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a b s t r a c t
This study aimed to explore the Cr(VI) removal performance and mechanism of distillers’ grains-
based biochar. Biochar was prepared at 600°C and modified with an alkaline solution (1 M KOH). 
In this study, factors affecting adsorption efficiencies such as biochar dosage (1~3  g/L), pHinitial 
(2.0~7.0), Cr(VI) initial concentration (10~300  mg/L), and adsorption time (0–24  h) were explored. 
The results showed that compared with the original biochar, the adsorption efficiency of Cr(VI) on 
the modified biochar after treatment with KOH solution was increased by 3  times. Scanning elec-
tron microscopy and Fourier-transform infrared spectroscopy analysis indicated that the morphol-
ogy and function of biochar changed significantly after modification. When the dosage of modified 
biochar reaches 3.0 g/L, the removal rate of Cr(VI) of 50 mg/L can reach 99.99%. The initial pH of 
the solution is an essential adsorption parameter to determine the adsorption capacity of biochar. 
The removal efficiency of Cr(Ⅵ) in the solution with lower pH is higher. The adsorption behavior 
of the modified biochar was more consistent with Freundlich isothermal adsorption model and the 
quasi-second-order kinetic equation. The theoretical equilibrium adsorption capacity Qe of KBC-
2, KBC-1, and BC were 29.54, 19.76, and 9.37  mg/g, respectively. Thermodynamic studies indi-
cate that the adsorption of Cr(Ⅵ) by KABC-1, KABC-2, and BC is an automatic and endothermic 
process. In addition, the adsorption mechanism of Cr(Ⅵ) by modified distillers’ grains biochar 
can be explained as the synergistic action of chemical and physical adsorption.
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1. Introduction

Chromium (Cr) is a mineral widely used in the elec-
troplating industry. Its hexavalent state is highly toxic and 
carcinogenic to organisms. Chromate can irritate the skin 

and damage the respiratory system [1]. Therefore, restoring 
Cr(VI)-contaminated water bodies is significant. At pres-
ent, the methods of remediation of Cr(VI) polluted water 
bodies include precipitation, electrolysis, ion exchange, and 
adsorption [2,3]. Among the treatment mentioned above 
methods, adsorption has become one of the most popular 



167H.J. Tang et al. / Desalination and Water Treatment 295 (2023) 166–176

adsorbents because of its wide range of raw materials for 
biochar preparation and environmental friendliness [4]. 
Many adsorbents have been developed and used, such as 
activated carbon [5,6], silica [7], biochar [8,9], and so on.

Biochar is a carbon-rich product produced by pyroly-
sis and carbonization of biomass under anoxic or anaerobic 
conditions. It has a large specific surface area, developed pore 
structure, and large oxygen-containing functional groups, 
showing good adsorption capacity. There are many kinds of 
raw materials for biochar preparation, primarily agricultural 
and forestry waste, livestock and poultry manure, and other 
biomass, such as wheat straw [10], rice husk [11], sawdust 
[12], cow dung [13], etc. Liquor grains are a by-product of 
sorghum, corn, and rice distillation of liquor. According to 
statistics, China’s annual liquor production has exceeded 
8.7 billion liters, a large country of liquor consumption and 
more than 35 million tons of distiller’s grains are produced 
yearly [14]. Liquor grains, as solid waste produced in liquor 
production, are usually used as feed for pigs, cattle, poultry, 
and other animals, as well as a culture medium for edible 
fungi or a source of agricultural fertilizers. The amount of 
chemical development and utilization is limited [14,15]. To 
achieve greater resource utilization of distiller’s grains and 
combined with the prominent phenomenon of environ-
mental pollution, distiller’s grains are prepared into biochar 
materials for research on environmental remediation.

However, although many studies have reported the 
application of biochar in the adsorption of heavy metal ions 
in water bodies, the adsorption of Cr(Ⅵ) using liquor distill-
ers’ grains biomass as raw material is still blank. In addition, 
the adsorption mechanism of Cr(Ⅵ) on this material is still 
to be discovered. Unfortunately, through the preliminary 
test, it is found that the adsorption capacity of this mate-
rial on Cr(Ⅵ) is only 7.85 ± 0.52 mg/g. The general practice 
is modifying the biochar to improve distillers’ grain adsorp-
tion capacity. The common ways are loaded metal oxide [16], 
ball milling modification [17], and acid and alkaline solution 
modification [18,19]. Potassium hydroxide (KOH) activa-
tion is a low-cost and efficient modification method, which 
can effectively improve the porosity, increase the specific 
surface area, and improve the adsorption performance [20]. 
Therefore, KOH will be used in the study to modify biochar.

This study prepared raw biochar and KOH-modified 
biochar from the distiller’s grains and applied them to 
remove Cr(Ⅵ) in an aqueous solution. The primary pur-
pose of this work is to (1) compare the adsorption capacity 
of raw distiller’s grains biochar and KOH-modified biochar; 
(2) explore the effect of some external environmental factors 
(biochar dosage, pH, adsorption temperature, adsorption 
time, and initial concentration) on the effect of adsorption 
performance; (3) combined with X-ray photoelectron spec-
troscopy (XPS), Brunauer–Emmett–Teller (BET), Fourier-
transform infrared spectroscopy (FTIR) and other char-
acterization methods to explore the mechanism of Cr(VI) 
removal by modified distillers’ grains biochar.

2. Materials and methods

2.1. Materials and instruments

The chemicals used in the study included diphenyl 
carbamide (C13H14N4O, AR), hydrochloric acid (HCl, AR), 

potassium hydroxide (KOH, AR), potassium dichromate 
(K2Cr2O7, AR), sulfuric acid (H2SO4, AR). The baijiu distill-
er’s grains are collected from the solid waste produced by 
distilling in Luzhou Laojiao Co., Ltd., Sichuan Province, 
China. The baijiu vinasse is dried at 80°C, then crushed into 
0.25  mm particles, stored as biomass raw materials, and 
used for composite materials.

2.2. Preparation of modified distillers, grains-based biochar

The 40.00  g stored vinasse distillers’ grains biomass is 
put into a tube furnace, which is then filled with nitrogen 
to expel oxygen from the quartz tube (Zhengzhou Ansheng 
Scientific Instrument Co., Ltd., SK2-4-12TPB3, China), 
thus ensuring an anoxic environment inside the quartz 
tube during pyrolysis. The heating program of the tubu-
lar furnace is controlled as follows: the initial temperature 
is room temperature, the heating rate is 5°C/min, and the 
final temperature is 600°C. When the temperature increased 
to 600°C, the biochar obtained by holding at this tempera-
ture for 2  h was the original biochar (BC). Preparation of 
the modified biochar: the prepared BC and 1 M KOH were 
evenly mixed according to a mass ratio of 1:20 and stirred 
at room temperature for 3  h. After filtration, the surface 
was washed with ultra-pure water to be close to neutral 
to obtain KABC-1; KABC-2 was obtained by pyrolysis at 
600°C for 1 h under the same heating procedure.

2.3. Characterization of modified distillers grains-based biochar

Scanning electron microscopy (SEM, Hitachi S-4800, 
Japan) was used to analyze the surface morphology of bio-
char samples before and after adsorption. At the same time, 
the specific surface area and pore volume of modified bio-
char were measured by a surface and pore size analyzer 
(Beside Instrument Technology Co., Ltd., 3H-2000PS2, 
China). X-ray photoelectron spectroscopy (XPS, Thermo 
Scientific™ ESCALAB™ 250Xi, USA) was performed to 
identify functional groups on the biochar surface and ana-
lyze the valence states of elements on the sample surface. 
The surface functional groups of biochar samples before 
and after adsorption were characterized by FTIR. FTIR 
(PerkinElmer Frontier, USA) was used to identify the char-
acteristics of surface functional groups of modified vinasse 
distillers’ grains-based biochar before and after adsorption, 
with wavenumbers ranging from 400 to 4,000 cm–1.

2.4. Adsorption experiment

Cr(VI) stock solution (1,000 mg/L) was obtained by dis-
solving 2.829 g of K2Cr2O7 powder in 1 L of ultra-pure water. 
The stock solution dilutes the Cr(VI) standard used in the 
experiment. All studies (dosing amount, kinetics, pH, and 
initial concentration on the effect of Cr(VI) removal) were 
conducted in 30 mL glass vials. In the study, Cr(Ⅵ) standard 
was taken to use 20  mL of solution in the sample vial, the 
pH of the solution was adjusted to 2.0 with 0.1 M HCl and 
NaOH, 2.5 g/L biochar was added, the adsorption tempera-
ture was 25°C, and after the vibration of the shaker at a con-
stant temperature water bath at a speed of 250 rpm for 24 h, 
it was filtered through a 0.45  µm membrane to determine 
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the concentration of Cr(Ⅵ) of the filtered solution. In the 
study, the effects of biochar dosing amount (1.0–3.0  g/L), 
pH of the solution (2.0–7.0), adsorption time (0–1,440 min), 
and different initial concentrations (0–250  mg/L) on 
the adsorption performance of Cr(Ⅵ) were studied.

2.5. Data processing

This study used diphenylcarbazide spectrophotom-
etry to measure the concentration of Cr(VI) in the filtered 
solution [21,22]. The removal efficiency and removal rate 
of Cr(VI) were calculated according to Eqs. (1) and (2), 
respectively.
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where C0 and Ce are the initial and equilibration remanent 
Cr(VI) concentrations (mg/L), respectively; V is the ini-
tial Cr(Ⅵ) solution volume (L); M is the adsorbent dosage 
(g); η is the removal rate (%); q is the adsorption perfor-
mance (mg/g).

3. Results and discussion

3.1. Yield analysis

The distillers’ grains biomass (40.00  ±  0.01  g) was 
put into a tubular furnace (the initial temperature was 
room temperature at 5°C/min, and the pyrolysis tempera-
ture reached 600°C for 2  h). The weight of biochar was 
14.46 ± 0.1 g, and the yield was 36.15%. After impregnation 
with KOH solution and pyrolysis, the product weighed 
12.26  ±  0.1  g, yielding 30.65%. This yield compares favor-
ably with other types of biochar.

3.2. Effect of different dosages on adsorption

Fig. 1 shows the adsorption quantity and removal 
rate of Cr(VI) when the adsorbent dosage is 1.0~3.0  g/L. 
Compared with BC, KBC-2, and KBC-1 have significantly 
improved adsorption capacity for Cr(VI) after modifica-
tion. When the initial concentration of Cr(VI) in the solution 
was 50 mg/L, and the dosage of the three biochars (KBC-
2, KBC-1, BC) was 1 g/L, the adsorption capacity of Cr(VI) 
was the largest, which were 29.84 ± 0.45, 17.73 ± 0.31, and 
9.44 ± 0.43 mg/g, and the removal efficiencies were 59.68%, 
35.46%, and 18.89%, respectively, which may be due to the 
lack of adsorption sites at low biochar dosage concentra-
tions [23]. The study found that with the increase in biochar 
dosing, the adsorption volume of Cr(Ⅵ) decreased. When 
the amount of biochar dosing reached 3.0 g/L, the adsorp-
tion amount of KBC-2, KBC-1, and BC was reduced to 
16.70 ± 0.11, 14.70 ± 0.22, and 7.84 ± 0.16 mg/g, respectively, 
but at this time, the removal rate of Cr(Ⅵ) in the solution 
of the three kinds of biochar was significantly increased 
relative to the dosing amount of 1  g/L. The removal 
rate reached 99.99%, 88.24%, and 47.06%, respectively, 

indicating that the amount of biochar dosing can provide 
more adsorption points, which is conducive to achiev-
ing all the adsorption of Cr(Ⅵ) in the aqueous solution. 
Considering that the removal rate of Cr(VI) can reach 99% 
when the dosage of modified biochar (KBC-2) is 2.5  g/L, 
the biochar concentration in subsequent experiments  
is 2.5 g/L.

3.3. Effect of initial pH of solution on adsorption

The pH of the solution is an essential factor in the 
adsorption performance. To study the effect of pH on the 
adsorption efficiency of modified biochar, the effect of 
the solution pH of 2.0–7.0 on the adsorption efficiency was 
investigated under the conditions of 2.5  g/L, the initial 
concentration of Cr(Ⅵ) was 100 mg/L, the adsorption tem-
perature was 25°C, and the speed of 250  rpm oscillation 
was 24 h. The results are shown in Fig. 2.

It can be seen from Fig. 2 that the pH of the solution 
dramatically influences the adsorption efficiency. When 
the pH value of the solution is 2.0, the removal efficiency 
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Fig. 1. Adsorption efficiency of biochar at different dosages.
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Fig. 2. Effect of pH on adsorption efficiency of biochar.
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of alkaline modified biochar KBC-2 for Cr(VI) is better, 
the adsorption capacity reaches 20.01 ± 0.02 mg/g, and the 
removal rate reaches 99.98%. At this time, KBC-1 compared 
with the original biochar, the adsorption capacity of BC on 
Cr(VI) increased by 2.3 and 1.9  times, respectively, indi-
cating that the adsorption performance was significantly 
improved after modification. With the increase in solution 
pH, KBC-2, KBC-1, and BC all showed a decreasing trend 
for the adsorption of Cr(VI), and the removal rate also kept 
the same decreasing trend as the adsorption, consistent 
with the conclusions of Liu et al. [24] and Rajapaksha et al. 
[25]. With the increase in pH value, the surface functional 
groups of biochar are deprotonated seriously, and the sur-
face generates a net negative charge, which is negatively 
charged [26]. However, when the pH of the aqueous solu-
tion is 1.0~6.8, Cr(VI) is usually replaced by HCrO4

–, Cr2O7
2– 

form exists [24,27], which repels the negatively charged bio-
char on the surface, which is not conducive to the adsorp-
tion of Cr(VI). When the pH is 2.0  ±  0.1, the adsorption 
capacity of the three types of biochars is higher than that 
of the other pH. This may be due to the increased proton-
ation of the biochar surface, which leads to more positive 
charges on the surface. Due to gravity, it is easier to inter-
act with the negatively charged HCrO4

– and Cr2O4
2– ions 

collide and combine, which is beneficial to adsorption [28].

3.4. Removal kinetics

In the study, the adsorption temperature was 25°C, the 
initial concentration of Cr(Ⅵ) was 100 mg/L, the pH of the 
solution was 2.0, and the amount of biochar dosing was 

2.5  g/L, and the effect of adsorption time on the efficacy 
of modified biochar removal of Cr(Ⅵ) was explored, and 
the results are shown in Fig. 3.

It can be seen from Fig. 3 that the whole process from 
the time of adding the adsorbent to the adsorption reaches 
equilibrium can be divided into three stages: the fast adsorp-
tion stage, the slow adsorption stage, and the equilibrium 
stage. The 0~30  min stage belongs to the fast adsorption 
stage. In this stage, the adsorption capacity of KBC-2, KBC-
1, and BC to Cr(VI) increases rapidly, reaching 18.61 ± 0.56, 
12.68  ±  0.34, and 6.75  ±  0.36  mg/g, respectively. The rea-
son for the rapid increase may be that in the initial stage 
of adsorption, the surface of biochar has a large amount of 
adsorption potential, so Cr(VI) is more likely to be adsorbed 
to the surface of biochar during the collision between Cr(VI) 
and biochar [29]. In the slow adsorption stage from 30 to 
960 min, the adsorption capacity of KBC-2, KBC-1, and BC 
increased to 28.63 ± 0.58, 19.19 ± 0.44 and 9.44 ± 0.41 mg/g, 
respectively. The adsorption volume changed slightly from 
960 to 1,440  min, and the adsorption reached equilibrium, 
and the adsorption amounts of the three kinds of bio-
char were 30.46  ±  0.56, 20.25  ±  0.47 and 9.49  ±  0.44  mg/L,  
respectively.

To study the adsorption process of Cr(VI) on the adsorp-
tion-modified biochar, nonlinear pseudo-first-order kinetics 
[Eq. (3)] and pseudo-second-order kinetics [Eq. (4)] were 
used to fit the adsorption test data. The fitting param-
eters are shown in Table 1.
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where Qt and Qe are specific time and equilibration Cr(VI) 
concentrations (mg/g), respectively. k1 (min–1) and k2 
(g(mg·min)) are the rate constants of the pseudo-first-order 
model and pseudo-second-order model kinetic equations, 
respectively.

The pseudo-first-order and pseudo-second-order model 
fitting parameters of Cr(Ⅵ) adsorption on BC, KABC-1, and 
KABC-2 are shown in Table 1. The quasi-first-order kinetic 
model suggests that the limiting factor of adsorption is the 
resistance of mass transfer within particles. The pseudo- 
second-order kinetic model suggests that the main limiting 
factor of adsorption is the adsorption mechanism. By compar-
ing the fitting parameters of pseudo-first-order and pseudo- 
second-order models, it can be seen from Table 1 that the 
pseudo-second-order kinetic model has a higher fitting 
degree, and the equilibrium adsorption capacity Qe (31.40, 
20.78, and 9.62  mg/g) calculated and fitted by the pseudo- 
second-order model is closer to the actual adsorption capac-
ity (30.46  ±  0.32, 20.25  ±  0.53, and 9.49  ±  0.38  mg/g). These 
results indicate that several factors, including external liquid 
film diffusion, surface adsorption, and intraparticle diffu-
sion, influence the adsorption of Cr(Ⅵ) by distillers’ grains 
biochar. The adsorption process based on pseudo-second-or-
der kinetics assumes that the adsorption rate is controlled 
by chemical reaction [2], and the adsorption of Cr(Ⅵ) by 
distillers’ grains biochar is concluded as chemical adsorp-
tion. The results of FTIR and XPS characterization prove  
this conclusion.

3.5. Adsorption isotherms

The effects of the initial concentration of Cr(Ⅵ) 
(0–300 mg/g) on the removal efficiency of modified biochar 
were investigated at adsorption temperatures of 25°C, 45°C, 
and 65°C, solution pH 2.0, and biochar dosage of 2.5  g/L, 
respectively—the Langmuir isothermal model [Eq. (5)] 
and Freundlich model [Eq. (6)] were used to nonlinear fit 
the data [30,31]. The results are shown in Fig. 4 and Table 2.

Q
Q K C
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m L e

F e
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where Qe and Ce are the adsorption quantity (mg/g) and 
remanent concentrations (mg/L) of Cr(VI) at the moment of 

adsorption equilibrium, respectively; KL (L/mg) is Langmuir 
adsorption constant, KF (L/mg) is Freundlich adsorption 
constant; n is Freundlich constant of the reaction adsorption 
strength.

The adsorption capacity of KBC-1, KBC-2, and BC also 
increased with the increase in initial Cr(VI) in the solution, 
which may be because the doubling of the initial concen-
tration leads to more contact opportunities between the 
adsorbent and Cr(VI). The adsorption capacity increased 
[32]. It can be seen from Table 2 that the Freundlich iso-
therm adsorption model is more suitable for the adsorp-
tion process of Cr(VI) by KBC-1, KBC-2, and BC, reflecting 
that the adsorption process is non-uniform adsorption. The 
1/n values that characterize the adsorption strength in the 
fitted data are between 0.1 and 0.5, indicating that KBC-1, 
KBC-2, and BC have strong adsorption capacity for Cr(VI).

In addition, it was found that with the increase in tem-
perature, the adsorption capacity of KBC-1, KBC-2, and 
BC to Cr(VI) increased, indicating that the temperature 
increase can effectively increase the adsorption capacity, 
and the adsorption process is an endothermic reaction. 
Thermodynamic studies were calculated using [Eqs. (7)~(9)].

�G RT KF� � � ln 	 (7)

� � �G H T S� � � � � 	 (8)

lnK H
RT

S
RF �

�
�

�� � 	 (9)

where KF is the Freundlich adsorption constant, L/mg; 
ΔG° is the Gibbs free energy of adsorption, kJ/mol; ΔH° is 
the enthalpy change, kJ/mol; R is the ideal gas constant, 
8.314 × 10–3 kJ/(mol·K); ΔS° is the adsorption entropy change, 
J/(mol·K); T is the adsorption temperature, K.

The thermodynamic parameters ΔG°, ΔH°, ΔS° of the 
adsorption of Cr(Ⅵ) by KBC-2, KBC-1, and BC are shown 
in Table 3. At 298, 318, and 338 K, the Gibbs free energies of 
the three biochars were negative (ΔG° < 0), indicating that 
the adsorption of Cr(Ⅵ) by the three biochar was sponta-
neous. At the same time, ΔH° is positive, indicating that 
the adsorption reaction is an endothermic process [33], and 
increasing the temperature can improve the adsorption 
efficiency.

3.6. Modified biochar characterization

The previous experiments indicate that the adsorp-
tion efficiency of Cr(Ⅵ) in an aqueous solution is greatly 
improved after BC is impregnated and modified in a KOH 

Table 1
Kinetic fitting parameters

Adsorbent Pseudo-first-order model Pseudo-second-order model

Qe (mg/g) k1 (min–1) R2 Qe (mg/g) k2 (g/mg·min) R2

KBC-2 24.86 0.00318 0.58769 31.4 0.00055 0.99811
KBC-1 14.10 0.00417 0.61942 20.78 0.0009 0.99876
BC 2.80 0.00319 0.82584 9.62 0.00358 0.99954
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solution. To explore the removal mechanism of Cr(Ⅵ) in an 
aqueous solution by modified biochar, a series of methods 
are used to analyze KABC-2 before and after the reaction 
with Cr(Ⅵ).

As shown in Fig. 5, SEM images depict the porous 
properties of distillers’ grains-based biochar before and 
after modification and after reaction with Cr(VI). The orig-
inal biochar (BC) surface is uneven and blocky, without an 

obvious porous structure, and the pore structure is poorly 
developed. At the same magnification, it was found that 
the surface of the modified KABC-2 showed a honey-
comb-like pore structure and a more developed pore struc-
ture. At the same time, small pieces of carbon material 
are attached to the pores, resulting in the material’s non-
smooth morphology, which is caused by alkaline solution 
erosion on the BC surface [34]. The BET surface area, pore 
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Fig. 4. Effect of concentration on adsorption efficiency of biochar.

Table 2
Data fitting of isothermal adsorption model

Adsorbent T (°C) Langmuir Freundlich

Qm (mg/g) KL (L/mg) R2 1/n KF (mg(–1–1/n)/L1/n·g) R2

KBC-2
25 43.28 0.10113 0.660 0.15 19.2858 0.920
45 51.71 0.17594 0.776 0.17 22.0275 0.956
65 56.01 1.24035 0.908 0.16 28.5075 0.954

KBC-1
25 27.87 0.15928 0.920 0.21 9.41775 0.973
45 33.57 0.31487 0.898 0.20 12.7330 0.977
65 40.02 0.83865 0.913 0.18 17.4097 0.986

BC
25 17.89 0.01698 0.983 0.39 1.74592 0.996
45 19.67 0.01812 0.978 0.38 2.04051 0.995
65 21.25 0.02371 0.972 0.35 2.79155 0.995
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size, and total pore volume of BC were 98.19 m2/g, 3.75 nm, 
and 0.0922  cm3/g, respectively, the BET surface area and 
total pore volume of KBC-2 were increased to 239.65 m2/g 
and 0.2115  cm3/g, respectively, the pore size is reduced to 
3.53  nm, which belongs to the mesoporous material. The 
increase in total pore volume and specific surface area can 
provide more adsorption sites, which will facilitate the 
adsorption of KBC-2 to Cr(VI). However, after the reaction 
with Cr(Ⅵ), the surface is rougher and presents the col-
lapse of part of the pore wall, which the corrosion of biochar 
may cause in the acidic solution and the adsorption of the  
Cr(Ⅵ) coating [24].

Fig. 6 shows the FTIR spectra of surface functional 
groups before and after Cr(Ⅵ) adsorption by KBC-2. KBC-2 
contains a variety of functions, such as C–H, C=O, C–O, and 
−OH. These groups may be responsible for the binding of 
Cr(VI) and the proton and electron reduction of Cr(VI) to 
Cr(III). The characteristic peak near 3,450 cm–1 is the stretch-
ing vibration of the alcohol/phenol hydroxyl group (–OH) 
[35,36]. The peak near 2,926 and 2,855  cm–1 is the aliphatic 
compound C–H’s asymmetric tensile vibration peak [24,37]. 

The peaks at 1,632 and 1,565 cm–1 are thought to be associated 
with aromatic ring C=C or carboxyl C=O bonds [24]. Si–O–Si 
symmetric and O–Si–O bending vibrations were observed 
at 797 and 466 cm–1 absorption peaks [38]. The characteris-
tic peak at 1,084 cm–1 is C=O in the ether [1]. After adsorp-
tion, Cr(Ⅵ) interacts with functional groups on the surface 
of biochar, resulting in significant changes in FTIR spectra. 
After Cr(VI) adsorption, C=O shifted at 1,084 cm–1, and the 
peak intensity increased, indicating that some functional 
groups were oxidized to C=O. The position of the charac-
teristic peak of the hydroxyl functional group moved from 
3,450 to 3,418 cm–1, the intensity of the peak was weakened, 
and the number of oxygen-containing groups decreased, 
indicating that –OH may have participated in the reaction 
during the adsorption process.

Table 3
Thermodynamic parameters

Adsorbent T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J(mol·K))

KBC-2
1
1

298 –7.33 8.12
1
1

51.65
1
1

318 –8.17
338 –9.41

KBC-1
1
1

298 –5.55 12.85
1
1

61.69
1
1

318 –6.72
338 –8.03

BC
1
1

298 –1.38 9.75
1
1

37.10
1
1

318 –1.88
338 –2.88

Fig. 5. Scanning electron microscopy images of (a,b) BC and KBC before adsorption, respectively and (c,d) KBC after adsorption.
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Fig. 6. Fourier-transform infrared spectra of KBC-2 before and 
after adsorption.



173H.J. Tang et al. / Desalination and Water Treatment 295 (2023) 166–176

To elaborate on the mechanism of KBC-2 adsorption of 
Cr(Ⅵ) in an aqueous solution, XPS technology was used to 
analyze the chemical states of the main elements of biochar.

The XPS technique was used to analyze the chemi-
cal composition of KBC-2 before and after adsorption. It 
can be seen from Fig. 7c and d that the XPS spectra of C 
1s before and after the reaction of KBC-2 are similar, and 
they are all divided into three peaks by fitting, representing 
three different functional groups. The peaks at 284.8, 285.4, 
and 288.1 eV binding energies are attributed to C–C, C–O, 
and C=O (carbonyl) groups, respectively [24]. By calculat-
ing the ratio of the single peak area to the total peak area 
of all functional groups, it was found that the content of 
functional groups of C 1s also changed significantly after 
the reaction with Cr(VI). The proportion of the C–C func-
tional group increased from 52.81% to 56.12%. The content 
of the C–O functional group decreased from 31.66% before 
the reaction to 31.21%. The proportion of the C=O group 
decreased from 15.53% to 12.67%. Fig. 7e and f show the 

XPS atlas of O 1s before and after the reaction of KBC-2. 
The peak at 532.6  eV was attributed to O–C=O in the car-
boxyl group [39], O–H [40] at 530.84  eV, C–O at 533.8  eV, 
and C=O at 531.5 eV, which is consistent with the XPS C 1s 
spectrum. After the reaction, the content of oxygen-con-
taining functional groups on the surface of KBC-2 also 
changed. After adsorption, the content of O–C=O in the car-
boxyl group decreased from 43.14% to 32.97%. The content 
of C–O decreased from 20.14% to 13.48%. The contents of 
C=O and O–H increased from 30.65% and 6.16% to 35.17% 
and 18.37%, respectively. The contents of C–O and O–C=O 
decrease, but the contents of the C=O group increase, which 
may be because the C–O and O–C=O groups are oxidized to 
C=O in reacting with Cr(Ⅵ) under acidic conditions [41,42]. 
The presence of Cr 2p in XPS Fig. 7a indicates that Cr has 
been successfully adsorbed on the surface of biochar. The 
high-resolution XPS energy level spectrum after adsorp-
tion of KBC-2 (Fig. 7b) consists of two wide peaks, one of 
which is Cr 2p1/2 and the other is Cr 2p3/2. The binding 
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energies of the two peaks are 587.24 and 577.41 eV, respec-
tively. Cr 2p3/2 deconvolution peaks can be divided into 
579.2, 577.9, and 576.9  eV binding energy peaks, among 
which the first peak is the characteristic peak of Cr(Ⅵ), rep-
resenting HCrO4

–. The last two peaks are Cr(III), attributed 
to Cr(OH)3 and Cr2O3 [24], respectively. According to the 
analysis of Cr 2p spectra, it is found that Cr compounds such 
as Cr2O3 and Cr(OH)3 exist. Fig. 7b shows that after Cr(VI) 
is adsorbed on KBC-2, a part of Cr(Ⅵ) will be reduced to 
Cr(III) with low toxicity. They indicate precipitation, reduc-
tion, and complexation in the adsorption mechanism of  
Cr(Ⅵ) by KBC-2.

3.7. Removal mechanism

Based on biochar adsorption experiments in differ-
ent pH solutions, it can be seen that the adsorption mech-
anism of Cr(Ⅵ) removal by KBC-2 includes electrostatic 
interaction. The functional groups on the surface of KBC-2 
are protonated with H+ in the solution to form positively 
charged –OH2+ and –COOH2+. Under electrostatic attraction, 
KBC-2, with the net positive charge on the surface, attracts 
and collides with anions such as HCrO4

– and Cr2O7
2– in the 

solution and attaches to the adsorption sites on the biochar  
surface.

Biochar surface contains many oxygen-containing 
functional groups, which can be used as electron donors to 
reduce Cr(VI) to Cr(III). From the XPS Cr 2p spectra of KBC-
2, Cr(III) appears after adsorption, indicating that reduction 
reactions accompany the adsorption process. Combined with 
FTIR analysis, the positions of –OH, C=O, and C–O char-
acteristic peaks before and after the adsorption of KBC-2 
were found to shift to a certain extent after the adsorption, 
which was caused by the complexation of oxygen-contain-
ing functional groups with Cr(Ⅵ) and the formation of 
Cr precipitate [43,44]. The equation involved is as follows:

HCrO H Cr H O4
3

27 3� � � �� � � �e 	 (10)

Cr O H Cr H O2 7
3

214 6 2 7� � � �� � � �e 	 (11)

Cr OH Cr OH3
3

3� �� � � � � 	 (12)

Based on the above analysis, the adsorption process of 
Cr(Ⅵ) in aqueous solution by KBC-2 can be described as 

follows (Fig. 8): Cr(Ⅵ) and the protonated KBC-2 collide with 
each other and bind to the adsorption site under the action 
of static electricity. Part of Cr(Ⅵ) is reduced to Cr(III) in the 
acidic environment, and complexation occurs with Cr(Ⅵ) 
under the participation of –OH, C=O, C–O, etc., and more 
stably adsorbs on the surface of KBC-2 through the action 
of chemical bonds.

4. Conclusions

The modified distillers’ grains-based biochar (KBC-2) is 
more effective in removing Cr(Ⅵ) from the solution than 
the original biochar (BC). After KOH modification, the sur-
face area of distillers’ grains biochar increased from 98.18 
to 239.65  m2/g, and the total pore volume increased from 
0.0922 to 0.2115  cm3/g. Such changes will be more favor-
able for Cr(Ⅵ) adsorption. The results prove that the initial 
pH of the solution significantly influences the adsorption 
property of KBC-2, and the adsorption property is the best 
under the condition of pH 2.0 ± 0.1. The adsorption equilib-
rium of Cr(Ⅵ) was reached about 16 h after the adsorption 
reaction of KABC-2. In addition, the adsorption of Cr(Ⅵ) 
by KABC-2 in water is a spontaneous and endothermic 
process. The adsorption mechanism of Cr(Ⅵ) on KABC-2 
includes electrostatic attraction, reduction, and recombina-
tion reactions. The Freundlich isothermal model and pseu-
do-second-order kinetic model better fit the adsorption 
process of Cr(Ⅵ) in water with KBC-2.
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