
*Corresponding author.

1944-3994 / 1944-3986 © 2019 Desalination Publications.  All rights reserved.

Desalination and Water Treatment
www.deswater.com

doi:10.5004/dwt.2019.24572

165 (2019) 212–221
October

Removal of Cr(VI) from acid mine drainage with clay-biochar composite 

Hai Wang, Liya Tan, Baowei Hu, Muqing Qiu, Liping Liang, Linfa Bao, Yuling Zhu,  
Guohe Chen*, Chengcai Huang*
College of Life Science, Shaoxing University, Zhejiang 312000, China, email: wanghai@usx.edu.cn (H. Wang),  
799832811@qq.com (L. Tan), hubw1968@163.com (B. Hu), qiumuqing@126.com (M. Qiu), 342546978@qq.com (L. Liang), 
1939777274@qq.com (L. Bao), zhuyuling@usx.edu.cn (Y. Zhu), chenguohe@usx.edu.cn (G.H. Chen), chengcai1963@126.com (C. Huang) 

Received 1 February 2019; Accepted 16 June 2019

a b s t r a c t

A novel biochar-montmorillonite (B@M) composites was synthesized by heating peanut shell B@M 
and was used to remove Cr(VI) from acid mine drainage (AMD). Batch characterization confirmed 
that the biochar surface was covered with montmorillonite successfully. The batch adsorption exper-
iment demonstrated that the maximum adsorption capacity of biochar and B@M was 9.18 and 12.18 
mg/g, respectively. The adsorption kinetics and isotherms can be satisfactorily fitted by pseudo-sec-
ond kinetic model and Langmuir model, respectively. No effect of SO4

2– on Cr(VI) removal implied 
that B@M can simultaneously remove Cr(VI) from SO4

2– aqueous solutions. XPS analysis showed that 
adsorption, reduction and precipitation were involved in the removal process due to the presence of 
Fe(II) in montmorillonite. These findings suggested that the engineered biochar-based composite 
may be a valuable adsorbent for the removal of Cr(VI) from AMD.
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1. Introduction

The discharge of acid mine drainage (AMD) produced 
from mining (e.g., gold, copper, and nickel) caused severe 
contamination of water as well as soils [1]. AMD was con-
sidered as one of the most serious environmental problems 
in the world due to the co-existence of high concentration of 
acid, heavy metals and other toxic chemicals, which leaded 
to long-term impairment to water body and biosphere [2]. 
These contaminants were non-degradable and would be 
accumulated in water bodies and enter into the food chains 
[3]. Therefore, it was compulsive that heavy metals should 
be removed under the allowable concentrations before dis-
charge into sub-environments [4].

Chromium (Cr) was one of the most contaminants of 
AMD [5,6]. Generally, soluble Cr(VI) displays much more 
toxic compared to Cr(III), which can cause perilous impacts 
on humans, animals, plants and microorganisms [7,8]. 
Therefore, it was essential to remove Cr from AMD prior 
to disposal into water and soil. The various conventional 

remediation techniques, including precipitation, filtration, 
reduction and ion exchange, have been used to remove 
Cr(VI) from wastewater in recent years [9–14]. Among these 
techniques, adsorption was regarded as the most effective 
and economical method because of low cost, simple opera-
tion and ubiquitous adsorbents [15,16]. It has become a hot 
research topic to choose an adsorption material with strong 
adsorption capacity, good adsorption selectivity, good 
chemical stability and low price.

New materials which absorb heavy metals from water 
bodies have also been developed, such as the novel-nano-
materials, multifunctional nanocomposites and graphene 
oxide (GO). Yet they still faced various difficulties and 
challenges in removing heavy metal. Such as the nanosize 
of the novel-nanomaterials made it easy to aggregate and 
the surface properties are unstable and easy to oxidize [17].
And the multifunctional nanocomposites and GO compos-
ite have the expensive and complicated fabrications [18–20].
In contrast, biochar not only converts all kinds of waste into 
valuable waste, but also greatly reduces the stress on envi-
ronmental pollution [21]. Biochar as a type of pyrogenic 
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carbon was generally obtained from agricultural waste. Bio-
char can be used as an adsorbent to remove heavy metals 
from wastewater [22–27]. However, the adsorption ability 
of biochar was needed to be improved, especially in acidic 
environment [28–32]. 

As one of the earliest adsorption material-clay minerals 
were used to modify primary biochar [33]. Montmorillonite 
as one of the most common clay minerals has great poten-
tial in removal of heavy metals and organic compounds due 
to special physical and chemical properties [34–37]. Mont-
morillonite was composed of one octahedral unit inner 
layer between two tetrahedral outer layers [38]. The layers 
were negatively charged and balanced with hydrated cat-
ions existing in the interlayer spaces. However, montmo-
rillonite tended to expand easily, which limited the actual 
application in wastewater treatment directly. Therefore, 
the modification of montmorillonite by adding biochar 
was economic and feasible method to increased adsorption 
capacity [39,40].

The objectives of this study were (1) to synthesize B@M 
composites and characterize with SEM, TEM, FT-IR, XRD 
and Brunauer-Emmett-Teller (BET) techniques; (2) to inves-
tigate the effect of water chemistry (e.g., pH, cation, anion, 
temperature and concentrations) on Cr(VI) removal by 
B@M composites at acid conditions by batch techniques; 
(3) to demonstrate the interaction mechanism of Cr(VI) on 
B@M composites using XPS analysis.

2. Materials and methods 

2.1. Materials

Montmorillonite was achieved from Sinopharm Chem-
ical Reagent Co., Ltd. The specific surface area of montmo-
rillonite was ~30 m2/g. Other chemicals of analytical grade 
were purchased from Shanghai Chemical Co., China. Pea-
nut shell was obtained from vegetable market of Shaoxing 
City.

2.2. Preparation of B@M composites

The biochar was firstly synthesized by heating peanut 
shell at 250°C for 3 h. Briefly, peanut shell was washed 
and dried at 60°C overnight. Then peanut shell was milled 
into powders. Then the powder was filled in ceramic cru-
cibles with fitted lid and were put in a muffle furnace and 
burned under oxygen-limited conditions at 250°C for 2 h. 
The obtained biochar was cooled to room temperature, 
powdered and passed through a 100-mesh screen. Then 30 
g biochar powder and 30 g montmorillonite were added to 
600 mL deionized water and mixed for 2 h under magnetic 
stirring. The mixture was centrifuged and dried at 105°C. 
B@M was obtained by milling to powder and then through 
a 100-mesh screen.

2.3. Characterization

The surface morphologies of as-prepared samples 
were observed with SEM-EDS (JEOL, JSM-6360LV, Japan; 
OXFORD, X-act) and TEM (JEOL, JEM-1011, Japan). The 
XRD analysis was conducted in a D/Max-IIIA Powder 

X-ray Diffractometer (Rigaku Corp., Japan) with graph-
ite-monochromatized Cu-Kα radiation with step size of 
0.02° at 25 mA and 35 kV over range from 10 to 80°. NOVA 
4200e Surface area and Pore size analyzer (Micromeritics, 
Empyrean, USA) were used to analyze surface area and 
pore size. FTIR spectra of the samples were recorded on a 
Nexus 670 FTIR spectrometer (Thermo Nicolet, Madison) in 
the wave number range of 400–4000 cm–1. XPS spectra were 
collected on ESCALAB250 X-ray photoelectron spectrome-
ter (Thermo-VG Scientific, UK) at operated powder of 150 
W and the analyzer constant pass energy of 30 eV.

2.4. Adsorption experiment

Adsorption experiments of Cr(VI) on B@M were con-
ducted intriplicate with 250 mL conical flasks. The sorption 
isotherms were investigated at pH = 2 and temperature = 
20, 30 and 40°C. The pH dependence of adsorption was 
studied at initial pH of 1–14 with negligible volumes of 
0.1–1.0 mol/L NaOH/HCl. The influences of Ca2+, Mg2+, 
SO4

2– and HCO3
– were also carried out at pH = 2. The flacks 

were reacted under shaking bath at 30°C for 100 min. At 
the set intervals, 1 mL of solution mixture was filtrated 
with 0.45 μm filter membrane. The residual Cr(VI) concen-
tration was determined using a UV-visible spectrophotom-
eter at 540 nm wavelength with the 1,5-diphenylcarbazide 
method. The adsorption capacities were calculated under 
different environmental conditions to determine their 
effects on the reaction. The equilibrium adsorbed concen-
tration, qe (mg·g–1), was determined according to the fol-
lowing equation:

q
C C V

me
e=

−( )0  (1)

where C0 and Ce (mg/L) represent the liquid-phase concen-
trations of Cr(VI) initially and at equilibrium, respectively; 
qe (mg/g) was the equilibrium adsorption capacity; V(L) 
was the volume of the solution; and m (g) was the mass of 
the adsorbent. The results were reproducible at most 10% 
error.

3. Results and discussion

3.1. Characterization 

The nanostructure and surface morphology of biochar, 
montmorillonoid and B@M were characterized with SEM. 
It can be seen that biochar is relatively smooth (Fig. 1a). 
As shown in Fig. 1b, montmorillonite presented the het-
erogeneous pores and cavities with rough structure. The 
rough structure could increase the surface reactive sites, 
which was also beneficial for Cr(VI) adsorption [41,42]. 
B@M displayed many small particulate matters with irreg-
ular and porous structure (Fig. 1c), which was suitable for 
the improvement of adsorption capacity. As shown by 
EDS analysis, carbon and oxygen element were the two 
main composition of biochar (Fig. 1e), and silicon, oxygen, 
aluminum, magnesium, calcium and iron are typical ele-
ments of montmorillonoid (Fig. 1f). Leaching experiment 
showed that Fe in montmorillonoid was mainly Fe(II). 
EDS spectrum of the B@M demonstrated high peaks for 
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silicon, oxygen, as well as aluminum and magnesium. Cal-
cium and iron were involved in the B@M (Fig. 1g).

As observed with TEM, particle size of montmorillo-
noid particles appeared to 30–60 nm with flocculent clus-
ters in diffuse edges (Fig. 2a). The morphology of biochar 
showed the block-shape (Fig. 2b). TEM image of B@M par-
ticles confirmed that stabilization of montmorillonoid on 
biochar, which could prevent the aggression of montmoril-
lonoid particles (Fig. 2c). 

N2 adsorption-desorption isotherms analysis of B@M 
was carried out. The BET surface area and BJH total pore vol-
ume of the biochar were 2.79 m2/g and 0.0035 cm3/g. While, 
the BET surface area and BJH total pore volume of B@M 
were 6.18 m2/g and 0.035 cm3/g, respectively. The adsorp-
tion average pore width of the biochar and B@M were 3.94 
and 12.76 nm, respectively. After pyrolysis, the specific sur-
face area and average pore size of the composite materials 
increased significantly. Most of hemicellulose and cellulose, 
as well as part lignin in biomass are thermally decomposed 
at the pyrolysis temperature of 250°C [43]. The release of vol-
atile components facilitated the generation of vascular bun-
dles structure in the composite materials, which improved 
the specific surface area and average pore size [44].

In the FTIR spectrum of biochar (Fig. 2g), the peak of 
3420 cm–1 was assigned as -O-H stretching vibration. The 
band at 1770 cm–1 was assigned as stretching vibration of 
-C=O group, implying the formation of carboxylic groups. 
The peak of 1660 cm–1 is related to the presence of -O-H 
group [45]. The broad band at approximately 1100 cm–1 was 
attributed to the -Si-O stretching vibration. For B@M, the 
peaks at 3620, 519 and 468 cm–1 were assigned as -NH,Fe-O 
and Si-O-Si, respectively. FTIR analysis confirmed that 
B@M displayed oxygen functional group, which increase 
its adsorption ability. 

As shown by XRD patterns in Fig. 2e, two diffraction 
peaks at 2θ = 11 and 24.5° indicated the formation of bio-
char [46]. For B@M (Fig. 2f), four peaks at 2θ = 5.7, 20.7, 
34.9 and 60.8° were identified as d(001), d(0211), d(130) and 
d(060) planes of montmorillonite [47]. A sharp peak at 2θ 
= 28.8° was assigned to quartz (SiO2), which is a common 
impurity in clay. 

3.2. Adsorption kinetics

The adsorption kinetics of Cr(VI) on biochar, montmo-
rillonoid, B@M at pH = 1 and 2 was demonstrated in Fig. 

Fig. 1. SEM images and EDS spectra of the biochar (a, e), montmorillonoid (b, f), B@M (c, g) and B@M-Cr (d, h). 

Fig. 2. TEM images of biochar (a), montmorillonoid (b), B@M (c) and B@M-Cr (d). XRD analysis of Biochar (e) and B@M (f). FTIR 
spectra of Biochar (black), montmorillonoid (blue), B@M (red) and B@M-Cr (green). 
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3. At pH = 1, ~ 85.5%, 52.8%, 30.9% of Cr(VI) was removed 
by B@M, biochar and montmorillonoid, respectively. It was 
indicated that B@M displayed the high adsorption ability 
for Cr(VI) in acidic conditions. However, ~45%, 52.7% and 
5.0% of Cr(VI) was removed by B@M, biochar and montmo-
rillonoid at pH = 2, respectively. 

Although adsorption of Cr(VI) on B@M at pH = 2 was 
smaller than that of biochar, removal rate of Cr(VI) on B@M 
was higher than that of biochar and montmorillonoid, 
which was attributed to synergistic effect in the immobi-
lization process. It was reported that, clay minerals could 
reduce Cr(VI) to Cr(III) [48]. Fig. 3 showed that immobiliza-
tion of Cr(VI) by montmorillonoid was insignificant. It was 
supposed that cluster of clay powder reduce the removal 
efficiency, which was in accordance with the previous study.

The removal data was fitted with pseudo-first-order and 
pseudo-second-order models. The linear forms of first-or-
der and pseudo-second-order models can be described as 
Eqs. (2) and (3), respectively:

ln( ) lnq q q k te t e− = − 1  (2)

t
q k q

t
qt e e

= +
1

2
2

  (3)

where qt and qe (mg/g) were the amount of Cr(VI) adsorbed 
on solid at time and equilibrium, respectively. k1 and k2were 
the pseudo-first-order and pseudo-second-order rate con-
stants, respectively.

The fitted parameters of pseudo-first-order and pseu-
do-second-order models are listed in Table 1. The removal 
kinetics of Cr(VI) on the three materials were better fitted by 
pseudo-second-order kinetic model with higher R2 values 
compared to pseudo-first-order kinetic model. This sug-
gested the chemical adsorption was the rate limiting step 
for either adsorption process. A similar phenomenon has 
been observed in Cr(VI) adsorption by used coir pith [49] 
and ethylenediamine-modified rice hull [50]. 

At pH = 1, the qe values of biochar and B@M calculated 
from pseudo-second-order kinetic model were 9.18 and 
12.18 mg/g, respectively, and kinetic rate constants of bio-
char and B@M were calculated as 0.0034 and 0.0097 min–1, 
respectively. These results confirmed B@M particles with 
the high adsorption capacity for Cr(VI) compared to bio-
char, which were attributed to the prevention of the clus-
ter of clay by using biochar. In addition, the introducing of 
various oxygen containing groups increases the adsorption 
efficiency and removal rate accordingly.

3.3. Effect of pH value

The pH value in an aqueous solution was one of the 
most important parameters affecting surface charge and 
ionization of adsorbent and speciation of the adsorbate. 
Fig. 3a showed the effect of pH on Cr(VI) removal by B@M. 
The highest removal of Cr(VI) was observed at pH = 1. 
Approximately 57 and 85% of Cr(VI) were removed from 
wastewater in 15 and 120 min, respectively. The removal 

Fig. 3. The effects of B@M, biochar and montmorillonite on the removal of Cr(VI) from the solution at pH = 1 (a) and pH = 2(b). 
Removal kinetics of B@M, biochar and montmorillonite at pH = 1 and pH = 2. Solid line: fitted by first order kinetics; dotted line: 
fitted by second order kinetics. C0 = 25.0 mg/L, m/v = 2 g/L, T = 303 K.
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rates of Cr(VI) at pH = 2 and 3 were 45.0 and 27.4%, 
respectively. However, the adsorption of Cr(VI) from the 
wastewater was negligible at pH = 4–12. It was noted that 
the removal efficiency at pH = 13 and 14 was increased 
from 22.6 to 46.38%. The data of removal kinetics were 
fitted by pseudo-first-order and pseudo-second-order 
models. The calculated parameters of pseudo-first-or-
der and pseudo-second order kinetic model are shown 
in Table 2. The removal kinetics of Cr(VI) on biochar, 
montmorillonoid and B@M were satisfactorily fitted by 
pseudo-second-order kinetic model according to of the 
high correlation coefficient (R2 > 0.99), implying that the 
predominant adsorption of Cr(VI) on biochar, montmo-
rillonoid and B@M were chemisorption process. As illus-
trated by Cr(VI) distribution in Fig. 4d, the major Cr(VI) 
specie was Cr2O7

2– at pH < 6, whereas CrO4
2– was the 

main specieat pH > 9. Therefore, the high adsorption of 
Cr(VI) on B@M at low pH could be attributed to electro-
static attraction of negative Cr(VI) and positive charged 
B@M. At pH = 2, Cr(VI) existed in the solution in forms 
of Cr2O7

2– and HCrO4
–, they were attached on the surface 

on B@M via electrostatic attraction. 
Fig. 5 showed FTIR spectra of biochar, montmorillonoid 

and B@M at different pH conditions. At pH = 7, the typical 
bands of B@M at 468, 519, 1100, 1660, 1770 and 3420 cm–1 
were attributed to Si-O-Si, Fe-O, Si-O,-OH group, respec-
tively [51]. However, the new band of B@M at pH 14 at 
3130 cm–1 was assigned to -C=CH group. The decreased of 
adsorption intensities of -OH and -NH groups imply inter-
action of biochar and clay at acid conditions. For example, 
the presence of -C=CH group was attributed to the interac-
tion of acid/base with biochar. 

3.4. Adsorption isotherms

Fig. 6 showed the adsorption isotherms of Cr(VI) under 
different temperatures. The removal rate of Cr(VI) gradu-
ally increased with increasing temperature from 20 to 40°C, 
indicating favorable adsorption of Cr(VI) at high tempera-
ture. The data of adsorption isotherms were fitted by Lang-
muir and Freundlich models. The linear form of Langmuir 
and Freundlich equations are written as Eqs. (4) and (5), 
respectively:

C
Q

C
Q K Q

e

e

e

L
= +

max max

1  (4)

log log logQ K
n

Ce F e= +
1

 (5)

where Ce (mg/L) and Qe (mg/g) represent the equilibrium 
concentration of Cr(VI) at solution and at solid, respec-
tively; Qmax was the theoretical maximum adsorption capac-
ity (mg/g); KL and KF represent the Langmuir constant 
(L/mg) and the Freundlich constant [(mg/g) (L/mg)1/n], 
respectively; 1/n was the heterogeneity factor. 

The sorption isotherms of Cr(VI) on the composite mate-
rials are shown in Figs. 6b and 6c. The relative parameters of 
Langmuir and Freundlich models are listed in Table 3. The 
sorption isotherms of Cr(VI) on the composite materials can 
be satisfactorily fitted by Langmuir model due to the high 
correlation coefficient (R2) values compared to Freundlich 
model, which was consistent with the previous researches 
[52,53]. Therefore, it can be assumed that adsorption mainly 
occurs in monolayers with identical sites on the surface of 
the composite materials.

Table 1 
Parameters of pseudo-first-order and pseudo-second-order kinetic model for Cr(VI) ions removal by the composite materials at pH 
= 1 and pH = 2

Pseudo-first-order Pseudo-second-order

qe (mg/g) k1 (min–1) R2 qe (mg/g) k2 (min–1) R2

pH = 1 B@M 10.53 0.079 0.9852 12.18 0.097 0.9969
Biochar 7.14 0.036 0.9766 9.18 0.034 0.9808
montmorillonite 4.34 0.043 0.9819 5.43 0.043 0.9881

pH = 2 B@M 5.17 0.059 0.9526 6.13 0.011 0.9845
Biochar 6.54 0.056 0.9674 7.80 0.0082 0.9899
montmorillonite 0.845 0.088 0.8432 0.947 0.1288 0.8060

Table 2 
Parameters of pseudo-first-order and pseudo-second-order kinetic model for Cr(VI) ions removal by the composite materials at 
different pH value

Pseudo-first-order Pseudo-second-order

qe (mg/g) k1 (min–1) R2 qe (mg/g) k2 (min–1) R2

pH = 1 10.53 0.079 0.985 12.18 0.097 0.997
pH = 2 4.78 0.019 0.964 6.34 0.0099 0.992
pH = 3 4.03 0.013 0.937 4.69 0.0066 0.993
pH = 13 2.52 0.019 0.929 3.38 0.018 0.991
pH = 14 2.79 0.027 0.882 6.09 0.033 0.998
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Fig. 4. Effect of pH value in solution on the removal of Cr(VI)ions by the composite materials. C0 = 25.0 mg/L, m/v = 2 g/L, T = 303 K.

Fig. 5. FTIR spectra of biochar (a), montmorillonite (b) and B@M (c) at different pH.

Fig. 6. Effect of temperature in solution on the removal of Cr(VI) ions by the composite materials. 
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3.5. Effect of various ions 

The Fig.7a showed the influence of Ca2+ on removal of 
Cr(VI) by B@M composites. No significant impact of Ca2+ 

on Cr(VI) removal was observed at lower than 0.05 mol/L. 
At Ca2+ > 0.05 mol/L, the removal efficiency decreased from 
45.06 to 39.91%, and the rate constant of pseudo-second-or-

der model was also decreased from 0.012 to 0.010 min–1. At 
concentration of Ca2+ = 0.2 mol/L, the rate constant and 
removal efficiency were 0.007 min–1 and 36.58%, respectively.

The effect of Mg2+ on Cr(VI) removal is shown in Fig. 
7b. Mg2+ inhibited the adsorption of B@M. The qe decreased 
from 5.42 to 5.08 mg/g with increasing Mg2+ from 0.1 to 0.2 
mol/L. Previous study indicated that no Ca2+/Mg2+ oxide 

Fig. 7. Effect of Ca2+, Mg2+, SO4
2– and HCO3

– on the removal of Cr(VI) by the composite materials. C0 = 25.0 mg/L, m/v = 2 g/L, T = 303 K.

Table 3 
Parameters of Langmuir adsorption model and Freundlich adsorption model at different temperature

T Langmuir adsorption model Freundlich adsorption model

qm (mg/g) kL (L/mg) R2 kF 1/n R2

20ºC 12.56 0.085 0.993 3.25 0.297 0.922
30ºC 16.56 0.134 0.999 5.75 0.241 0.949
40ºC 18.05 0.327 0.998 9.16 0.169 0.970

Table 4 
Parameters of pseudo-first-order and pseudo-second-order kinetic model for Cr(VI) removal by the composite materials in the 
solution containing Ca2+ and Mg2+

Ca2+ qe (mg/g) k2 (min–1) R2 Mg2+ qe (mg/g) k2 (min–1) R2

0 mol/L 6.12 0.012 0.985 0 mol/L 6.12 0.012 0.985
0.05 mol/L 5.87 0.010 0.995 0.05 mol/L 6.32 0.0087 0.982
0.1 mol/L 5.66 0.011 0.994 0.1 mol/L 5.42 0.014 0.955
0.15 mol/L 5.63 0.0089 0.986 0.15 mol/L 5.40 0.012 0.929
0.2 mol/L 5.56 0.007 0.969 0.2 mol/L 5.08 0.014 0.977
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or hydroxide were formed on the surface of the particles, 
at low concentration. While, at high concentration, a film 
was generated on the surface of B@M because of the interac-
tion between Ca2+/Mg2+ and the oxygen-containing group 
in biochar, which prevented the contact of pollutant and 
active sites. 

The effect of SO4
2– on Cr(VI) removal with B@M is shown 

in Fig. 7c. SO4
2– displayed slight effect on both rate constants 

and removal efficiency of Cr(VI) at 2 and 4 mM. However, 
the removal efficiency of Cr(VI) at SO4

2– = 8 mM (38.31%) 
were significantly lower than that of Cr(VI) removal in the 
absence of SO4

2– (45.06%). SO4
2– at high concentration was 

the competitor for Cr2O7
2– and HCrO4

–, which will occupy 
the reactive site on the biochar and resulted in the decreased 
removal rate of Cr(VI).

Fig. 7d illustrates the effect of HCO3
– on Cr(VI) removal. 

It was clearly that HCO3
– decreased the removal efficiency 

of the composites. Within 100 min, the adsorption capac-
ity significantly increased from 4.58 to 6.12 mg/g with 
decreased HCO3

– from 4.0 to 0 mmol/L (Table 5), which 
was in good accordance with previous researches. It was 
pointed out that HCO3

– could connect with the proton in 
B@M, which resulted in the passivation of active sites and 
decreased adsorption ability [54]. Another explanation for 
the inhibitory influence may be that addition of HCO3

– will 
increase the pH value of the solution, and the removal rate 
of Cr(VI) was decreased with the increase of pH value.

3.6. Removal mechanisms

XPS analysis of C1s and Cr 2p is presented in Fig. 8. 
XPS peak of C1s can be deconvoluted to four sub-peaks 

at 284.5, 286, 292.5, 295.2 ev, attributing to C-C, C-H, -C-O, 
and -COOH group [55,56]. The peaks of Cr 2p XPS spec-
tra at 576.6 and 586.1 eV were attributed to Cr 2p3/2, and 
Cr 2p1/2, respectively. The occurrence of peaks of 579.4 
and 588.4 eV was assigned to Cr(III), indicating reduction 
of Cr(VI) to Cr(III) [57,58]. Kwak et al. reported that 1.0 kg 
montmorillonite can released 25.1 mmol Fe(II), which lead 
to the reduction of Cr(VI) to Cr(III) [48]. The result of EDS 
and FTIR also confirmed the presence of Fe involved in 
B@M. In acidic condition, the interaction mechanisms can 
be described as follows:

2HCrO4
− + 16H+ + 3Fe2+ → 2Cr3+ + 3Fe3+ + 8H2O(l)   (6)

2CrO4
2− + 16H+ + 3Fe2+ → 2Cr3+ + 3Fe3+ + 8H2O(l)   (7)

The adsorption mechanism of Cr(VI) by B@M at acidic 
conditions is proposed in Fig. 9.

4. Conclusions

A new and low cost absorbent (B@M) was prepared 
via immobilizing montmorillonite on the surface of bio-
char. The batch experiments indicated that B@M composite 
demonstrated the high removal efficiency to Cr(VI) in acidic 
condition (pH = 1). The removal kinetics and isotherm of 
Cr(VI) on B@M can be fitted by the pseudo second order 
model and Langmuir model, respectively. No effect of SO4

2– 
on Cr(VI) removal under 4 mM. XPS analysis indicated that 
Cr(VI) was reduced to Cr(III) and then was precipitated 
on the surface of B@M due to the Fe(II) in montmorillonit. 

Table 5 
Parameters of pseudo-first-order and pseudo-second-order kinetic model for Cr(VI) removal by the composite materials in the 
solution containing SO4

2– and HCO3
–

SO4
2– qe (mg/g) k2 (min–1) R2 HCO3

– qe (mg/g) k2 (min–1) R2

0 mmol/L 6.12 0.012 0.985 0 mmol/L 6.12 0.012 0.985
2 mmol/L 6.13 0.012 0.981 2 mmol/L 6.64 0.0076 0.982
4 mmol/L 6.21 0.013 0.994 4 mmol/L 5.96 0.012 0.971
6 mmol/L 5.84 0.010 0.989 6 mmol/L 5.21 0.012 0.979
8 mmol/L 5.51 0.0067 0.994 8 mmol/L 4.58 0.018 0.954

Fig. 8. XPS spectra of survey (a), Cr 2p (b) and C1s (c) high resolution spectra.
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These observations indicated that biochar-based compos-
ites can be used as the promising adsorbents for the immo-
bilization of heavy metals from AMD. 
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