carboxyl groups at the surface
of CPMB. The peaks at 534 cm™! and 460 cm~! may be attributed
to the presence of aluminum salts [29]. The peaks at about
1093 cm~! were attributed to the stretching vibration of C—0O
and C—C [29]. The peak at 797 cm~' was assigned to —CH twisting
[31].

The elemental composition of BC and CMPB was shown in the
XPS survey spectra (Fig. S4). The atomic percentages of C, N and
O were obtained from XPS characterization analysis (Table S3).
The N content of BC and CPMB was 2.49% and 9.35%, respectively,
and the O content of BC and CPMB was 22.57% and 27.92%, respec-
tively. This result indicated that large quantities of amino groups
and O-containing functional groups were introduced onto the bio-
char surface by modification. Furthermore, the XPS spectra of C1s
and N1s for the biochars (Fig. S5) indicated that the surface of
the CPMB was modified with N-containing and O-containing func-
tional groups. The peak approximately 400 eV could be attributed
to N1s, which was comprised of N—H (399.3 eV), N—C=0
(399.9eV) and N—C (400.6 eV) [20,24,32]. The Cls peak of BC
was deconvoluted into five peaks, and deconvolution of the Cls
peak for CPMB showed the presence of six peaks. Those signals
could be fitted well to five components: C—C bonds near
284.2 eV and 285.4 eV, C=C bonds near 284.7 eV, hydroxyl groups
(C—OH) near 286.5 eV, carbonyl groups (C=0) near 288.0 eV, and
carboxyl groups (COOH) near 289 eV [1,24,33,34]. The peaks for
carboxyl groups were only observed in CPMB, which indicated that
anhydride modification played a significant role in the amount of
carboxyl groups on the CPMB surface.
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3.2. Effects of pH

Changes in the initial pH of the solution considerably influenced
Pb(II), Cd(II) and Cu(II) removal by these adsorbents (Fig. 2). In this
study, the adsorption capacities for heavy metals was very low at
pH below 3.0, and increased gradually with increasing pH. The
influence of pH on heavy metal adsorption can be attributed to
the surface charge of the biochars. At lower pH, H* binds with
the surface functional groups, making these groups unavailable
for metal ion bindings. When increasing the pH value, deprotona-
tion makes the functional groups available to co-ordinate with
metal ions, leading to greater adsorption ability [35]. When the
pH was higher than 5.0, it had little effect on the removal capacity
of these heavy metals, which was similar to the findings of Yao
et al. [36]. In these researchers’ study, copper adsorption capacity
increased when the pH of the solution increased from 2.0 to 5.0,
and no more significant change occurred above pH 5.0 [36]. This
finding may be explained by other theories; for instance,
precipitation might influence the metal adsorption [1]. In addition,
the Pb(II) removal capacities of BC, chitosan-modified biochar and
CPMB were 10.33 mg/g, 10.48 mg/g and 11.43 mg/g respectively.
There was only a slight increase in the lead adsorption due to the
modifications. However, the Cd(II)/Cu(Il) removal abilities for BC
and chitosan-modified biochar were 23.29/36.07 mg/g and
26.35/46.96 mg/g, respectively. There were different degrees of
improvement for Cd(II) and Cu(Il) uptakes, which indicated that
the biochar modification with chitosan was successful. The Cu(II)
adsorption capacity of CPMB was 70.28 mg/g. Comparing the
adsorption capacities for Cu(ll), there was a significant improve-
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Fig. 2. Effect of initial solution pH value on single metal adsorption for BC (a), forchitosan-modified biochar (b), for CPMB (c) and competitive adsorption for CPMB (d).
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ment due to modification with PMDA, which suggested that the
biochar modification to enhance adsorption capacity was
successful.

3.3. Competitive adsorption

The influence of pH on competitive adsorption was similar to
that of the respective single metal adsorption, but the removal
abilities of these heavy metals declined with different degrees
(Fig. 2d). In general, the Cu uptake by CPMB decreased approxi-
mately 13.78%, and the decrease in adsorption capacities for Pb
and Cd was 48.20% and 68.05%, respectively, which indicated that
more pronounced pH effects occurred for Pb and Cd removal in the
multi-metal system.

The distribution coefficient (K4) was used to analyze the selec-
tivity of CPMB for heavy metals. The equation is stated as [37]:

V- (Co—Ce)
Kq = “mC (2)
where Cy and C. (mg/L) represent the initial and equilibrium con-
centrations of metal ions, respectively; V (L) is the volume of solu-
tion; and m (mg) is the mass of the adsorbent.

A selectivity coefficient (o) for the binding of a particular adsor-
bate in the presence of interfering ions is defined in Eq. (3) as [37]:

o = Kq(T)/Kq(l) 3)

where Ky (T) is the Ky value of the targeted metal (Cu in this case)
and Ky (I) is the Ky value of the other metal in the multi-metal solu-
tions (Pb or Cd here). Larger value of o indicates greater selectivity
toward Cu than Pb or Cd. The calculated Ky and o values of CPMB at
various pH values are listed in Table 1.

Evidently, Ky values (except Kq (Pb)) increased at low pH, and
with increasing pH no further notable changes were observed. This
finding corresponds to the effect of pH on the removal capacity,
such that the increase in Ky can be explained by deprotonation
effects. With increasing pH, more adsorption sites were activated,
and more metal ions were available to migrate from the solution
to the surface of the biochar [37].

In addition, CPMB showed more prominent selectivity for Cu
over Cd than for Cu over Pb at each pH value. According to o values
and single metal adsorption onto CPMB, Cu presented great affinity
for CPMB, but Pb and Cd showed strong adsorption inhibition in
the multi-metal system. These results showed better adsorption
capacities for Cu than Cd or Pb, indicating that CPMB had selective
adsorption for Cu.

3.4. Adsorption kinetics

Adsorption kinetic model is commonly used to estimate the rate
of adsorption and offers valuable insights for the adsorption mech-
anism [38]. Fig. 3 presents the effects of contact time on heavy
metal adsorption onto CPMB. The results showed that rapid
adsorption rates occurred in the first several hours, and later
decreased. The adsorption equilibriums were reached within
24 h. That finding indicated that the adsorption occurred in two
step, consisting of rapid adsorption of metal ions that had migrated
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Fig. 3. Adsorption kinetics of lead (M), cadmium (®) and copper (a) onto CPMB.

to the adsorbent surface, and slow diffusion in the biochar interior.
In addition, the first step occurred within 1 h, 2 h and 4 h for Pb(II),
Cd(I1) and Cu(II), respectively, which could be attributed to the sur-
face properties of CPMB [39]. There may be more effective surface
adsorption sites for Cu than for Cd or Pb on CPMB, meaning that
the biochar could uptake more copper ions onto the surface in
the first step, which required more time.

Pseudo first-order (Eq. (4)) and pseudo second-order (Eq. (5))
kinetic models were used to explicate the adsorption mechanism
of CPMB for heavy metal removal [40].

In(q. — q,) = Inge — kit (4)

r_ 1.t
q. kg2 g

where ¢; and g. (mg/g) represent adsorption capacities at time t
(min) and at equilibrium, and k; (1/min) and k; (g/ (mg/min)) are
the rate constants for the pseudo first-order and pseudo second-
order adsorption kinetics, respectively. The results of the adsorption
kinetics experiment are presented in Table 2.

The correlation coefficients (R?) for the pseudo first-order
kinetic model were 0.9631, 0.9511 and 0.9808 for Pb(II), Cd(II)
and Cu(Il), respectively. The model worked well only for the first
several hours of the adsorption process (Fig. 3). This result sug-
gested that the pseudo first-order model did not fit well with the
experimental data, and may not be sufficient to elucidate the
mechanism of heavy metal adsorption.

For the pseudo second-order model, the values of R? for Pb(II),
Cd(II) and Cu(Il) were 0.9914, 0.9970 and 0.9968, respectively.
These values were higher than the results of pseudo first-order
model. Compared to the pseudo first-order model, the pseudo
second-order model simulated the experimental kinetic data more
closely. Accordingly, the adsorption mechanism of Pb(II), Cd(II) and
Cu(Il) onto CPMB might depend on the adsorbent and metal ions.

)

Table 1

Distribution and selectivity coefficient of competitive adsorption.
pH Kq(Cu) Kq(Cd) Kq(Pb) oy oSy
2 0.1021 0.0134 0.0074 7.6157 13.7905
3 0.6551 0.0459 0.0139 14.2719 47.1281
4 1.4242 0.0653 0.0328 21.8108 43.4220
5 1.7412 0.1033 0.0506 16.8560 34.4116
6 1.7809 0.0991 0.0530 17.9704 33.6013
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Table 2
Kinetic parameters for adsorption of Pb(II), Cd(Il) and Cu(Il) onto CPMB.

Metal Pseudo-First-Order Pseudo-Second-Order

ky(1/min) qe(mg/g) R? kx(g/(mg min)) qe(mg/g) R
Pb 0.0627 8.2625 0.9631 0.0116 8.6161 0.9914
cd 0.0560 24.6767 0.9511 0.0035 25.7800 0.9970
Cu 0.0273 66.7432 0.9808 0.0005 71.4019 0.9968

The adsorption process might involve chemisorption related to
valence forces through electron exchange or sharing [41].

In this study, the values of k, were 0.0116, 0.0035 and 0.0005
for Pb(II), Cd(Il) and Cu(lI), respectively. Fig. 3 shows that Cu(II)
adsorption required more time to reach equilibrium, compared to
Cd(II) or Pb(Il) adsorption. This finding indicated that the lower
the value of k; is, the longer the time required to reach equilibrium
in the adsorption. The differences between the k, values were pri-
marily due to the differences in the adsorption rates, which were
dependent on the properties of the biochar [42].

3.5. Adsorption isotherms
In this study, the Freundlich isotherm (Eq. (6)) and the Lang-

muir isotherm (Eq. (7)) were used to model the adsorption behav-
ior [43].

q. = KeC" (6)
_ KignCe
4. = 1+ K.C. (7)

where Kr is the adsorption coefficient, and 1/n represents the
surface heterogeneity or adsorption intensity, a value of 1/n<1 is
an indicative of a normal Freundlich isotherm, while a value
of 1/n>1 indicates cooperative adsorption [44]. C. is the equilib-
rium concentration of metal ions (mg/L), g, is the maximum
adsorption capacity (mg/g), and K; denotes the Langmuir constant
(L/mg).

Analysis of Fig. 4 demonstrated that the Langmuir model fit
better than the Freundlich model, implying that the monolayer
adsorption played a significant role in the metal removal
mechanism. According to the values of g, (Table 3), CPMB had
higher affinity and adsorption ability for Cu than for Cd(II) or Pb(II).

The dimensionless separation parameter, R, (Eq. (8)), may be
applied for describing the adsorption characteristics of the
Langmuir isotherm model.

1
=17KG ®

where K is the Langmuir constant, and Cy is the initial metal ion
concentration (mg/L). The calculated R, value refers to the isotherm
type, either unfavorable (R; > 1), linear (R, = 1), favorable (0 <R_ < 1)
or irreversible (R, = 0). The lowest and highest concentrations were
used for Cy in the calculations [45]. In this study, the Ry values
remained in the range of 0-1 (Table 3), indicating that the adsorp-
tion of metal ions was favorable for all studied temperatures.

R,

3.6. Thermodynamic analysis

Temperature is commonly considered an important factor for
adsorption. Usually, entropy and energy changes should be
considered in adsorption procedures. The change in free energy
AG®, enthalpy AH® and entropy AS° associated with the adsorption
process were calculated by the following equations [22]:

AG® = —RTInK, 9)
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Fig. 4. Adsorption isotherms of lead (a), cadmium (b) and copper (c) onto CPMB.
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Table 3

Langmuir and Freundlich isotherm parameters for adsorption of Pb(II), Cd(II) and Cu(Il) onto CPMB.

Metal T Freundlich model Langmuir model
Ke 1/n R? K Ry m R

Pb 298 5.0407 0.1181 0.9147 0.5221 0.2770-0.0038 9.24 0.9343
303 5.4022 0.1498 0.9091 0.2730 0.4228-0.0073 1191 0.9262
308 5.8881 0.1608 0.8926 0.2126 0.4847-0.0093 13.93 0.9423

cd 298 99117 0.2011 0.8587 0.1205 0.6240-0.0163 30.12 0.9901
303 9.9606 0.2207 0.9022 0.0978 0.6716-0.0200 33.89 0.9797
308 103926 0.2324 0.9205 0.0808 0.7123-0.0242 3824 0.9854

Cu 298 24.61 0.2326 0.8611 0.0956 0.6766-0.0205 89.69 0.9947
303 28.61 0.2167 0.8652 0.1487 0.5736-0.0132 92.19 0.9959
308 34.95 0.1916 0.8561 0.2193 0.4770-0.0090 96.11 0.9933

InK AG’ AH’ N AS° (10) between metal ions and the surface functional groups of biochars
L= = -

RT ~ RT " R

where R is the gas constant (8.314 ]J/(mol K)), T is the absolute tem-
perature (K), K is the Langmuir constant (L/mol), AH® is the
enthalpy change (J/mol), and AS° is the entropy change (J/ (mol
K)). AH® and AS° can be calculated from the plot of AG® versus
T. The thermodynamic parameters are presented in Table 4.

It was apparent that the adsorption abilities of Pb(II), Cd(Il) and
Cu(Il) were enhanced with increasing temperature. The negative
values of AG°® for Pb(Il), Cd(Il) and Cu(Il) at all temperatures
indicated that the adsorption processes were spontaneous under
the experimental conditions. In addition, AG® became more
negative at higher temperature, which suggested that the degree
of spontaneity increased with rising temperature, which is primar-
ily due to chemisorption rather than physisorption [46,47]. The
positive values of AH® for Pb(II), Cd(Il) and Cu(Il) indicated that
the adsorption processes were endothermic. A potential reason
for the positive AH® values was that the hydration sheaths were
deprived to a certain degree when metal ions were dissolved in
the aqueous solution prior to adsorption, and the endothermicity
of metal ion desolvation was greater than the exothermicity of
metal ion adhesion to the surface of CPMB [48]. The positive values
for AS° indicated that randomness of the solid/liquid interface
improved during the process of adsorption, and also suggested that
the interaction of functional groups with metals might change the
structure of CPMB [38].

3.7. Adsorption mechanisms

The adsorption mechanisms for heavy metals on modified bio-
char usually involve the comprehensive influence of several types
of interactions, including complexation, ion exchange, physical
adsorption, and micro-precipitation [20,49]. According to the
results of the kinetic and isotherm experiments, chemisorption
on the monolayer surface played a dominating role in Pb(II), Cd
(1) and Cu(Il) removal. It is widely believed that the major factor
influencing metal ion adsorption is the chemical interaction

Table 4
Thermodynamic parameters of Pb(II), Cd(II) and Cu(II) adsorption onto CPMB.

[15,49].

Fig. 5d-f shows the N1s spectra of the modified biochar after
metal adsorption. The peak for N—C=0 significantly changed after
Pb(II) adsorption. This finding suggested that N—C=0 might be an
important and effective functional group for lead removal. Further-
more, these specific peaks shifted to higher binding energy after Cd
(1) and Cu(II) adsorption. The shift in these peaks was likely attrib-
uted to the formation of XN- metal complexes (XN is the abbrevi-
ation for N-containing functional groups). That was, the shared
bond between the N atom and metal obtained a lone pair of elec-
trons from the N atom, which decreased the electron cloud density
on the N atom, and increased the binding energy [24].

Similar result was obtained for the C1s spectrum of the CPMB
after cadmium adsorption (Fig. 5b). The specific peaks for C=C
shifted to higher binding energy after adsorption. It was attributed
to the m-complexation, which involved the formation of Cd-m
binding between Cd and C=C. That was to say, the metal could
form the usual o bonds with its s-orbitals and its d-orbitals could
back-donate electron density to the antibonding m-orbitals of the
C=C double bond [50-53]. This finding indicated that C=C might
play an important role in the cadmium adsorption. In comparison
to the Cl1s spectrum of the CPMB before adsorption (Fig. S3c), the
peaks did not change significantly after Pb(II) adsorption, which
indicated that these C-containing functional groups might not have
a remarkable effect on lead removal. Conversely, the C1s spectrum
of the CPMB after copper adsorption (Fig. 5c¢) appeared different
from the spectrum prior to adsorption. The peaks for C=0 (N—C=0
and —COOH) were distinctly shifted, but there was no obvious
change in the C=C peaks. It demonstrated that C=0 (N—C=0
and —COOH) functional groups were the major factor for copper
adsorption.

The XPS spectra of Cu2p in the CPMB after the adsorption of
copper is shown in Fig. S4. Cu peaks are detected at binding ener-
gies of approximately 933 eV for Cu(l), and 953 eV for Cu(ll)
[54,55]. This reduction process might be explained by the existence
of large quantities of carbonyl groups and the positive potential of
Cu(Il) [42].

Metal T (K) AG° (kJ/mol) AH® (kJ/mol) AS° (J/(mol K))
Pb 298 —5.5082 31.39 123.93
303 —6.2451
308 —6.7450
cd 298 —-8.4364 18.22 89.45
303 —8.8750
308 -9.3311
Cu 298 —4.4876 63.37 227.78
303 —5.6758

308 —6.7643
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Fig. 5. XPS spectra of the element scan of C 1s in the CPMB after the adsorption of lead (a), cadmium (b) and copper (c¢) and N 1s in the CPMB after the adsorption of lead (d),

cadmium (e) and copper (f).

Mineral components, including potassium (K), calcium (Ca),
carbonate, and phosphate, in biochar were also responsible for
metal sorption from water. These mineral components could
exchange or precipitate with heavy metals [56]. From the XRD
results, it was observed that KCl and CaCOs disappeared after mod-
ification. This effect resulted in a decline of ions participating in the
reactions of exchange or precipitation, which might influence the
ability of biochar to remove heavy metals. Considering that there
might only be one functional group of CPMB (N—C=0) playing a

significant role in the Pb adsorption, the decline of ions could
explain why there was only a slight increase in the lead adsorption
after the modification.

In general, mechanism analysis showed that chemisorption was
the major mechanism for Pb(II), Cd(II) and Cu(Il) removal by CPMB,
and that the mineral components of CPMB were also responsible
for metal removal. Furthermore, the types of effective functional
groups for heavy metal removal were different. In the process of
lead adsorption, only N—C=0 played a significant role, while other
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functional groups did not present an obvious effect. This finding
was likely the reason why the removal capacity for Pb(II) was
lower than that of Cd(II) or Cu(Il). Several N-containing functional
groups and C=C groups worked for the cadmium removal. The
CPMB had better adsorption capacity for Cu(ll) due to the N-
containing functional groups. Meanwhile, abundant carbonyl
groups also participated in the copper removal, and might reduce
Cu(II) to Cu(I). The adsorption mechanism was schematically illus-
trated in the Graphical Abstract.

4. Conclusions

In this work, a novel engineering biochar was successfully syn-
thesized through modification with chitosan and PMDA and was
developed for the removal of heavy metals from aqueous solutions.
The optimum pH for the adsorption of heavy metals was 5.0. Com-
pared to BC, the Pb and Cd removal abilities of CPMB were
improved by approximately 10%, and the Cu removal ability of
CPMB (70.28 mg/L) was 2.5 times higher than that of BC
(26.35 mg/L). Adsorption experiments showed that CPMB had
strong selective adsorption ability to Cu in multi-metal systems.
The pseudo second order model and the Langmuir model were
better for describing the kinetics and isotherms for heavy metal
adsorption onto CPMB, respectively. Accordingly, chemisorption
on the monolayer surface played a dominant role in Pb(II),
Cd(Il) and Cu(Il) removal. Moreover, this study showed that
different functional groups worked for the removal of different
metals. Adsorption of Pb(Il) was influenced by N—C=0, while
N-containing functional groups and C=C groups complexed with
cadmium for removal of this metal. The CPMB had better adsorp-
tion capacity for Cu(Il) due to its abundant carbonyl groups and
N-containing functional groups. The results obtained in this study
suggested that CPMB was a high-efficiency adsorbent for heavy
metal removal from aqueous solutions, specifically for Cu. Com-
pared to the maximum adsorption capacities of other adsorbents
[3,42,57], CPMB had a greater capacity for Cu removal. Previous
studies have shown that the modified biochar could be used for
the removal of heavy metals [1,13,39,42]. The current work
improves our understanding of the interaction between heavy
metals and the functional groups on biochar, and demonstrates
that the groups are important for the control of environmental pol-
lution. Future research could be focused on the mechanism for the
selectivity of these functional groups for specific heavy metals, and
the practical application of CMPB to treat actual industrial
wastewater.
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