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Abstract: Heavy metal chromium pollution seriously threatens the environmental safety of soil and water body. 

The Cr(VI) compound has strong migration ability, enrichment and strong oxidizing ability. These properties make 

Cr(VI) ions more dangerous and difficult to handle. Adsorption technology is a simple and effective method for 

treatment of heavy metal pollution. The two clay-biochars are made by mixing biochar derived from peanut shell 

and two kinds of clays (Kaolin and bentonite) under magnetic stirring conditions. A variety of characterizations 

suggest that clays uniformly deposit on the surface of biochar. Adsorption experiments indicate that the sorption of 

Cr(VI) ions from wastewater on Kaolin-biochar is significantly higher than that of bentonite-biochar. Adsorption 

kinetic of Cr (VI) on two clay-biochars follows satisfactorily the pseudo-second order model due to high correlation 

coefficient (R2>0.999). Adsorption isotherms of Cr(VI) on Biochar@Bentonite are fitted by Langmuir model, 

whereas the Freundlich model fits better the Cr(VI) sorption on Biochar@Kaolin. These findings are crucial for the 

potential application of clay-biochar composites for the treatment of the immobilization of heavy metals in envi-

ronmental remediation. 
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At present, heavy metal chromium pollution mainly 
comes from metallurgy, leather, dye, mining, electroplat-
ing and other industries[1]. It seriously threatens the en-
vironmental safety of soil and water body. The chromium 
in the wastewater emitted into the environment mainly 
exists in two valence states, Cr(III) ion and Cr(VI) ion[2]. 
Among them, Cr(III) ions in solution have almost no tox-
icity. However, Cr(VI) ion is carcinogenic, teratogenic 
and mutagenic, and highly toxic even at low concen-
trations[3]. In addition, the Cr(VI) compound has strong 
migration ability, enrichment and strong oxidizing ability. 
These properties make Cr(VI) ions more dangerous and 
difficult to be treated[4-6]. Therefore, research on pollu-
tion control of chromium wastewater becomes a hot spot 
in the control of environmental pollution[7-9].  

Adsorption technology is a simple and effective me-
thod for treatment of heavy metal pollution[10-11]. Among 
the adsorbent materials, biochar is a kind of highly aro-
matic and difficult to capacity solid material formed by 
waste biomaterials under high temperature thermal crac-

king under conditions of oxygen deficiency or low oxy-
gen[12-13]. They are mostly composed of loose porous, 
ordered aromatic rings. They have well-developed pore 
structure, large specific surface area, dense surface charge 
and rich in carboxyl, sulfhydryl and phenolic hydroxyl 
groups[14-16]. As a kind of agricultural and forestry waste, 
peanut shells are used as fuel, except for a small number 
of them used to make feed and building materials. This is 
harmful to the environment, and wastes resources. Based 
on above advantages, peanut shells are often used to 
prepare for biochar[17].  

In recent years, various natural clay materials have 
been used in the adsorption research of heavy metal ions 
due to their low cost and easy reproducibility[18]. The 
experimental results showed that natural clays, such as 
bentonite, kaolin and diatomaceous earth, have strong 
adsorption capacity for heavy metal ions because of their 
negative charge[19]. However, its adsorption capacity for 
negatively charged Cr(VI) is relatively weak. Therefore, 
it is generally necessary to modify the natural clay to 



302 无 机 材 料 学 报 第 35 卷 
 
 
 

    

adsorb the Cr(VI) in solution[20-22]. 
The objective of this study is to prepare two clay- 

biochars and to investigate the effect of water chemical 
characteristics (e.g., initial solution pH, ionic strength, 
Cr(VI) concentration and contact time) on Cr(VI) ad-
sorption on two clays-biochars by batch techniques. The 
highlight of this study is to apply biochar-based compos-
ites for decontamination of heavy metals in environ-
mental clean up. 

1  Materials and methods 

1.1  Materials 
Kaolin and bentonite (>99.5% purity) are purchased 

from Sinopharm Chemical Reagent Co., Ltd. Peanut 
shell is obtained from vegetable market of Shaoxing city 
(Zhejiang province, China). 
1.2  Preparation of two clay-biochars 

Two clay-biochars of peanut shell@Kaolin (Biochar 
@Kaolin) and peanut shell@Bentonite (Biochar@Ben-
tonite) are obtained by mixing biochar derived peanut 
shell and two kinds of clays under magnetic stirring con-
ditions. Briefly, the peanut shell is firstly washed and 
then dried at 60 ℃. The pure peanut shell is milled into 
powders. The peanut shell powder is filled in ceramic 
crucibles covered with fitted lid. Ceramic crucibles are 
put in a muffle furnace and burned under oxygen-limited 
conditions at 250 ℃ for 2 h. Then the biochar derived 
from peanut shell is cooled to room temperature. The 
obtained biochar derived from peanut shell is powdered 
and passed through a 150 μm(100 mesh) screen. 

Then, 30 g biochar, 30 g Kaolin and Bentonite are 
added to 600 mL deionized water, and reacted for 2 h un-
der vigorous stirring condition. Then, the suspensions are 
centrifuged at 6000 r/min for 10 min. The Biochar@Kaolin 
and Biochar@Bentonite are obtained by drying at 105 ℃ 
overnight and sieved through a 150 μm (100 mesh) screen. 
1.3  Adsorption experiments 

Adsorption experiments are conducted in 250 mL Er-
lenmeyer flasks containing the clay-biochar and 100 mL 
Cr(VI) ion solutions with various initial concentrations. 
The initial pH is adjusted with HCl or NaOH solution. 
The flasks are placed in a shaker at a constant tempera-
ture and 200 r/min. The samples are filtered and ana-
lyzed. 
1.4  Characterizations 

The morphology of clay-biochar was observed with 
SEM (JEOL 6500F, Japan) and TEM (JEM-F200, Japan). 
XRD analysis was conducted in a D/Max-IIIA Powder 
X-ray Diffractomer (Rigaku Corp., Japan). NOVA 4200e 
Surface area and Pore size analyzer (Quantachrome, FL, 

USA) were used to analyze the surface area and pore size 
of clay-biochar at a relative pressure of 0.95. XPS (X-ray 
photoelectron spectrometer, Krato AXIS Ultra DLD, Ja-
pan) and the model Axis-HS (Kratos Analytical) were 
used to determine surface composition. FT-IR spectra of 
the samples were recorded on a Nexus 670 FT-IR spec-
trometer (Thermo Nicolet, Madison) in the wavenumber 
range of 400–4000 cm–1. 

The concentration of Cr(VI) ion is analyzed by atomic 
absorption spectrophotometry. 

The tq (mg/g) is calculated as follows: 

 
0( )t
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q
m

 
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where C0 (mg/L) and Ct (mg/L) are the initial and equi-
librium liquid-phase concentrations of Cr(VI) ion resp-
ectively. V (L) is the solution volume and m (g) is the 
mass of adsorbent used. 
1.5  Statistical analyses of data 

All experiments were repeated in duplicate, and the 
data were analyzed by the mean and standard deviation 
(SD). The value of the SD was calculated by Excel 
Software. All error estimates given in the text and error 
bars in figures were standard deviation of means (mean± 
SD). All statistical significance was noted at α=0.05 
unless otherwise noted. 

2  Results and discussion 

2.1  Characterization 
The surface area and average pore size of Biochar, 

Biochar@Kaolin and Biochar@Bentonite are listed in 
Table 1. As listed in Table 1, the BET specific surface 
area of Biochar@Kaolin and Biochar@Bentonite are 
6.15 and 3.08 m2/g respectively, which is higher than that 
of biochar (2.79 m2/g). The total pore volume and the 
average pore width of Biochar@Kaolin and Biochar@ 
Bentonite are also higher than that of original Biochar. 
Clay contains a proportion of mineral element, which have 
small surface areas and rich transitional pores, and the 
added clay does not block pore openings of the biochar[23]. 

The surface characteristics of Biochar@Kaolin and 
Biochar@Bentonite are shown in Fig. 1 and Fig. 2. As 
shown in Fig. 1 and Fig. 2, Biochar@Kaolin and 

 
Table 1  Characterizations of Biochar, Biochar@Kaolin 

and Biochar@Bentonite 

Sample BET specific surface 
area/(m2·g–1) 

Average pore 
width/nm 

Biochar 2.79 39.37 
Biochar@Kaolin 6.15 83.41 

Biochar@Bentonite 3.08 56.18 
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Biochar@Bentonite have rough surface with some fine 
particles, which indicate that the Kaolin and Bentonite 
successfully load on the Biochar. 

EDS spectra of the Biochar@Kaolin and Biochar@Be-
ntonite before and after the reaction with Cr(VI) are shown 
in Fig. 3. Biochar@Kaolin and Biochar@Bentonite con-
tain substantial amounts of C, O Si and Al as well as a 
few of Ca, Na, Fe and K, which are typical of the ele-
mental composition of clay minerals. The presence of 
Cr(VI) after adsorption experiment indicates that Cr(VI) 
is effectively removed by Biochar@Kaolin and Biochar@ 
Bentonite[23]. XRD patterns of Biochar@Kaolin and 
Biochar@Bentonite samples are shown in Fig. 4. The 

 

 
 

Fig. 1  SEM images of the Biochar@Kaolin and Biochar@Be-
ntonite before and after the reaction with Cr(VI) 

characteristic peaks at 2θ=20.64° and 26.40° are identi-
fied as (hkl) and (hkl) plane of expansible phyllosilicates 
respectively. XRD analysis suggests that the Kaolin and 
Bentonite successfully load on the surfaces of biochar, 
which are consistent with the EDS results[24]. 

FT-IR spectra are used to determine the surface func-
tional groups. FT-IR spectra of Biochar, Kaolin, Ben-
tonite, Biochar@Kaolin and Biochar@Bentonite are de-
picted in Fig. 5. 

 

 
 

Fig. 2  TEM images of the Biochar@Kaolin and Biochar@Be-
ntonite before and after the reaction with Cr(VI) 

 

 
 

Fig. 3  EDS spectra of the Biochar@Kaolin and Biochar@Bentonite before and after the reaction with Cr(VI) 
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Fig. 4  XRD patterns of Biochar, Biochar@Kaolin and Bioch-
ar@Bentonite 

 

 
 

Fig. 5  FT-IR spectra of Biochar, Kaolin, Bentonite, Bioch-
ar@Kaolin and Biochar@Bentonite 

 
As shown in Fig. 5, the peaks of Biochar@Kaolin and 

Biochar@Bentonite at approximately 3420, 1400, 1020– 
1100 and 520–460 cm–1 are assigned to the stretching 
vibration of the –OH, COO–, –C–O and –C–OH or Si–O 
group, respectively[25]. The surface of compositions and 
chemical states of clay-biochar are further investigated 
by XPS. The C1s XPS spectra of Biochar@Kaolin and 
Biochar@Bentonite are shown in Fig. 6.  

The C1s XPS spectra of Biochar@Kaolin and Bio-
char@Bentonite is the major component with peaks at 
284.4 eV, which may be assigned to C/N–O, C–O or C–C 
bonds[26]. These results suggest that Biochar@Kaolin and 
Biochar@Bentonite contain considerable amounts of 
oxygen/nitrogen groups on its surface, which is benefi-
cial for binding Cr(VI) ions[21]. 

 
 

Fig. 6  XPS spectra of Biochar@Kaolin (a) and Biochar@Be-
ntonite (b) 

 
2.2  Effect of pH 

The Cr(VI) removal efficiencies and adsorption ca-
pacities of Biochar@Kaolin and Biochar@Bentonite in 
solution with pH of 1–14 are shown in Fig. 7. As shown 
in Fig. 7, pH plays an important role in the removal of 
Cr(VI) in aqueous solution. At pH<7, the removal rate of 
Cr(VI) ions increase with pH decreasing. Under the 
acidic solution, the surface of Biochar@Kaolin and Bio-
char@Bentonite is positively charged, and is beneficial 
for the adsorption of Cr(VI) ion by electrostatic attrac-
tion[25]. At pH>7, the removal rate of Cr(VI) ions in-
creases with pH increasing due to the precipitation of 
Cr(VI). Previous studies have also shown that precipita-
tion could play an important role in controlling the re-
moval of heavy metal ions from aqueous solution by 
biochars at high pH[26]. 
2.3  Effect of SO4

2– ion in solution 
The effect of SO4

2– ion on the removal of Cr(VI) by 
the Biochar@Kaolin and Biochar@Bentonite is shown in 
Fig. 8. No effect of SO4

2– on the removal of Cr(VI) ions 
by Biochar@Kaolin, whereas the removal rates of Cr(VI) 
on Biochar@Bentonite decreased with the increase of 
SO4

2– ions concentration. These may be attributed to the 
fact that there are much Na+ and Ca2+ ions exit on the 
surface of Biochar@Bentonite, but none of charged ions 
on the surface of Biochar@Kaolin. For specific adsorp-
tion sites, Cr(VI) ions are preferentially adsorbed over 
the SO4

2– ions. When the specific adsorption sites are  
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Fig. 7  Effect of pH on the removal of Cr (VI) by the Bioch-
ar@Kaolin (a) and Biochar@Bentonite (b) 

 

 
 

Fig. 8  Effect of SO4
2– on the removal of Cr (VI) by the Bioch-

ar@Kaolin (a) and Biochar@Bentonite (b) 

 
saturated, the exchange reactions of dominate and com-
petition for these sites between Cr(VI) ions and SO4

2– 
ions are important[27-28]. 
2.4  Sorption kinetics 

Fig. 9(a) shows the adsorption data of Cr(VI) on dif-

ferent kinds of adsorbents. The sorption shows a rapid 
initial uptake followed by smooth increase. Kinetics 
studies are carried out and a number of well-known sorp-
tion models are applied in order to better understand the 
processes governing the adsorption of Cr(VI) ions to the 
Biochar@Kaolin and Biochar@Bentonite[29]. 

In this study, the pseudo-first order and pseudo-second 
order kinetic models are used to predict the kinetic data. 
The pseudo-second order rate law bases on the assump-
tion that the rate of solute sorption is directly propor-
tional to the square of the number of vacant binding sites. 
The pseudo-first order and pseudo-second order[30-31] are 
described as Eq. (2) and (3): 

 1 e
d ( )
d

t
t

q
k q q

t
   (2) 
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d
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t

q
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Where qe (mg/g) is the amount of adsorbed solute at 
equilibrium conditions, qt (mg/g) is the amount of adso-
rbed solute at the time t (min), k2 (min–1) and k1 (min–1) 
are the constants of pseudo-second order and pseudo-first 
order kinetic model respectively. 

The plots of two models for Cr(VI) ions adsorbed onto 
the biochar, Biochar@Kaolin and Biochar@Bentonite 
are shown in Fig. 9. The corresponding calculated pa-
rameters are listed in Table 2. 

The sorption kinetics of Cr(VI) on biochar, Bio-
char@Kaolin and Biochar@Bentonite are satisfactorily 
fitted by pseudo-second order model due to the higher 
correlation coefficient value (R2 >0.98). It indicates that 
the chemisorption is involved in covalent interaction due 
to the sharing and exchange of electrons between Cr(VI) 
ions, and the adsorbent is likely the primary rate-limiting 
step involved in Cr(VI) ions sorption on surfaces of ad-
sorbent[32-34].  
2.5  Sorption isotherms 

Langmuir isotherm model describes the correlation 
between the amounts of solute adsorbed on adsorbent 
(mg/g) versus the solute concentration in the solution 
(mg/L) at equilibrium condition. This model assumes 
that at equilibrium, monolayer sorption of solute occurs 
at fixed number of homogeneously distributed sorption 
sites over the adsorbent surface, and these sites also have 
equal affinity for the adsorbate. The non-linear equations 
describing the Langmuir isotherm model is given as fol-
lows[35-36]: 

 max L e
e

L e1
Q K C

q
K C




 (4) 

Where Ce (mg/g) is the solute aqueous concentration at 
equilibrium, qe (mg/g) is the amount of solute adsorbed 
per unit weight of adsorbent at equilibrium, Qmax is the  
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Fig. 9  Adsorption data and modeling for Cr(VI) ions removal by Biochar, Biochar@Kaolin and Biochar@Bentonite, respectively 
(a) Adsorption data; (b) Pseudo-first order kinetic; (c) Pseudo- second order 

 
Table 2  Pseudo-first order kinetic and pseudo-second order kinetic parameters of Cr(VI) ions removal by Biochar,  

Biochar@Kaolin and Biochar@Bentonite 

Pseudo-first-order Pseudo-second-order 
Sample 

qe/(mg·g–1) k1/min–1 R2 qe/(mg·g–1) K2/(g·mg–1·min–1) R2 
Biochar 6.54 0.056 0.967 7.80 0.063 0.990 

Biochar@Kaolin 7.07 0.092 0.947 8.91 0.122 0.986 
Biochar@Bentonite 7.70 0.048 0.971 9.41 0.052 0.991 

 
maximum amount of solute adsorbed per unit weight of 
adsorbent (mg/g) to form a single layer, and KL (L/mg) is 
the isotherm constant. 

The Freundlich isotherm model assumes that the sorp-
tion process on a heterogeneous surface is in the form of 
multilayers, where adsorption sites have varied affinity 
for the adsorbate. The non-linear forms of the Freundlich 
isotherm model can be presented as[37-38]: 
 1/

e F e
nq K C  (5) 

Where Ce (mg/g) is the solute aqueous concentration at 
equilibrium, qe (mg/g) is the amount of solute adsorbed 
per unit weight of adsorbent at equilibrium, KF ((mg/g)1/n) 
and 1/n are the isotherm constants. 

According to experimental data, the adsorption iso-
therms parameters of Cr(VI) ion removal by biochar, 
Biochar@Kaolin and Biochar@Bentonite at different 
temperatures can be calculated and listed in Table 3. 

According to the value of R2, the simulations of the 
Langmuir model fits the adsorption data well and can 
therefore be used to describe the Cr(VI) ions adsorption 

behavior at different temperatures for Biochar@Bento-
nite. It also indicates that the adsorption process is ho-
mogeneous adsorption. The Cr(VI) ion from aqueous 
solution adsorption on the Biochar@Bentonite is monol-
ayer adsorption. The maximum adsorption capacities of 
Biochar@Bentonite are calculated to be 20.54, 23.64 
and 27.23 mg/g at 20, 30 and 40 ℃, respectively. For 
Biochar@Kaolin, the Freundlich adsorption model shows 
a better fit to the sorption data at different tempera-
tures. It is also suggested that the sorption process on a 
heterogeneous surface is in the form of multilayers ad-
sorption. 

3  Conclusions 

Two clay-biochars were successfully developed in this 
study. The batch experiments indicate that clay-biochar 
composite has high adsorption ability to Cr(VI) ion from 
aqueous solution (20.54, 23.64 and 27.23 mg/g at 20, 30 
and 40 ℃, respectively). The adsorption kinetics 

 
Table 3  Parameters of adsorption isotherms for Cr(VI) ions removal by Biochar,  

Biochar@Kaolin and Biochar@Bentonite at 20, 30 and 40 ℃, respectively 

Langmuir adsorption model Freundlich adsorption model 
T/℃ Sample 

Qmax/(mg·g–1) KL/(L·mg–1) R2 KF/((mg·g)–1/n) 1/n R2 
Biochar@Kaolin 15.58 0.0029 0.978 3.57 0.0064 0.995 

20 
Biochar@Bentonite 20.54 0.035 0.980 6.75 0.0042 0.903 

Biochar@Kaolin 68.98 0.0063 0.940 4.55 0.0083 0.992 
30 

Biochar@Bentonite 23.64 0.058 0.967 10.53 0.0033 0.942 
Biochar@Kaolin 76.62 0.13 0.795 9.61 0.0028 0.996 

40 
Biochar@Bentonite 27.23 0.28 0.956 14.82 0.0016 0.852 
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can be satisfactorily fitted by pseudo-second order model. 
The adsorption isotherms of Cr(VI) on Biochar@Bent-
onite can be fitted by Langmuir model, whereas the 
Freundlich model fits better the Cr(VI) sorption on Bio-
char@Kaolin at different temperatures. These observa-
tions indicate that biochar-based composites can be re-
garded as the promising adsorbents for immobilization of 
heavy metals in environmental cleanup. 
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花生壳生物炭–黏土吸附水中的 Cr(VI) 

王 海, 阳柠灿, 邱木清 
(绍兴文理学院 生命科学学院, 绍兴 312000) 

摘 要: 重金属铬的污染会严重威胁到土壤和水体的环境安全, 而水中的六价铬化合物则具有很强的迁移性、富集

性和氧化性等特性, 更具有危害性且难以处理。吸附法是一种能简单、高效地处理含重金属污水的处理技术。在磁

力搅拌条件下采用花生壳生物炭分别与高岭土和膨润土混合制备而成两种生物炭–黏土材料, 并分别对这两种生物

炭–黏土的表面特性进行表征。结果发现所选用的两种黏土均能不规则地负载在生物炭的表面。吸附实验结果显示, 

生物炭–高岭土(Biochar@Kaolin)吸附铬(VI)的能力显著高于生物炭–膨润土(Biochar@Bentonite)。从吸附动力学方程

的分析可以看出, 合成的两种生物炭负载黏土吸附水中的铬(VI)均符合伪二级动力学方程。从吸附等温线分析中可

以得到 , Biochar@Bentonite 吸附铬(VI)的过程符合 Langmuir 模型, 而 Biochar@Kaolin 吸附铬(VI)的过程符合

Freundlich 模型。研究结果显示, 采用生物炭–黏土的复合材料修复环境中的重金属污染具有广阔的应用前景。 
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