
 

PEER-REVIEWED ARTICLE  bioresources.com 
 
 
Adsorptive Removal of Heavy Metal from Acidic 
Wastewater with Biochar Produced from Anaerobically 
Digested Residues: Kinetics and Surface Complexation 
Modeling 
 
Youchi Zhang and Wensui Luo * 
 

In this study, the adsorptive characteristics of biochar generated from 
anaerobically digested garden wastes (AD-char) were investigated. 
Metal adsorption onto AD-chars reached equilibrium in 48 h; the 
adsorption capacity of Cu2+ by AD-char was 182 μmol g-1, which was 
higher than that of Zn2+ (35.3 μmol g-1) and Mn2+ (60.7 μmol g-1). The 
metal adsorption was well described by the pseudo second-order kinetic 
and Langmuir isotherm models. pKint

a1, pKint
a2, and pkCu for AD-char, 

which described surface protonation reactions and complexation with 
Cu2+, were 5.75, -10.20, and -4.70, respectively, as optimized by the 
surface complexation model. Cu2+ adsorption onto AD-char increased 
with increasing pH to < 8.6, which suggests that the presence of surface 
alkaline functional groups can be attributed to the metal adsorption 
capacity of biochar. This study concluded that converting anaerobically 
digested food and garden wastes into biochar could be an efficient 
method of treating municipal solid waste and producing metal adsorbents 
for environmental remediation. 
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INTRODUCTION 
 

Anaerobic digestion (AD) is an efficient municipal and agricultural organic waste 
recycling technique (Zhang et al. 2007; Rapport et al. 2012). However, AD residue 
treatment is a challenging task, as a high volume of substrates remains in the reactor at 
the end of digestion (Yuan et al. 2011). One of the promising approaches to AD residue 
treatment is to convert carbon-rich AD residue to biochar using pyrogenic processes 
under oxygen-limited environments (Lehmann et al. 2011). Biochar production and 
utilization has attracted attention because biochar can improve soil fertility and serve as 
recalcitrant carbon stocks to prevent global warming (Beesley et al. 2011). If AD residue 
can be used as feedstock for biochar production, it would provide additional value for 
waste treatment (Inyang et al. 2012).  

Biochar can be an efficient sorbent for removing heavy metals from wastewater 
(Cao et al. 2009; Dong et al. 2011). However, the adsorption capacity of biochars varies 
with physicochemical properties such as pH, surface area, and functional groups that 
depend on raw materials and production procedures (Zhao et al. 2013; Melo et al. 2013). 
For instance, variation in surface adsorptive site density results in different metal ion 
adsorptions by biochars (Xue et al. 2012), while the diversity of surface functional 
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groups leads to different metal adsorption mechanisms (Qiu et al. 2008). Xu et al. (2012) 
found that dairy manure-derived biochars mainly retained metal ions through surface 
precipitation as metal carbonates and phosphates. Jiang et al. (2012) illustrated Pb2+ 
adsorption with rice straw-derived biochar via surface complexation with delocalized π 
electrons. Garden waste, such as wood bark, has a unique lignocellulose structure, which 
leads to specific adsorptive sites with the produced biochars (Sud et al. 2008; Mukome et 
al. 2013). Food waste contained a lot of organic constituents (Arvanitoyannis and 
Varzakas 2008), so the mixing of food waste and garden green waste as biochar 
feedstock may increase the adsorptive site of biochar. In addition, AD treatment can 
change the characteristics of raw materials by enhancing the densities of exchangeable 
cation ions (Hanay et al. 2008; Yao et al. 2011) or utilizing labile pore in-filling organic 
matter (Inyang et al. 2010), which leaves the refractory pore framework intact. Thus, 
biogas residue-derived biochar may possess different metal adsorption capacities from 
those made from raw materials. 

In this study, the AD residue of garden waste was used as a feedstock to produce 
biochar, and the kinetic and adsorptive characteristics with respect to the metal ions Cu2+, 
Zn2+, and Mn2+ were investigated in comparison with biochar made directly from garden 
green waste (Eucalyptus leaves). Kinetic and isotherm models such as the Lagergen 
pseudo first-order kinetic model, Ho pseudo second-order kinetic model, Freundlich 
isotherm, and Langmuir isotherm were used to fit the metal adsorption results, providing 
information about adsorption affinity and saturation capacity (Xu et al. 2012). The 
surface complexation model (SCM), which is a useful tool for simulating the chemical 
properties of complex surfaces of adsorbents and metal partitioning among aqueous/solid 
phases (Robertson and Leckie 1997), was used to calculate metal ion speciation in 
solution/biochar systems. This study aimed to provide more knowledge about the 
potential of the utilization of AD residue to produce effective metal sorbents through the 
biochar process in particular the metal adsorption mechanism by such biochar, which 
would expand the re-use approaches of municipal solid waste (MSW). 
 
 
MATERIALS AND METHODS 
 
Biochar Preparation 
 Anaerobic digestion residues were obtained from a midscale reactor using food 
waste and garden waste as substrates to produce the AD-char, in which the anaerobic 
digestion was conducted in mesophilic temperature 37 °C with 5% sludge from a waste 
treatment plant as the inoculum. Eucalyptus leaves were collected from a garden in 
Xiamen, southern China to produce the E-char. Before carbonization, the feedstock was 
ground and sieved through a 50-mm mesh screen. A rotary pyrolyzer, which consists of a 
gas combustion system, automatic temperature control system, mechanical mixing 
system, and rotary furnace body with an effective volume of 75 L, was used. To produce 
biochars under limited O2 conditions, the furnace body was almost completed closed with 
several layers asbestos cloth to cover the gaps, leaving a small tube for gas emission. The 
feedstock was placed in the rotary carbonization chamber and dried at 200 °C for 1 h at 
the initial stage (drying at 200 °C is considered torrefaction, during which hemicellulose 
undergoes limited devolatilization and carbonization (Cao and Harris 2010). The 
temperature was further raised to 400 °C at a rate of 5 °C min-1 and maintained for 0.5 h 
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(Sun et al. 2013). After cooling to room temperature, the biochars were collected from 
the pyrolyzer, gently ground, and then sieved through a 20-mesh screen (< 0.85 mm). 
 
Characterization 
 The pH of the biochar was determined at a 1:5 solids-to-deionized water ratio. 
Structural characteristics were measured by nitrogen adsorption isotherms at 77 K using a 
surface area and porosimetry analyzer (ASAP2020 M + C; Micromeritics, USA). 
Elemental (C, H, and O) analyses were conducted using a CHNS/O Analyzer (Vario 
MAX; Elementar, Germany). Other elements (Ca, Mg, K, Na, etc.) were determined 
using HNO3-HClO4 digestion – ICP-OES analysis (Optima 7000DV; Perkin Elmer, 
USA). Fourier transform infrared (FTIR) analysis of the biochar was carried out using a 
FTIR spectrometer (Nicolet iS10; Thermo Fisher Scientific, USA), while the Boehm 
titration method was used to analyze the amounts of surface functional groups (carboxyl, 
lactonic, phenolic, and base groups) (Qiu et al. 2008). Scanning electron microscopy 
(SEM) was used to examine the surface morphology of biochars. The proton 
neutralization capacity of biochar was measured through a pH titration method following 
a protocol of Rangel-Mendez and Streat (2002) with modifications. In brief, 5 mL of 
0.01 M NaNO3 solutions with different initial pH values (adjusted with a HCl or NaOH 
solution) were added to test tubes together with 0.05 g biochar. After shaking at a 
constant speed of 200 rpm for 72 h, the equilibrium pH values were measured. 
 
Adsorption Kinetics Experiments 
 The kinetics experiments were performed in 100-mL centrifuge tubes at 25 °C. 
One-half gram of biochar was mixed with 50 mL of wastewater with an electrolyte 
background of 0.01 M NaNO3. The waste water was synthesized in the lab, in which the 
metal ions Cu2+, Zn2+, and Mn2+ were chosen since they were three major contaminants 
of an acidic mining drainage from a nearby metal mine located in Da`tian, south China 
(Xu et al. 2003). The initial concentration of Cu2+, Zn2+, or Mn2+ ion in wastewater was 
25 mg L-1, while the initial pH was 4.6±0.2. Then, the mixture was shaken at a constant 
speed of 200 rpm, and the samples were collected at different time intervals. Afterwards, 
the samples were filtered through a 0.45-μm cellulose nitrate membrane and immediately 
acidified to pH < 2 with an HNO3 solution for analysis. Cu2+, Zn2+, and Mn2+ 
concentrations in the filtrate were measured by ICP-OES. Triplicates were prepared for 
each treatment. In addition, less than 10 μg/L of Cu2+, Zn2+, or Mn2+ ion would be 
leached from the biochars in the preliminary blank experiment. 
 
Adsorption Isotherm Experiments 
 The adsorption isotherms were determined in a background electrolyte of 0.01 M 
NaNO3 at 25 °C. A 5-mL aliquot of 10 g/L biochar was transferred to a 15-mL centrifuge 
tube. Cu2+, Zn2+, and Mn2+ concentration ratios in wastewater were similar to those used 
in adsorption kinetics experiments with an initial pH of 4.6±0.2. After shaking at 200 rpm 
for 48 h, the samples were collected, and the Cu2+, Zn2+, and Mn2+ concentrations were 
measured. Triplicates were prepared for each treatment. 
 
Influence of Initial Solution pH on Metal Adsorption onto Biochars 
 In a 15-mL centrifuge tube, a 5-mL aliquot of 10 g L-1 biochar was shaken at 
200 rpm for 48 h. Afterward, the samples were collected, in which the metal 
concentrations and pH values were measured. The initial concentration of metal ions in 
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wastewater was the same as that used in adsorption kinetics experiments. Three levels of 
initial solution pH used in the experiment were pH 3, pH 4.6, and pH 6. Triplicates were 
prepared for each treatment. 
 
Applied Adsorption Models 
Adsorption kinetics models 
 The kinetics experimental results were fitted by Lagergen pseudo first-order [Eq. 
(1)] and Ho pseudo second-order kinetic models [Eq. (2)] using OriginPro 8.0 (OriginLab 
Corporation, MA, USA). 
 The Lagergen pseudo first-order kinetics model (Mohan et al. 2012), which 
assumes that physical adsorption occurred and the solute uptake rate with time is directly 
proportional to the ratio of the solute concentration and the amount of solids, can be 
expressed as 

)e1(qq tk
et

1−−=          (1) 
where k1 is the rate constant (h-1), qe is the amount adsorbed at equilibrium (mmol g-1), 
and qt is the amount adsorbed at time t (mmol g-1). 
 The Ho pseudo second-order kinetics model (Ho 2006), which assumes that 
chemisorption occurred, in which inner-sphere complexation and precipitation involved 
metal ion sorption, whereas the role of electrostatic ion exchange could be negligible, can 
be expressed as 
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where k2 is the rate constant (g mmol-1 min-1), qe is the amount adsorbed at equilibrium 
(mmol g-1), and qt is the amount adsorbed at time t (mmol g-1). 
 
Adsorption isotherm models 
 The adsorption isotherm data were analyzed using Freundlich [Eq. (3)] and 
Langmuir [Eq. (4)] isotherm models and calculated using OriginPro 8.0 (OriginLab 
Corporation, MA, USA). 
 The Freundlich isotherm model (Mohan et al. 2012), which assumes 
heterogeneous adsorptive energies on the adsorbent surface, can be expressed as 

n/1eFe Ckq =           (3) 
where qe is the amount adsorbed per unit weight of adsorbent (mmol g-1), Ce is the 
equilibrium concentration in the solution (mmol L-1), the constant kF indicates the 
adsorbent’s relative adsorption capacity (mmol g-1), and 1/n is a constant that represents 
adsorption intensity. 
 The Langmuir isotherm model (Mohan et al. 2012), which assumes homogeneous 
monolayer surface sorption, can be expressed as 

e

e0
e

bC1
bCQq

+
=

         (4) 
where qe is the amount adsorbed per unit weight of adsorbent (mmol g-1), Ce is the 
equilibrium concentration in the solution (mmol L-1), Q0 is the monolayer adsorption 
capacity (mmol g-1), and the constant b is related to the net enthalpy of adsorption. 
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Surface complexing model 
 The SCM is based on the theory that surface functional groups can be divided into 
three species (negative XO-, neutral XOH, positive XOH2

+) according to protonation 
reactions [Eqs. (a) and (b)], while metal adsorption primarily occurs via complexation 
with surface functional groups [Eq. (c)] (Al-Hamdan and Reddy 2005). Based on the 
specific surface parameters pKint

a1, pKint
a2, and pKM, as well as the metal hydrolysis 

constants pKMOH+ and pKM(OH)2, metal speciation in the aqueous/soil phase was simulated 
by FITEQL 4.0, developed by Herbelin and Westall (1999). Instead of experimental 
kinetics or isotherm models, SCM can simulate the change in surface functional groups 
and the speciation of metal elements with changing solution conditions, such as pH and 
electrolyte concentrations (Guo et al. 2008), thereby clarifying the metal adsorption 
mechanism. 
 

XOH2
+ = XOH + H+         (a) 
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RESULTS AND DISCUSSION 
 
Characteristics of Biochars 
 As shown in Table 1, carbon was the major element constituent of AD-char or E-
char, which indicates that biochars exhibit significant carbonaceous properties. As shown 
by SEM (Fig. 1), both the biochars had well-developed pore structure. The Brunauer–
Emmett–Teller surface areas of AD-char and E-char were 7.60 and 10.35 m2 g-1, 
respectively. The porosity of AD-char was twice that of E-char, while its average pore 
diameter was 6.70 nm, which is larger than that of E-char (2.29 nm).  
 According to FITR analysis (Fig. 2), the infrared spectra of AD-char and E-char 
showed similar bands at 669, 1120, 1380, 1510, 1560, 1650, and 2360 cm-1. As reported 
in previous research (Gupta et al. 2012; Sun et al. 2013), the bands at 669 and 1380 cm-1 
were assigned to the C-H bond out-of-plane bending of alkenes and in-plane bending 
vibration of alkanes. The band at 1120 cm-1 was assigned to C=O stretching and bending 
of ketones. The band at 1510 cm-1 was assigned to the vibration (νC=C) of the benzene  
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carbon skeleton. The band at 1560 cm-1 was attributed to the C=O stretching of carboxyl 
anions. The band at 1650 cm-1 was assigned to stretching (ν) (C=O) vibration of carbonyl 
groups. The band at 2360 cm-1 was attributed to the C–O vibrations in the carbon dioxide 
molecule. In addition, as suggested by the Boehm titration results (Table 1), the AD-char 
content of the total surface functional group was 5.35±0.21 mmol g-1, while the E-char 
content was 3.05±0.14 mmol g-1. AD-char contained more carboxyl, phenolic, and base 
groups, but had fewer lactonic groups. The differences in the composition of surface 
functional groups were attributed to the variety of feedstock, which could further 
influence the metal retention capacity of biochars. 
 
 
Table 1. Characteristics of Biochars  

Item  E-char AD-char 

pH  7.47±0.01 8.83±0.06 
Element composition 

C 

% 

75.5±2.1 60.3±0.5 
H 3.6±0.1 4.0±0.05 
O 16.4±1.5 22.3±1.3 
N 1.1±0.05 1.92±0.03 
Al 

mg g-1 

0.085±0.004 0.96±0.08 
Fe 0.003±0.001 3.22±1.66 

Na 1.04±0.23 14.71±6.56 

K 1.74±0.42 3.42±1.28 
Ca 5.55±0.44 48.2±27.0 
Mg 0.76±0.19 1.79±0.82 

Structure characteristics 

BET surface area m2 g-1 10.35 7.6 

Porosity  cm3 g-1 0.006 0.013 

Average pore size  Nm 2.29 6.7 
Surface acidity/basicity 

Carboxyl group 

mmol g-1 

0.40±0.00 0.95±0.07 

Lactonic group 0.93±0.04 0.18±0.03 

Phenolic group 0.02±0.03 0.78±0.10 

Total acid group 1.35±0.07 1.90±0.14 

Base group 0.35±0.07 1.55±0.07 
Total surface functional 

group 3.05±0.14 5.35±0.21 
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Fig. 1. SEM images of biochars 

 

66
911
20

13
80

15
10

15
60

16
50

23
60

36
30

37
40

38
50

4000 3500 3000 2500 2000 1500 1000 500

 E-char
 AD-char

 

Wavenumber(cm-1)
 

Fig. 2. FTIR spectra of biochars 
 
Adsorption Kinetics of Metals onto Biochars 
 The kinetics of biochars in metal ion removal are shown in Fig. 3. Cu2+, Zn2+, and 
Mn2+ adsorption onto either AD-char or E-char reached equilibrium in 48 h, while metal 
ion adsorption onto AD-char was higher than on E-char. The adsorption kinetics of metal 
ions by biochars was better described by the pseudo second-order model (R2=0.86~0.99) 
than by the pseudo first-order model (R2=0.50–0.92) (Table 2). The pseudo second-order 
model assumed that chemisorption was the rate-limiting step of adsorption (Ho 2006). 
Thus, this result suggests that the adsorption of Cu2+, Zn2+, and Mn2+ ions onto biochar 
was primarily controlled by the chemical reaction, depending on the distribution of 
surface functional groups on biochars (Qiu et al. 2008). For instance, the carboxyl group 
on the biochar surface, as indicated by the FITR results, played a role in metal ion 
bonding onto the adsorbent (Uchimiya et al. 2010). Thus, the higher carboxyl group 
content in AD-char, which was more than twice that in E-char (Table 1), might partially 
explain the higher metal ion adsorption onto AD-char. 
 

AD-char E-char 
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Fig. 3. Adsorption kinetics of metals onto biochars 

 
Table 2. Fitted Kinetics Models for Metal Adsorption on Biochars  

 Biochar 

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

k1 
(hr-1) 

qe 
(μmol g-1) R2 k2 

 (g μmol-1 hr-1) 
qe 

(μmol g-1) R2 

Cu E-char 0.08 22.72 0.57 0.006 24.82 0.86 
AD-char 0.45 29.34 0.92 0.016 32.79 0.99 

Zn 
E-char 2.87 8.00 0.87 0.038 6.85 0.92 

AD-char 0.19 15.33 0.82 0.011 18.85 0.97 

Mn 
E-char 3.85 9.18 0.50 0.072 9.50 0.97 

AD-char 0.72 12.93 0.56 0.030 15.23 0.97 
 
Adsorption Isotherms of Metals onto Biochars 
 The adsorption isotherms of metal ions onto biochars are shown in Fig. 4. Cu2+ 
adsorption increased with increasing aqueous concentration. At equilibrium, Cu2+ 
adsorption onto AD-char was about 182 μmol g-1 (11.6 mg g-1), while adsorption onto E-
char was about 160 μmol g-1 (10.2 mg g-1). Zn2+and Mn2+ adsorptions at equilibrium were 
35.3 and 60.7 μmol g-1, respectively, for AD-char, and 30.6 and 61.6 μmol g-1, 
respectively, for E-char, far lower than for Cu2+ adsorption. According to the differences 
in ion radius and hydrolysis properties of metals (Table 3), Cu2+ had the highest 
adsorption affinity among the three metals partially due to its lowest value of hydrated 
ion radius, which may lead to the predominant Cu2+ adsorption.  
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 Compared with previous research (Table 4), the adsorption capacity of Cu2+ ions 
onto AD-char was 2.5 to 5.5 times that of raw MSW, including food waste and cellulose 
pulp waste (Ulmanu et al. 2003; Zheng et al. 2008). In addition, the adsorption capacity 
of Cu2+ onto AD-char was higher than the capacity of commercial active carbon 
(103 μmol g-1) or biochar derived from hardwood (106 μmol g-1) (Chen et al. 2011; 
Ulmanu et al. 2003). Although the adsorption capacity was still lower than other sorbents 
such as synthetic polymers (Wang et al. 2010), the AD-char had the advantage of being 
produced from municipal organic waste, leading to the low cost of raw material and 
providing additional value during waste treatment via anaerobic digestion. This result 
demonstrates that biochar production from AD residue could provide an efficient metal 
adsorbent. 
 Metal ion adsorptions onto these two biochars were fitted using the Freundlich 
and Langmuir isotherms (Table 5). The Langmuir isotherm had better fitting performance 
for the predominant Cu2+ adsorption (R2=0.93-0.98). The Langmuir isotherm is valid for 
monolayer sorption onto a surface with a finite number of identical sites, so Cu2+ 
adsorption onto biochars may primarily be monolayer sorption. The saturation adsorption 
of Cu2+ onto AD-char calculated by the Langmuir isotherm was 206.17 μmol g -1, which 
was higher than the calculated value (173.99 μmol g-1) of E-char. The adsorption 
parameter b was higher for AD-char than it was for E-char, which suggests that AD-char 
was more favorable for metal adsorption (Kalavathy et al. 2005).  
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Fig. 4. Adsorption isotherm of metals on biochars 
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Table 3. Comparison of the Radius a and Hydrolysis constant b of Different Metals 
at 25 °C 

 Crystal radius 
(Å) 

Stokes` law radius 
(Å)  

Hydrated radius 
(Å)  Hydrolysis constant pK c 

Cu2+ 0.72 3.25 4.19 7.7  
Zn2+ 0.74 3.49 4.30 9.0 
Mn2+ 0.80 3.68 4.38 10.7 
a The data of metal ionic radius was obtained from Nightingale 1959. 
b The values of pK were obtained from Atanassova 1999 and Yavuz et al. 2003. 
c pK = - Log (CMOH

+ · C H
+ / CM

2+) 
 

Table 4. Comparison of the Cu2+ Adsorption Capacity of Biochar 
 Metal adsorption capacity Reference 

AD-char 182 μmol g -1 This study 
E-char 160 μmol g -1 This study 
Cellulose pulp waste 78 μmol g -1 Ulmanu et al. 2003 
Food waste 44 μmol g -1 Zheng et al. 2008 
Commercial active carbon 103 μmol g -1 Ulmanu et al. 2003 
Hardwood-biochar 106 μmol g -1 Chen et al. 2011 

synthetic PS-EDTA resin 658 μmol g -1 Wang et al. 010 

 
Table 5. Fitted Isotherms for Metal Adsorption by Biochars  

 Cu Zn Mn 

 E-char AD-char E-char AD-char E-char AD-char 
Freundlich isotherm 

KF  
(μmol g-1) 1.11 2.70 0.17 4.89 0.03 0.72 

1/n 0.64 0.56 0.61 0.23 0.91 0.51 
R2 0.76 0.94 0.97 0.95 0.99 0.96 

Langmuir isotherm 
Q0  

(μmol g-1) 173.99 206.17 59.12 32.58 271.10 113.41 

b 1.92*10-3 2.29*10-3 2.24*10-4 5.61*10-3 5.79*10-5 2.24*10-4 
R2 0.93 0.98 0.97 0.78 0.99 0.92 

 
Influence of pH on Metal Adsorption of Biochars 
 As shown in Figs. 5a to 5c, for both AD-char and E-char, a change in initial pH 
influenced Cu2+, Zn2+, and Mn2+ adsorption. In particular, for E-char, Cu2+ and Zn2+ 

adsorptions in the treatment with an initial pH of 6 were 30.3±0.2 μmol g-1 and 8.74±0.31 
μmol g-1, respectively, which were about twice those with an initial pH of 3, while Mn2+ 
adsorption was 8.47±0.21 μmol g-1, which was 1.3 times that in the treatment with an 
initial pH of 3. The metal adsorption onto E-char was increased with increased initial 
solution pH. However, the metal adsorption varied less among the treatments with AD-
char. Cu2+ adsorption onto AD-char ranged from 32.8 μmol g-1 to 36.6 μmol g-1, while 
Zn2+ and Mn2+ adsorptions were around 19.3 μmol g-1 to 28.0 μmol g-1 and 14.4 μmol g-1 
to 19.1 μmol g-1, respectively. The increase of initial solution pH from 3 to 6 did not 
significantly increase the metal adsorption onto AD-char, which was different from that 
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by E-char. In addition, with the same initial pH, metal ion adsorption onto AD-char was 
always significantly higher (P < 0.05) than that onto E-char. For instance, in the 
treatments with an initial pH of 3, Cu2+ adsorption onto AD-char was more than 2.3 times 
that onto E-char. Again, AD-char showed higher metal adsorption capacity from acidic 
wastewater. One possible reason was that AD-char had a higher neutralization capacity 
than E-char, which can lead to higher pH (as shown in Fig. 5d) and prompt metal ion 
adsorption (Mukherjee et al. 2011). According to the pH titration experiment (data not 
shown), the equilibrium pH of different NaNO3 solutions increased to higher values in 
treatments with AD-char compared to those with E-char. For example, the strong acidic 
solution (pH=2.1) was neutralized to pH 6.78 after reaction with AD-char, whereas the 
pH remained acidic (pH=2.7) with the E-char. Thus, metal ion adsorption from acidic 
wastewater would increase under higher pH neutralized by AD-char, which results in 
AD-char having a higher adsorption capacity than E-char. 
 

 
Fig. 5. Metal adsorption and pH change in different initial pH treatment exposed to 
10 g L-1 biochar. Bars with the same letter were not significantly different at the 0.05 
level among the treatments with the same biochar. Bars with * were significantly 
different from bars with ** in the treatment with same initial pH at the 0.05 level.  
 
Modeling with a Surface Complexation Model 
Modeling of the surface functional sites on biochars 
 As simulated by the surface complexation model using the pH titration 
experimental results, the distributions of surface functional sites (XOH2

+, XOH, and XO-) 
on biochars are shown in Fig. 6. The total surface functional sites of biochars needed for 
simulation used data from the Boehm titration. As optimized by the SFM, the pKint

a1 and 
pKint

a2 for AD-char were 5.75 and -10.20, respectively, and were 2.15 and -10.70 for E-
char, respectively. When the pH exceeded 7.9, the density of negative surface sites (XO-) 
on AD-char was higher than the density of positive surface sites (XOH2

+), in which the 

 
Zhang & Luo (2014). “Biochar from digested residues,” BioResources 9(2), 2484-2499.  2494 



 

PEER-REVIEWED ARTICLE  bioresources.com 
 
net surface charge became negative. In contrast, for the E-char, when the pH exceeded 
6.5, the net surface charge became negative. However, the increasing rate of negative 
surface charge on E-char with increased pH was slower than that on AD-char, which 
resulted in a lower fraction of surface sites present as negative charges on E-char, 
compared to AD-char, at the same pH. For instance, when the pH increased to 10, the net 
surface charge of E-char was less than 0.5 mmol g-1, whereas the value was 1.3 mmol g-1 
for AD-char. One possible reason for this condition is that AD-char had more surface 
functional groups, particularly alkaline groups, as shown in Table 1. Thus, at high pH, the 
surface deprotonation reactions of those groups would lead to more negative XO- present 
on AD-char, which increases the potential of surface complexation between AD-char and 
the H+ ion or metal ions. 
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Fig. 6. Distributions of surface functional sites and surface charges on biochars as 
functions of pH simulated by the SCM 
 
Modeling of copper ion adsorption on biochars with a surface complexation model 
 As discussed above, Cu2+ adsorption was predominant among the three metal 
ions. Thus, the surface complexation model was further used to simulate Cu2+ adsorption 
using the adsorption experimental data, which could increase understanding of the 
adsorption mechanism. As optimized by FITEQL 4.0, the complexation constant pkCu 
was -4.70 for AD-char and -4.68 for E-char. As shown in Fig. 7, the fraction of XOCu+ 
adsorbed onto biochars increased with increasing pH of less than 8.6, and then gradually 
released from the biochar surface and turned into Cu(OH)2 after adsorption reached the 
maximum. At the increased stage, the fraction of XOCu+ reached 50% at pH 6.25 for 
AD-char, which was close to the endpoint of pH 6.2 for E-char. However, at the 
decreased stage, the fraction of XOCu+ on AD-char remained 50% at pH 11.5, while the 
fraction for E-char was less than 20% at the same pH, at which the point of 50% retention 
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was about pH 11. Thus, AD-char could last for a longer pH range for XOCu+ adsorption, 
which may be explained by its high negative surface charge at high pH. In addition, 
because AD-char had a higher neutralization capacity, the equilibrium pH after reaction 
with acidic wastewater would be higher than for E-char, in which the fraction of XOCu+ 
on AD-char would be higher than for E-char and could even reach 100% under certain 
conditions. Again, AD-char showed higher metal adsorption capacity than E-char, which 
indicates its great potential for environmental remediation. 
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Fig. 7. Simulations of copper ion speciation and distributions of surface sites on 
biochars as functions of pH with 0.4 mmol L-1 copper solution exposed to 10 g L-1 
biochar 
 
 
CONCLUSIONS 
 
1. Biochar derived from the AD residues of garden waste showed a high capacity for 

metal adsorption, suggesting that biochar production using AD residue of MSW could 
generate efficient metal adsorbents for the remediation of metal-contaminated 
wastewater. 

2. The kinetic adsorption characteristics were well described by the pseudo second-order 
model, which indicates that the chemisorption mechanism controls the metal 
adsorption onto AD-char. 

3. The adsorption isotherm of metal adsorption onto AD-char was better fitted by the 
Langmuir isotherm, which suggests monolayer adsorption. 

4. As simulated by the surface complexation model, the metal adsorption capacities of 
AD-char increased with increasing pH, which suggests that the presence of surface 
alkaline functional groups may contribute to the metal adsorption capacity of 
biochars. 
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