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• A novel biochar composite was synthe-
sized from distillers grains and phos-
phogypsum for Cr(VI) removal.

• Batch adsorption experiments were
conducted on the adsorption character-
istics of Cr(VI).

• The maximum Cr(VI)adsorption capac-
ity reached 157.9 mg g−1.

• The composites can be used as a high-
quality and low-cost adsorbent for Cr
(VI) removal.
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Two kinds of industrial wastes (distillers grains and phosphogypsum) were used as raw materials to produce a
newbiochar composite for Cr(VI) removal inwater. The influencing factors includingpyrolysis temperature, dos-
age, initial solution pH aswell as contacting timewere explored. The adsorption kinetics, isotherms, and thermo-
dynamics of two biocharswere conducted. The results show that the adsorption of Cr(VI) by biochar is related to
pH. The ideal pH was 3.0 and the adsorbed Cr(VI) decreases as the pH increases. The Cr(VI) adsorption process
conformed to the pseudo-second-order equation. Phosphogypsum modified (PM)-biochar is well described by
the Freundlich model. The maximum adsorption capacities of distillers grains (DG)-biochar and PM-biochar on
Cr(VI) were 63.1 and 157.9 mg g−1, respectively. The thermodynamic analysis indicates that the Cr(VI) adsorp-
tion occurs spontaneously which is an endothermic process. This study provided an alternative way for Cr(VI)
removal from water.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metals are critical contaminants in industrial wastewater,
which are potentially harmful to human health and ecological environ-
ment (Pratush et al., 2018). Among them, chromium (Cr) is one of the
most harmful elements. Cr and its compounds are widely found inmet-
allurgical, chemical, mineral engineering, leather tanning, textile
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Table 1
The physicochemical properties of the biochar.

Adsorbent Yield pH pH of zero charge EC μs cm−1 Elemental contents Ash % Volatile %

C
wt%

H
wt%

N
wt%

S
wt%

H/Ctot

mol mol−1
C/N
ratio

DG-biochar 29.8% 9.02 3.06 395 66.71 2.40 5.27 0.30 0.43 12.67 28.15 46.56
PM-biochar 36.9% 10.10 7.74 2950 40.22 1.54 2.97 5.62 0.72 13.56 36.51 50.44

2 G. Lian et al. / Science of the Total Environment 697 (2019) 134119
dyeing, metal plating, and other production industries. Cr is considered
to be a major contaminant causing serious environmental and public
health problems (Kim et al., 2002). The above-mentioned production
process produces a large amount of chromium-containing wastewater.
The soil, groundwater, and surfacewater caused by chromiumpollution
seriously threaten the ecological environment and human health. The
allowable concentration of Cr(VI) in the surface water of theWHO is
0.1 mg L−1, which is 0.05 mg L−1 in drinking water (EPA, 1990; Sahu
et al., 2009). The industries enterprises have to cut downthe Cr(VI) con-
centration to allowable valuebefore it is discharged, otherwise, it will
incur significant treatment costs (Baral and Engelken, 2002). Chromium
cannot be degraded bymicroorganisms in water, and can only be trans-
formed, dispersed and enriched in different species. The toxicity of each
chromium compound is different. In a water environment, themain va-
lence of chromium in the compounds is trivalent and hexavalent, and Cr
(VI) is regarded as themost toxic. It is easily enriched by the food chain
and is difficult to degrade. It can also break into the human body via the
skin, digestive tract, and mucous membranes, thus affecting human
health (Pellerin and Booker, 2000; Zhao et al., 2014). Therefore, the re-
moval of Cr(VI) from wastewater through scientific and effective tech-
nology before discharge is essential to ensure water quality and
human health.
DG-biochar (600°C)

muspygohpsohP

Fig. 1. SEM images of different bi
At present, many strategies have been proposed for elimination
Cr(VI) from wastewater containing Cr(VI) (Chen et al., 2009; Gheju
and Balcu, 2011; Kumar et al., 2008; Kurniawan et al., 2006; Mao
et al., 2012; Namasivayam and Sureshkumar, 2008; Owlad et al.,
2009; Saha and Orvig, 2010; Zhou and Chen, 2010). Different
methods have their own pros and cons, and there are certain scopes
and limitations. The sludge produced by the chemical precipitation
method has a relatively large water content, which causes difficulty
in dehydration, increases operating costs, and is liable to cause sec-
ondary pollution. The ion exchange method is difficult to promote
due to a series of problems such as easy poisoning of the resin, low
exchange capacity, poor selectivity, and regeneration ability, short
service life, and generation of more waste liquid. Compared with
other technologies, the adsorption has been extensively applied for
the treatment of wastewater due to its high efficiency, cost-
effective and easy to use and recycle Cr. Currently, a variety of adsor-
bents have been adopted to remove Cr(VI) from water (Dehghani
et al., 2016; Hu et al., 2005; Lim and Aris, 2014; Zhao et al., 2018).
However, because physicochemical properties of different adsorbent
materials vary greatly, the removal of Cr(VI) in water still faces some
problems (Aksu et al., 2002). Commonly used adsorbents are mainly
activated carbon, bentonite, diatomaceous earth, zeolite, humus
PM-biochar (600°C)

ochars and phosphogypsum.
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resin and so on. Although the above adsorbents have excellent per-
formance, there are still some disadvantages such as the high price
of adsorbent materials, single adsorption type. Therefore, it is urgent
to find a high efficiency and low-cost Cr(VI) treatment method.

Biochar is widely used for remediation of contaminants in the envi-
ronment (Ahmad et al., 2014; Mohan et al., 2014; Shaheen et al., 2019;
B. Wang et al., 2018; Q. Wang et al., 2018; Xiao et al., 2018). However,
the newly prepared biochar, which is often negatively charged, can
only adsorb most of the cations. Most of the biochar has no adsorption
to anions or limited adsorption capacity. Therefore, it is essential to op-
timize the newly prepared biochar to improve its adsorption capacity
for anions. Different methods have been used to modify biochar to ex-
pand its range of applications in environmental remediation to meet
different needs (Dong et al., 2017; Han et al., 2016; Miretzky and
Cirelli, 2010; Rajapaksha et al., 2016; Shi et al., 2018; Wang et al.,
2017, 2019; Yu et al., 2018; Zhao et al., 2017). Although the adsorption
performance of engineered biochar has been improved throughmodifi-
cation, the production cost of most modified biochar is relatively high,
which inhibits its large-scale promotion and popularization. Therefore,
it is particularly important to enhance its adsorption performance for
anions and reduce its production cost.
DG-biochar before Cr(VI) adsorption 

DG-biochar after Cr(VI) adsorption 

Fig. 2. TEM images of DG-biochar and PM-bio
As a by-product of brewing enterprises, distillers grains have high
water content and high acidity (Liu and Rosentrater, 2016). Therefore,
if they are not treated properly, they will be easily spoiled and deterio-
rated. This will not only waste precious resources but also cause serious
pollution to the surrounding environment. As an industrial by-product
of anaerobic fermentation, distillers grains could be an excellent feed-
stock for the production of biochar. Meanwhile, phosphogypsum is a
solid waste residue produced by treating phosphate rock with sulfuric
acid in the production of phosphoric acid, and its main component is
calcium sulfate. Phosphogypsum not only occupies a large amount of
land but also seriously pollutes the environment (Rutherford et al.,
1994). Therefore, how to use it properly for resource utilization has be-
come an urgent problem to be solved.

The primary purposes of this study include (i) synthesize a novel of
biochar composite using distillers grains and phosphogypsum as raw
materials, (ii) investigate the influence of pyrolysis temperature, dos-
age, solution pH and other factors on the Cr(VI) adsorption behavior,
so as to screen out the optimal pyrolysis and adsorption conditions,
and (iii) figure out the adsorption behavior and mechanism through
batch adsorption experiments on the adsorption kinetics, isotherms,
and thermodynamics of Cr(VI) in water.
PM-biochar before Cr(VI) adsorption 

PM-biochar after Cr(VI) adsorption 

char before and after Cr(VI) adsorption.



Fig. 5. Adsorption of Cr(VI) by biochar pyrolysis at different temperatures.

Fig. 3. FTIR spectra of DG-biochar and PM-biochar.
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2. Material and methods

2.1. Chemicals and reagents

Reagents used in the experiment include potassium dichromate
(K2Cr2O7), sulfuric acid (H2SO4), sodium hydroxide (NaOH), phosphate
acid (H3PO4), acetone and diphenylcarbazide. All glassware and PE cen-
trifuge tubes are washed with acid (10% hydrochloric acid) andwashed
with DI water.

2.2. Preparation of biochar

Distillers grains were collected from a local distillery, Guizhou prov-
ince, China. Phosphogypsum was collected from a phosphate fertilizer
plant, Guizhou province, China. The distillers grains and phosphogyp-
sum were dried at 105 °C in the oven. The phosphogypsum was
mixed with the distillers grains in a ratio of 1:2, and then the mixture
was thoroughly stirred by adding an appropriate amount of DI water
and dried at 105 °C and then sealed and stored for subsequent pyrolysis.
Biochar was prepared from distillers grains and phosphogypsum mix-
ture in a Tubular carbonization furnace. The treated raw materials are
pyrolyzed at three temperatures from 300 °C to 600 °C. In order to get
the best pyrolysis condition, biochar prepared at different pyrolysis
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Fig. 4. The relationship between pH and Zeta potential.
temperatures which are labeled as: Distillers grains (DG)-biochar (300
°C), DG-biochar (400 °C), DG-biochar (500 °C), DG-biochar (600 °C),
phosphogypsum modified (PM)-biochar (300 °C), PM-biochar (400
°C), PM-biochar (500 °C), PM-biochar (600 °C).

2.3. Biochar characterization

Surface morphology, surface functional groups, proximate analysis
and elemental analysis of biochars was analyzed according to the classic
methods (ASTM, 2007; Wang et al., 2015). The BET methodology was
adopted in the measurement of the SSA of the sorbent with N2 adsorp-
tion. The pH value of biochar samples was determined by combining
biochar with water at a mass ratio of 1:20 with a pH meter. The surface
zeta potential of the biochars was measured by a Malvern Zeta meter
(Nano ZSE + MPT2, Malvern Panalytical Instruments Ltd., UK).

2.4. Adsorption experiments

50 mL PE centrifugal tubes were used to conduct all the adsorption
experiment at room temperature (22 ± 0.5 °C). A stock solution of Cr
(VI) is dissolved by the optimal pure K2Cr2O7 in ultrapure water. All
samples were shaken at 300 rpm with triplicate for 24 h. A
diphenylcarbazide method was used to analyze the concentration of
Cr(VI) and the absorbance of 540 nm was determined by UV–vis spec-
trophotometer (Model 721, Shanghai Metash Instruments Co., Ltd.,
China) (Pan et al., 2014; Park et al., 2008).
Removal rate (%)

Fig. 6. The relationship between dosage and Cr(VI) adsorption capacity.



Table 2
Summary best-fit parameters of various kineticmodels for Cr(VI) adsorption onto biochar.

Adsorbent Model Parameter 1 Parameter 2 R2

DG-biochar Pseudo-first-order k1 = 1.888 qe = 6.3 0.875
Pseudo-second-order k2 = 0.3981 qe = 6.7 0.947
Elovich α = 96.119 β = 1.055 0.999
Ritchie kn = 0.00026 qe = 6.26 0.768

PM-biochar Pseudo-first-order k1 = 1.739 qe = 33.2 0.95
Pseudo-second-order k2 = 0.0667 qe = 35.7 0.983
Elovich α = 360.97 β = 0.190 0.975
Ritchie kn = 0.000193 qe = 33.1 0.916

Fig. 7. Effect of pH on Cr(VI) adsorption at 25 °C, adsorbent dose, 50 mg L−1 of
K2Cr2O7solution.
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For the purpose of getting the optimum dosage, the adsorption
experiment was conducted with a range of dosage of 0.0250 g,
0.0500 g, 0.1000 g, and 0.2000 g. The procedures are the same as de-
scribed above. The Cr(VI) content was determined immediately after
filtration.

Both the initial pH of solution and the background electrolyte have
an effect on the heavy metals adsorption performance (Jiang et al.,
2017; Tong et al., 2011; Zhou et al., 2017). In this study, the effect of
pH on Cr(VI) adsorption were conducted by adjusting the initial pH of
100 mg·L−1 Cr(VI) solutions to 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0
and 12.0 using 0.1 M H2SO4 and 0.1 M NaOH solution. 0.0500 g of bio-
char was added into 40 mL of the above different pH Cr(VI) solution,
shaken at 300 rpm for 24 h, and the Cr(VI) content was measured
after filtration.

Sorption kinetics of Cr(VI) was examined using100 mg·L−1 Cr(VI)
standard solution with a pH of 3.0 at time interval of 0.083, 0.25, 0.5,
1, 2, 4, 8, 16, and 24 h, respectively. Sorption isotherms were carried
out by varying concentrations (5, 10, 25, 50, 100, 200, 300, 400,
500 mg L−1) with a pH of 3.0 shaken for 24 h. The supernatant was
taken for measuring the concentration of Cr(VI). Adsorption thermody-
namics were conducted in the environment of 16 °C, 26 °C, 36 °C, re-
spectively. After shaking for 24 h, the supernatant was taken for Cr
(VI) determination.
Fig. 8. The relationship between the amount of adsorption and the proper time.
3. Results and discussion

3.1. Characterization of the samples

The physicochemical properties of the biochar are listed in Table 1.
Surface morphologies of the DG-biochar and PM-biochars are shown
in Fig. 1. These SEM images clearly describe the surface morphological
characteristics of the two materials. It can be seen that the surface of
the DG-biochar is smooth after pyrolysis and has a large number of
pore structures. After pyrolysis with phosphogypsum, the surface of
the PM-biochar forms a distinct pore structure and becomes rough
due to the adhesion of calcium oxides. Moreover, flocculent particles
are also formed on the surface of PM-biochar. Compared with the DG-
biochar, the PM-biochar has a higher H/C value, indicating that its struc-
ture contains abundant oxygen-containing functional groups. Com-
bined with the TEM-EDS results (Fig. 2), it can be found from the
TEM-EDS spectrum that DG-biochar is mainly composed of carbon, ox-
ygen, and silicon, and PM-biochar has a lot of calcium added to its sur-
face after being modified with phosphogypsum. The TEM-EDS pattern
of the adsorbed biochar surface suggests that Cr(VI) adsorption on the
biochar could be through surface precipitation and electrostatic adsorp-
tion (Dong et al., 2017).

Fig. 3 shows the infrared spectrum of the biochar and PM-biochar. In
the infrared spectrum of PM-biochar, we can clearly see that there are
distinct absorption peaks between the wavenumbers of 1635, 1065
and 698 cm−1. Among them, the characteristic peak with an absorption
peak of 1635 cm−1 may be the carbonyl group of the carboxyl group in
biochar. The peak with a wavenumber of 1065 cm−1 may be a C\\O
functional group. The characteristic peak of 698 cm−1 is generated by
Ca\\O stretching vibration, which indicates that Ca is successfully em-
bedded in the biochar.

The SSA, pore volume, aswell as pore size of theDG-biochar and PM-
biochar, differed. Among them, the BET SSA (13.67 m2 g−1) of PM-
Equilibrium concentration (mg L-1)

q e(
m

g 
g-1

)

Fig. 9. Equilibrium concentration and adsorption.



Table 3
Summary best-fit isotherm model parameters for sorption of Cr(VI) onto the sorbents.

Adsorbent Langmuir adsorption model Freundlich adsorption
model

Q0 (mg g−1) kL R2 kf 1/n R2

DG-biochar 63.1 0.003 0.987 0.71 1.53 0.978
PM-biochar 157.9 0.016 0.923 21.35 3.13 0.975
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biochar is larger than theBET SSA (0.92m2 g−1) of DG-biochar. The pore
volume of the PM-biochar (0.0096 m3 g−1) is larger than the pore vol-
ume of the distillers grain biochar (0.0005 m3 g−1), indicating that the
SSA and pore structure of the distillers grain biochar is changed by py-
rolysis with phosphogypsum.

According to the result of zeta potential, the zeta potential of theDG-
biochar is −36.6 mV, and the zeta potential of the PM-biochar is
0.949 mV. The zeta potential of PM-biochar is higher than DG-biochar.
Protonation may occur on the PM-biochar surface which creates a par-
tial positive charge helping phosphate sorption via electrostatic attrac-
tion. As shown in Fig. 4, the pHpzc of DG-biochar is 3.06 and that of
PM-biochar is 7.74.When the solution pH N pHpzc, the surface of the ad-
sorbent undergoes a deprotonation reaction, which is favorable for cat-
ions adsorption; when the solution pH b pHpzc, protonation occurs on
the surface of the biochar, giving the adsorbent surface a positive
charge, which is beneficial to anions adsorption.

3.2. Effect of pyrolysis temperature

The generation of surface functional groups of biochar is directly af-
fected by pyrolysis temperature during the preparation of biochar,
thereby affecting the ability of biochar to remove contaminants (Han
et al., 2016; Wang et al., 2016). As shown in Fig. 5, with the pyrolysis
temperature increases, the adsorbed Cr(VI) amount by both biochars in-
creases. It indicates that the high temperature helps to attach more cal-
cium to the surface of the biochar during the pyrolysis process, thereby
contributing to the Cr(VI) adsorption. In addition, as the pyrolysis tem-
perature increases, the pore structure and SSA of the biochar increase
accordingly, which is favorable to the Cr(VI) adsorption.

3.3. Effect of dosage

The adsorption amount and removal rate of Cr(VI) by biochar is
shown in Fig. 6. With the increase of biochar dosage, the adsorption
amount increased gradually and then decreased. When the dosage
was 500 mg, the maximum adsorption amount was reached. The re-
moval rate of Cr(VI) by biochar gradually increases with the increase
of adsorbent dosage, and then rises sharply and then slows down.
Table 4
Previously reported adsorption capacities of Cr(VI) onto various biochar.

Adsorbent Temperature (°C)

Porous zinc-biochar nanocomposites 450
β-Cyclodextrin–chitosan modified biochars 450
Corn-bran residue and derived chars –
Magnetic biochar 700
Magnetic biochar 650
Walnut shells biochar 450
Walnut shells biochar 450
H3PO4-activated cattail carbon 469.02
Sugar beet tailing biochar 300
ZnCl2 activated carbon 400
Raw Sterculia guttata shell biochar 400
Graphene oxide coated water hyacinth biochar composite 300
Biochar from sugar beet tailing 300
DG-biochar 600
PM-biochar 600
Considering the aspects of both efficiency and cost, the optimumdosage
is 500 mg.

3.4. Effect of solution pH

The initial pH of solution strongly influences the surface charge, ion-
ization of the adsorbed species, and the type of ions, thereby affecting
the Cr(VI) adsorption process. The effect of solution pH on the removal
of Cr(VI) ions is primarily to influence the presence of Cr(VI) and the
surface charge (Rajapaksha et al., 2018; Zhou et al., 2011). Cr(VI)mostly
exists in the form of Cr2O7

2− and HCrO4
− when the pH of the solution is

low, which can be combined with the active site of protonation by elec-
trostatic adsorption. The surface of biochar is forced to be positively
charged under low pH condition, causing it easy to adsorb negatively
charged HCrO4

− and Cr2O7
2−. There are more H+ on the surface of bio-

char at a lower value, which leads to more positive charge enhancing
the attraction between the adsorption site and Cr(VI). As shown in
Fig. 7, the maximum adsorbed amount of Cr(VI) is reached at pH =
2.0. A large amount of H+ and Cr2O7

2− are existed under acidic condi-
tions (pH= 2–3), and the number of protons participating in the reac-
tion is large. This protonation effect promotes the electrostatic
adsorption of the adsorbent to Cr(VI) ions. As the pH increases, Cr(VI)
gradually The CrO4

2− form exists, and it will compete with CrO4
2− due

to the increase of OH– concentration. At the same time, the surface of
biochar is gradually negatively charged. The repulsive force between
Cr(VI) and OH– increases, which is not conducive to adsorption. At a
pH of 3.0–6.0, Cr(VI) in the solution is mainly presented as HCrO4

− and
Cr2O7

2−, and when the pH is higher than 7.0, Cr(VI) is mostly presented
as CrO4

2−. As the pH of the solution increases, the adsorption capacity of
biochar to Cr(VI) ions gradually decreases (López-García et al., 2010).
When pH N7.0, the Cr(VI) adsorption capacity of biochar is significantly
decreased because the affinity of biochar oxygen groups to OH– is
greater than that of Cr2O7

2−. As the pH of Cr(VI) solution increases,
OH– increases and CrO4

2− negative ions are dominant in solution, and
the ionic radius becomes large, which causes these adsorbents to repel
CrO4

2−, and the adsorption efficiency is lowered. Considering the pH of
actual wastewater, this study chose to set the pH of the solution to 3.0
for subsequent studies.

3.5. Adsorption kinetics

The results of the adsorption kinetics are shown in Fig. 8. The adsorp-
tion rate of Cr(VI) is fast in the initial stage (4 h). After 4 h, the adsorp-
tion rate decreases, and finally reaches the adsorption equilibrium. This
is attributed to sufficient active adsorption sites, pore structure and sur-
face functional groups on the surface of the biochar at the initial adsorp-
tion stage. As the adsorption process proceeds, the active site of the
adsorbent is occupied by the Cr(VI) ions in the solution which results
Q0 (mg g−1) pH Ref

102.66 2.0 (Gan et al., 2015)
206 2.0 (Huang et al., 2016)
86.49 2.0 (Zhang and Zheng, 2015)
42.7 – (Yang et al., 2017)
61.97 – (Ouyang et al., 2017)
36.55 2.0 (Altun and Kar, 2016)
49.76 2.0 (Altun and Kar, 2016)
59.54 2.2 (Shu et al., 2018)
123 2.0 (Dong et al., 2011)
90.90 2.0 (Rangabhashiyam and Selvaraju, 2015)
12.46 2.0
150.02 2.0 (Shang et al., 2016)
123 2.0 (Dong et al., 2011)
63.1 3.0 This study
157.9 3.0 This study
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Fig. 10. The relationship between adsorption and ambient temperature.
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in the pore structure to be filled. Meanwhile, the number of functional
groups decreased, and the charge after adsorption of Cr(VI) was gradu-
ally the same as the charge on the Cr(VI) in the solution, which pro-
duced a repulsive force, making the adsorption reaction difficult.
Furthermore, Cr(VI) in the solution undergoes a complexation reaction
with the functional groups of adsorbent and is stabilized on the biochar
in the form of a complex. The above factors lead to the reduction of Cr
(VI) concentration gradient, so the adsorption rate is gradually lowered.
The time required to reach the adsorption equilibrium is about 24 h.
After 24 h, the amount of adsorption did not change much, and the ad-
sorption was basically completed and tends to be balanced. It is consid-
ered that the adsorption equilibrium has been reached after adsorption
for 24 h in the subsequent adsorption experiment. At this time, the ad-
sorption amount reaches 32.0 mg g−1.

To further figure out the adsorption mechanism, the data of adsorp-
tion kinetics were simulated by the mathematical model. Pseudo-first-
order, pseudo-second-order models, Elovich model, and Ritchie model
are tested with the following equations.

qt ¼ qe 1−e−kt
� �

Pseudo−first−order model ð1Þ

qt ¼
kqe

2t
1þ kqet

Pseudo−second−order model ð2Þ

qt ¼
1
β

ln βαt þ 1ð Þ Elovich model ð3Þ

qt ¼ qe− qe
1−n−

k
1−n

t
� � 1

1−n
Ritchie model

ð4Þ

The results of adsorption kinetics are shown in Fig. 7. The fitting pa-
rameters of the four models are shown in Table 2. The correlation coef-
ficient of the pseudo-second-order kinetics is higher than that of the
pseudo-first-order order kinetics. In addition, the equilibrium adsorp-
tion amount obtained by fitting the pseudo-second-order kinetic
model is consistent with the equilibrium adsorption amount obtained
Table 5
Thermodynamic parameters for Cr(VI) adsorption on biochar.

T (K) Kd ΔG0 (kJ mol−1) ΔH0 (kJ mol−1) ΔS0 (J mol−1 K)

289.15 11.05 −6.17
30.527 126.82299.15 21.35 −7.36

309.15 33.2 −8.70
by experiments. This shows that the pseudo-second-order kinetic
model can explain the adsorption mechanism of Cr(VI) by PM-
biochar. Therefore, the adsorption process meets the assumption of
second-order kinetics that the adsorption process is considered to be a
chemical process.

3.6. Adsorption isotherms

Two isothermmodels were adopted to simulate the adsorption of Cr
(VI) from biochar.

qe ¼
Q0kLCe

1þ KLCe
Langmuir model ð5Þ

qe ¼ K f Ce
1=n Freundlich model ð6Þ

As shown in Fig. 9, the adsorption amount increases with the in-
crease of the initial Cr(VI) concentration.When the initial concentration
of Cr(VI) in the aqueous solution is 500 mg L−1, the adsorption amount
is basically saturated, that is, the maximum saturated adsorption value
is 157.9 mg g−1. The relevant parameters of the two models are
shown in Table 3. It shows that the correlation coefficient of the Lang-
muir model is larger than that of the Freundlich model for distillers
grain biochar, which indicates that the adsorption of Cr(VI) by distillers
grain biochar is more consistent with the Langmuir model, that is, Cr
(VI) is adsorbed onto the surface of distillers grain biochar by uniform
energy, mainly by monolayer adsorption. For PM-biochar, the
Freundlich model better describes its adsorption process for Cr(VI), in-
dicating that Cr(VI) adsorption to PM-biochar is attributed to its surface
functional groups and calcium cations.

As shown in Table 4, compared with other related adsorbents, the
PM-biochar prepared in this study has a relatively good adsorption ef-
fect on Cr(VI). Therefore, from the aspects of preparation cost, rawma-
terial source, and environmental benefit, PM-biochar could be as a
promising adsorbent worthy of promotion in the treatment of
chromium-containing wastewater.

3.7. Adsorption thermodynamics

The thermodynamics of Cr(VI) adsorption on the PM-biochar at
289.15 K, 299.15 K, and 309.15 K was analyzed, respectively. The ther-
modynamic equations can be written as follows:

ΔG0 ¼ −RT lnKd ð7Þ

ΔG0 ¼ ΔH0−TΔS0 ð8Þ

lnKd ¼ ΔS0

R
−
ΔH0

RT
ð9Þ

In the above equation, ΔG0, ΔH0, and ΔS0 represent the Gibbs free
energy change (kJ·mol−1), enthalpy change (kJ·mol−1) and entropy
change of biochar on the isothermal adsorption process of Cr(VI), re-
spectively (kJ·mol−1); R is the ideal gas state equation constant
8.314 J·mol−1 K−1; T is the thermodynamic temperature, K; Kd is the
adsorption equilibrium constant (K) from the value of the best fit non-
linear isotherm equilibrium model (Lima et al., 2015), which is calcu-
lated using the method recommended by Lima et al. (2019).

Fig. 10 shows that as the ambient temperature increases, the maxi-
mum amount of adsorption also increases. At the initial concentration
of the solution of 50 mg L−1 and three temperatures, the ΔG0 of Cr
(VI) is negative and gradually decreases with the increase of tempera-
ture. Therefore, the process of adsorbing Cr(VI) by PM-biochar is an en-
dothermic process, which is consistent with other studies (Gan et al.,
2015). The ΔH0 andΔS0 are both positive (Table 5). The negative values
of ΔG0 from−6.17 to−8.70 kJ mol−1 indicate that the adsorption of Cr
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(VI) onto PM-biochar is feasible and spontaneous, and a larger negative
value indicates that the reaction proceedsmore thoroughly andmore Cr
(VI) adsorbedwith the increasing temperature. Entropy change (ΔS0) is
a positive value, whichmeans that the order of the system is enhanced.
In the system composed of biochar and Cr(VI), it is also indicated that
biochar can adsorb Cr(VI) more firmly. The enthalpy change (ΔH0) is
positive, indicating that the Cr(VI) adsorption process is primarily endo-
thermic and chemical in the PM-biochar and Cr(VI).

4. Conclusions

A new type of PM-biochar composite was prepared, which has an
ideal adsorption potential for Cr(VI). The maximum Cr(VI) adsorption
capacity reaches 157.9 mg g−1. The adsorption process of Cr(VI) by
PM-biochar is largely affected by solution pH. The Cr(VI) adsorption
by PM-biochar conforms to the pseudo-second-order kinetic and
Freundlich model, indicating that the adsorption is a chemical process.
Thermodynamic studies show that the Cr(VI) adsorption by PM-
biochar is a spontaneous endothermic process. Future studies are neces-
sary to carry out in actual wastewater and contaminated soils.
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