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e CG-RS was prepared by coal gangue co-
pyrolysis with rape straw for Cr(VI)
removal.

o CG-RS prepared at high pyrolysis tem-
perature has maximum adsorption ca-
pacity (9.2 mg/g).

e CG-RS successfully loaded with Fe-O,
Ca-O and Al-O functional groups.

e Reduction and surface complexation are
the main mechanisms.
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ARTICLE INFO ABSTRACT

Handling Editor: X. Cao The acceleration of industrialization has increased the discharge of chromium-containing wastewater, posing
serious threat to the eco-environment and human health. To remove Cr(VI) in wastewater and improve resource

Keywords: utilization of solid waste, coal gangue and rape straw were initially used to prepare coal gangue-rape straw

Chromium

biochar (CG-RS) composite. The effects of pyrolysis temperatures, solution pH, coexisting ions of Cr(VI)
adsorption were investigated. Different adsorption models combined with site energy analysis were used to
explore the adsorption behaviors and mechanisms. The results showed higher pyrolysis temperature (600 °C)
prepared CG-RS had a larger adsorption capacity (9.2 mg/g) for Cr(VI) (pH = 5.0). Analysis of XPS indicated that
CG-RS successfully loaded with Fe-O and Al-O functional groups, which mainly participated in the reduction of
Cr(VI). Site energy analysis further proved that reduction and surface complexation were the main adsorption
mechanisms. This study shows an effective removal of Cr(VI) by CG-RS, providing a new way for resource uti-
lization of solid waste.
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1. Introduction

The acceleration of the industrialization process has resulted in the
massive discharge of chromium (Cr)-containing wastewater (Xia et al.,
2019). Cr is considered to be the first carcinogen in the environment,
existing mainly as Cr(IlI) and Cr(VI) in water. Cr(IIl) is generally
low-toxic, while Cr(VI) has extremely high toxicity (Liu et al., 2020b;
Mishra et al., 2020). According to statistics of 2015, the discharge of Cr
in the world has exceeded 105 tons (Shi et al., 2018), posing a serious
threat to environment and human health. Therefore, the removal of Cr
(VD) in wastewater is of great significance for water pollution.

As an effective method to remove heavy metals from water,
adsorption has been used to remove Cr(VI) (Pakade et al., 2019; Fenti
et al., 2020). Common adsorbents include synthetic polymers (Pakade
et al., 2019), biochar (Wang et al., 2017), activated carbon (Wong et al.,
2018), clay minerals (Gu et al., 2018), carbon nanotubes (Xu et al.,
2018), nanoparticles and graphene (Sherlala et al., 2018), etc. Among
them, biochar has been widely studied as a good adsorbent with the
advantages of huge specific surface area (SSA), low cost, simple opera-
tion, and high adsorption capacity (Bolan et al., 2021). Biochar refers to
a porous, highly aromatic and stable carbonaceous material produced by
the pyrolysis of biomass materials under anaerobic or anaerobic con-
ditions at a certain temperature (usually 300-700 °C) (Lehmann and
Joseph, 2015). A large number of studies have applied it to remove
pollutants in water, such as organic pollutants (Li et al., 2020), heavy
metals (Cao et al., 2019), emerging pollutants (Cheng et al., 2021b),
phosphate, and ammonium (Feng et al., 2022), etc. However, because
most biochar is usually negatively charged, the adsorption capacity for
anions is relatively limited. Therefore, how to improve the adsorption
performance of biochar for oxygen anions is an urgent problem to be
solved.

Previous studies have shown that with electrostatic attraction, sur-
face reduction, complexation, and ion exchange, Cr(VI) can be adsorbed
on the surface of biochar or converted into low-toxic Cr(IIl) (Gong et al.,
2017; Liu et al.,, 2020b). For instance, Ma et al. (2021) used
nZVI-pinecone biochar coupling with Shewanella oneidensis MR-1 to
improve the reduction and complexation of Cr(VI). They found that
MR-1 enhanced the adsorption capacity of Cr(VI), and Fe(II) played an
important role in Cr(VI) reduction. Wan et al. (2019) found that
Ca-alginate-nZVI-wheat bran biochar composite enhanced the adsorp-
tion capacity of Cr(VI) and reduced Fe leaching. Our previous studies
have also found that due to the advantages of being rich in metal ele-
ments (such as Al and Fe) and high SSA, industrial solid waste modified
biochar could effectively enhance the capacity of heavy metals, organic
pollutants, and phosphate from water (Lian et al., 2019; Wang et al.,
2020b; Zhao et al., 2021c). Cho et al. (2019) found that one-step py-
rolysis prepared industrial solid waste (red mud)-lignin wastes biochar
composite could apply to the removal of As(V), Cr(VI), and methylene
blue, etc.. Therefore, we assumed that metal-containing industrial solid
waste may improve the adsorption capacity and reduction of biochar on
Cr(VD).

Coal gangue, as a common industrial solid waste, is generated during
coal mining and washing. With a lot of Si, Al, and Fe content, the co-
pyrolysis of coal gangue and biomass could potentially increase the
forming of Fe—O, Al-O or other OFGs on biochar, as well as the electrical
conductivity, pH, organic carbon content increased (Zhao et al., 2021c).
At present, the studies of coal gangue modified biochar mainly focus on
the adsorption of phosphate in water (Qiu and Duan, 2019; Wang et al.,
2020b). Whether it can improve the adsorption capacity and reduction
of Cr(VI) are not clear. In addition, although there have been some
related studies on Cr(VI) by different biochar composites (Qian et al.,
2017; Yin et al., 2020), the removal performance and mechanisms of Cr
(VD) onto coal gangue-biochar are still not clarified. Using modern
analysis technology combined with different adsorption models can help
to reveal the mechanisms (Zhou et al., 2019; Cheng et al., 2021b; Zhao
et al., 2021b).
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To further explore the adsorption performance, influencing factors,
and adsorption mechanisms of Cr(VI) onto coal gangue-biochar com-
posite, the objectives of this study are to 1) prepare and characterize coal
gangue-biochar composite; 2) analyze the factors affecting the adsorp-
tion process of Cr(VI); 3) explore the adsorption mechanisms by the
combination of different adsorption models and site energy analysis.

2. Materials and methods
2.1. Reagents and materials

The coal gangue was mined from the mining area in Liupanshui City,
Guizhou Province. Both rape and corn straws were taken from the
suburbs of Guiyang City, Guizhou Province. Reagents used in the
experiment are listed as follows: Diphenylcarbazide (AR, Chengdu Jin-
shan Chemical Reagent Co., Ltd., Sichuan, China); HSO4, HCl, H3POy4,
NayCOs3, NapSO4, NaNOg, NaCl (GR, Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China); Acetone (GR, Chongqing Chuandong Chemical
Co., Ltd., Chongqing, China). Deionized water was used throughout the
experiment.

2.2. Preparation of pristine biochar and coal gangue-biochar composite

The preparation method of rape straw biochar (RS) and coal gangue-
rape straw biochar (CG-RS) composite was following the previous
method (Lian et al., 2019). Rape straw was pyrolyzed at 300, 450, 600,
700 °C to obtain RS, labeled as RS300, RS450, RS600, and RS700. CG-RS
was obtained as the same procedures with a mass ratio of 2:1, and
labeled as CG-RS300, CG-RS450, CG-RS600, CG-RS700, respectively.

2.3. Characterization of samples

The conductivity of RS and CG-RS was measured by a conductivity
meter (HI 8733, HANNA). X-ray diffraction (XRD) (Empyrean (Panaker
Co., Ltd., Netherlands)) was used to determine the crystal structure of
the two materials, 26 = 0°-60°. The functional groups of RS and CG-RS
were determined by Fourier transform infrared spectroscopy (FTIR)
(Thermofisher, Nicolet iS10, USA). The surface elemental compositions
of RS and CG-RS before and after Cr(VI) adsorption were identified by X-
ray photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha+,
ThermoFisher, China). The Malvern Zetasizer Nano ZSE (Malvern In-
struments, UK) was measured Zeta potential. The SSA, porosity, and
pore volume were determined by the Brunauer-Emmett-Teller method
using Kubo X1000 analyzer (Beijing Builder Co., Ltd., China).

2.4. Adsorption experiments

A 50 mL PE centrifuge tube was used to perform all adsorption ex-
periments at 22 + 0.5 °C. The Cr(VI) standard solution was obtained by
dissolving K2Cry0y7 in deionized water. The concentration of Cr(VI) was
analyzed according to our previous method (Lian et al., 2019). All
samples were shaken in triplicate at 250 rpm for 24 h, and Cr(VI) was
measured at 540 nm with Ultraviolet-visible Spectrophotometer (T6
New Century, Beijing Purse General Instrument Co., Ltd., Beijing,
China).

To obtain the optimum pyrolysis temperatures and feedstocks, corn
stalks biochar (CS), coal gangue-corn stalks biochar (CG-CS), RS, and
CG-RS were prepared at pyrolysis temperatures of 300, 450, 600,
700 °C, respectively. To select the optimal adsorbent dosages, 0.025,
0.050, 0.100, 0.200, 0.500, and 1.000 g of RS and CG-RS were carried
out in the adsorption experiments, respectively. To figure out the effect
of solution pH on the adsorption process, 0.1 M NaOH and 0.1 M HCl
solution were used to adjust the pH of 100 mg/L Cr(VI) solution to 3.0,
4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0. The adsorption kinetics of Cr(VI) were
carried out in the time interval between 0.083 and 24 h. The adsorption
isotherms of Cr(VI) were performed at an initial concentration of 5, 10,
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25, 50, 100, 200, 300, 400, 500 mg/L and the adsorption thermody-
namics were carried out at 15, 25, and 35 °C, respectively. The site
energy analysis model was further adopted to analyze the main
adsorption mechanisms (Zhou et al., 2019; Cheng et al., 2021a). The
calculation formulas for site energy analysis are as follows (Yan et al.,
2017):

E'= —RT In(C, / Cs) @

F(E"") _ qunbC e @

RT(1 + bCreH)

T is the temperature in Kelvin, (K); R = 8.314 J/(mol-K); C; is the
maximum solubility of adsorbate in water (mg/L); E* is the difference of
adsorption energy at C, and Cs, (kJ/mol).

3. Results and discussion
3.1. Characterization of samples

The basic physicochemical properties of RS600 and CG-RS600 are
shown in Table 1. SSA of RS600 is 8.02 mz/g, and CG-RS600 is 124.56
m?/g. Coal gangue makes the surface of biochar have more pores and
SSA, bringing more adsorption sites for Cr(VI) (Lian et al., 2019). Due to
the alkalinity of coal gangue and biochar, the pH of CG-RS600 is slightly
higher than pristine biochar. The Zero potential shows that the modi-
fication of coal gangue greatly increases the charges on the biochar
surface, resulting in a significant increase in the changes of CG-RS600 at
Zero potential. The Zeta potential values of the pristine biochar are all
negative, while those of CG-RS600 are positive when the pH < 6.0.
Therefore, under acidic conditions, positively charged CG-RS600 is
beneficial to adsorb Cr(VI) in the form of anions in water.

The XRD patterns of RS600 and CG-RS600 before and after Cr(VI)
adsorption are shown in Fig. 1a. Compared with the ray spectrum of
RS600, the diffraction peaks of CG-RS600 have a significant increase.
The modification of coal gangue increases the surface of RS600 with Al,
Fe, and other elements, which can be observed in XPS spectra in Fig. 2.
The increase of metal ions on the surface of CG-RS600 composite can
enhance the ion exchange capacity, thereby promoting adsorption (Zhao
et al., 2017; Qiu and Duan, 2019). In addition, the increased SiO, adds
more OFGs to the surface of CG-RS600, which increases C=0, C=C, and
other bond-to-bond reactions (Wang et al., 2020b).

Fig. 1b shows the infrared spectra of RS300, RS600, RS700, CG-
RS300, CG-RS600, and CG-RS700. In Fig. 1b, the tensile variation of
the peak around 3405 cm™! indicates that ~OH groups are on the sur-
faces of RS600 and CG-RS600. As the pyrolysis temperature increases,
the active oxygen functional groups gradually weaken, indicating that
the dehydrogenation reaction is intensified. The peaks from 2917 to
2859 cm ™! show the asymmetric and symmetric tensile vibrations of the
methylene carbon on the surfaces of RS600 and CG-RS600 (Qiu et al.,
2019). The peak fluctuations at 1588-1059 cm ™! are caused by the
tensile vibration between bonds (such as -C—=C, -C=0 and -CH3),
which are significantly weaker or invisible at 600-700 °C than 300 °C,
indicating that as the pyrolysis temperature increases, aliphatic hydro-
carbons and OFGs are decomposed (Qian et al., 2017). It is more obvi-
ously that at 600 and 700 °C, CG-RS600 has a peak at 459 cm ™, while
pristine biochar does not have, indicating that the co-pyrolysis of coal

Table 1
Physiochemical properties of RS600 and CG-RS600.
Adsorbents  pH Zeta EC SSA Pore Pore
potential ns/ (mz/g) volume size
(mV) cm) (ecm®/g) (nm)
RS600 9.72 -17.55 917 8.02 0.004723 2.50
CG-RS600 9.85 -3.77 667 124.56 0.059436 2.28
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gangue and biomass makes the surface of biochar successfully carry
Si-O-Fe functional groups (Qiu et al., 2019; Wang et al., 2020b), which
improves the adsorption capacity of Cr(VI). Meanwhile, the orbital
peaks of Cr can be observed in the total XPS spectra of CG-RS600 before
and after Cr(VI) adsorption in Fig. 2f, which proves that Cr(VI) has been
successfully reduced and adsorbed onto the surface of CG-RS600
composite.

3.2. Influencing factors

3.2.1. Effect of pyrolysis temperature

The pyrolysis temperature can affect the SSA and functional groups
of biochar, thereby affecting adsorption performance (Wang et al.,
2020a, 2020b). As the pyrolysis temperature increases, the number of
micropores on the surface of biochar improves, and the SSA increases
(Leng and Huang, 2018; Hassan et al., 2020). The SSA of CG-RS600 is
15.5 times that of RS600 (Table 1). The increased SSA provides more
adsorption sites for the adsorption of Cr(VI) and increases the adsorption
capacity. With the increase of pyrolysis temperature, the adsorption
amount of Cr(VI) by RS and CG-RS shows an overall upward trend
(Fig. 3a). Through the analysis of FTIR spectra of RS (Fig. 1b), peaks at
2917-2859 cm™! and 1588-1059 cm™! are corresponding to —CHp,
—-C=C, -C=0, and -CHj3 (Qiu et al., 2019), respectively, which at
600-700 °C are significantly weaker or invisible than at 300 °C, proving
that biochar prepared at low pyrolysis temperature contains more OFGs.
Therefore, the pyrolysis temperature comprehensively affects the
adsorption capacity of Cr(VI) by changing the SSA and functional groups
of CG-RS composite. In this study, there is no significant difference in
adsorption capacity on Cr(VI) of biochar pyrolyzed at 600 °C and 700 °C.
In addition, adsorption capacities of RS and CG-RS with any pyrolysis
temperatures are much higher than that of CS and CG-CS, respectively
(Fig. 3a). Therefore, rape straw is selected as the optimum feedstock for
the subsequent test.

3.2.2. Effect of adsorbent dosage

Fig. 3b shows the adsorption capacity and removal rate of RS600 and
CG-RS600 on Cr(VI) under different dosages. With the dosage increases,
the adsorption capacity of RS600 and CG-RS600 gradually decreases,
while the removal rate is continuously increasing. Due to the continuous
increase of the dosage, the SSA and adsorption sites of biochar continue
to increase, and the corresponding functional groups also continue to
increase. The overall removal rate shows an obvious upward trend with
0.05-0.20 g. While at 0.20-0.50 g, due to the limited initial concen-
tration of pollutants, the upward trend begins to slow down. The
removal rate of RS600 to Cr(VI) gradually stabilizes at 80%, while CG-
RS600 exceeds 90%. Therefore, comprehensive consideration from an
economic cost and adsorption efficiency perspective, 0.20 g is selected
as the optimum dosage.

3.2.3. Effect of solution pH

Solution pH is considered to be the most important factor in the
adsorption process of biochar (Wang et al., 2018). Fig. 3¢ shows the
different adsorption capacities of RS600 and CG-RS600 for Cr(VI) under
different pH. For RS600, when the pH increases from 3.0 to 4.0, the
adsorption capacity has a significant increase. The adsorption capacity
of CG-RS600 on Cr(VI) increases from pH 3.0 to 5.0, and then gradually
decreases. In general, the adsorption capacity under acidic conditions is
higher than that under alkaline conditions (Rajapaksha et al., 2018; Yin
et al., 2020). The surface of RS600 is negatively charged, while pH <
6.0, the surface of CG-RS600 is positively charged (Fig. 3d). Cr(VI)
mostly exists in the form of oxygen anions (HCrO4 ™, Cr,0,%27) when pH
< 6.0, which can be adsorbed in large quantities by CG-RS600 with
positively charged. Therefore, the acidic condition is more suitable for
the adsorption of Cr(VI) by CG-RS600. In addition, the original pH of Cr
(VI) solution is about 5.0, considering the actual environment condition
and cost, pH = 5.0 is the optimum condition for the removal of Cr(VI) in
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Fig. 1. XRD patterns (a) and the FTIR spectra of (b) of RS600 and CG-RS600.
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Fig. 2. XPS spectra of RS600 and CG-RS600 before and after Cr(VI) adsorption (a. O1s before and after adsorption; b. C1s before and after adsorption; c. Fe 2p of CG-
RS600; d. Cr 2p of RS600; e. Cr 2p of CG-RS600; f. Total XPS spectra of CG-RS600 before and after adsorption; g. Total XPS spectra of RS600 before and

after adsorption).

water.

3.2.4. Coexisting ions

In actual polluted wastewater, there are a large number of ions
(C032_, 5042_, NO3~, Cl7) existing, which may form competitive
adsorption with Cr(VI), affecting the adsorption capacity of CG-RS600
on Cr(VI). To explore the effects of anions on the adsorption capacity
of CG-RS600 on Cr(VI) in actual wastewater, the adsorption capacity of
Cr(VI) by CG-RS600 was evaluated in the presence of 0.001, 0.01, and
0.1 mol/L CO52~, S04%~,NO5s~ and CI~ (Fig. 3e). It can be observed that
high concentration (0.1 mol/L) of C032’, SO42’, NO3~ and Cl™ has
positive effects on the Cr(VI) removal rate, while under low

concentration, the removal rate of CG-RS600 for Cr(VI) remains almost
unchanged in the coexistence of CO3%7, SO42~ and CI™. It is probably
because COs%~, S04~ and NO5~ could dissolve metal oxides (such as
iron oxide or aluminum oxide) at high concentrations (Xu et al., 2021a),
thus increasing the surface adsorption sites of CG-RS600. In addition,
the dissolved metal oxide promotes the reduction of Cr(VI), promoting
adsorption capacity.

3.3. Adsorption kinetics

Pseudo-second-order kinetics fitting curves of RS600 and CG-RS600
on Cr(VI) adsorption are shown in Fig. S1c. The adsorption rate of Cr(VI)
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Fig. 2. (continued).

on RS600 and CG-RS600 is very fast in the first 4 h, which is because
there are many adsorption sites on the surface of RS600 and CG-RS600
in the initial stage. As the time increases, the adsorption rate decreases
significantly between 4 and 8 h, indicating that most of the adsorption
sites have been occupied. Within 8-16 h, the adsorption capacity
changes steadily, and the adsorption equilibrium is reached within 24 h.

Different kinetic models were used to fit the kinetic curves. From
Table S1, the fitting correlation coefficient R? of the pseudo-second-
order kinetic model is the highest, indicating that the pseudo-second-
order kinetic model can better describe the Cr(VI) adsorption process.
The equilibrium adsorption capacity calculated by the pseudo-second-
order kinetic model is consistent with the actual equilibrium adsorp-
tion capacity. Therefore, The adsorption of CG-RS600 to Cr(VI) is mainly
chemical adsorption, which is consistent with previous studies (Lian
et al., 2019).

3.4. Adsorption isotherm

Two isotherm models of Freundlich and Langmuir were used to

simulate the adsorption of Cr(VI) by RS600 and CG-RS600. Fig. Sla-b
shows the adsorption isotherms of Cr(VI) on CG-RS600 and RS600. The
amount of adsorption improves with the increase of the initial concen-
tration. The adsorption capacity increases rapidly under low concen-
tration, while the initial concentration of Cr(VI) increases, the
adsorption capacity gradually reaches equilibrium. As the concentration
of Cr(VI) increases, the surface-active sites of CG-RS600 are gradually
occupied and reach a saturated state (Wang et al., 2020b). After the
ambient temperature increases, the maximum adsorption capacity of Cr
(VI) by CG-RS600 and RS600 also increases respectively, indicating that
the ambient temperature can also affect the adsorption capacity of
biochar (Wang et al., 2016a; Amen et al., 2020). Table S2 shows the
fitting parameters of different adsorption isotherm models. The corre-
lation coefficient of Langmuir fitting is higher than that of the Freund-
lich model, indicating that the Langmuir adsorption model can better fit
the adsorption process of Cr(VI) on CG-RS600, proving the adsorption
process is monolayer adsorption (Lian et al., 2019). The maximum
adsorption capacity is 9.2 mg/g, which is twice the amount of pristine
biochar. Compared with previous studies (Table 3), the maximum



R. Zhao et al.

Chemosphere 299 (2022) 134334

. [Jec-cs[es [ cG-Rs[_Rs a —e— CG-RS600 —A— RS600
'.‘ i 80 - N - 100
— T] =
610 - 80
= ) /‘ - 80
i g g E 60 —— 9
8 <
3 {» {— < c k| 3 / Leo &
= — I < =
e b K H a, A =
< = 1
S 64 a i = 40 g
£ i £ a0 2
=] K=
a 2 >
e g [~
g g
3 f f = I 20
< d e == = < 20
2
Ql o
0 0 T T T T 9_
300 450 600 700 0.0 0.2 0.4 0.6 0.8 1.0
Pyrolysis temperature (°C) Dosage (g)
6
—&— CG-RS600 —A— RS600 c 10 { —®— CG-RS600 —=— RS600 d
51 5 s
0
S0
E S
EA £
S -
g Z s
= = 1
9 3] e
= =3
2 & .10
B 8
: 3
Z 2 -15
<
=20 -
14
T T T T T T T T -25 T T T T T
2 3 4 5 6 7 8 9 10 11 0 2 4 6 8 10 12
pH

=
S

2

wn
S

Dx

Removol rate (%)
g &

[
S

-
e

= = . .. . —— . ——. . ————.— -

e

T T : §
0.10.010.001 0.1 0.010.001 0.1 0.01 0.001
Coexisting ions (mol/L)

CK

0.1 0.01 0.001

Fig. 3. Adsorption influencing factors of biochar and coal gangue-biochar composite on Cr(VI) with different pyrolysis temperatures (a), dosages (b), pH (c), Zeta
potential (d), and coexisting ions (e) (Different letters denote significant differences for different pyrolysis temperature at P < 0.05. Symbols may cover the error bars.

Each figure contains error bars, some too small to be visible.).

adsorption capacity of CG-RS600 on Cr(VI) is relatively high.

3.5. Adsorption thermodynamics

The thermodynamics of Cr(VI) adsorbed on CG-RS600 and RS600 at
289.15 K, 299.15 K and 309.15 K were analyzed. The thermodynamic
parameters of RS600 are: /AAH = 0.410 kJ/mol>0, AS = 103.268 J/
mol>0, AG = —29.741 (15 °C), —30.774 (25 °C), —31.806 kJ/mol
(35 °C) < 0; the thermodynamic parameters of CG-RS600 are: A\H =
0.298 kJ/mol>0, AS = 60.218 J/mol, AG = —-17.343 (15 °QC),
—17.945 (25 °C), —18.547 kJ/mol (35 °C) < 0 (Table 2), indicating that
the reactions are endothermic spontaneous. The higher ambient tem-
perature makes the reaction occur more conducive. Under high

Table 2
Thermodynamic parameters of RS600 and CG-RS600 for Cr(VI) adsorption.
Adsorbents T Langmuir AG (kJ/ /A\H AS (kJ/
(K) isotherm mol) (kJ/ mol-K)
K. L/  Gmax mol)
mg) (mg/g)
RS600 288 0.169 2.1 —29.741 0.410 103.268
298 0.100 3.2 —30.774
308 0.063 5.1 —31.806
CG-RS600 288 0.043 6.3 —2.350 0.062 8.161
298 0.040 8.0 —2.432
308 0.037 9.2 —2.514
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Table 3
The adsorption capacity of Cr(VI) in this study compared with previous studies.
Adsorbents Pyrolysis Maximum pH References
temperature adsorption
Q) capacity (mg/g)

Pineapple peel 700 7.44 4.0 Wangetal.
biochar (2016b)

Chitosan- 700 30.14 3.0 Xiaoetal
magnetic (2019)
Loofah
biochar

Pine biochar 600-900 2.35 3.0 Zhaoetal

(2021a)
Poplar biochar 675 5.40 5.0 Heetal
(2019)

Soybean stover 300 6.48 3.0 Rajapaksha
biochar et al. (2018)

Oak wood and 400 4.93 2.0 Mohan et al.
oak bark (2011)
biochar

CG-RS 600 9.20 5.0 This study

temperatures, the movement of molecules becomes more active,
resulting in contact adsorption occurring more easily. /AG < 0 indicated
that the reaction has higher spontaneity and stability (He et al., 2019).
Therefore, the adsorption can be more promoted at high ambient tem-
peratures. The absolute value of the standard enthalpy change is greater
than 40 kJ/mol, indicating that the adsorption is dominated by chemical
adsorption (Cheng et al., 2021a).

4. Adsorption mechanisms

The BET results of CG-RS600 and RS600 show that biochar at high
pyrolysis temperature has a higher SSA and pore capacity, which is more
conducive to the adsorption of Cr(VI), consistent with our previous
research (Lian et al., 2019). According to the FTIR analysis of Fig. 1b, the
modification of coal gangue causes the biochar to vibrate at 459 cm ™},
indicating that it has successfully carried Si-O-Fe on the surface of
CG-RS600 (Wang et al., 2020b). In addition, the surface of RS600 and
CG-RS600 contains abundant OFGs, which promotes the complexation
of Cr(VI) on the surface of carbon materials, of which C=0 and -COOH
play major roles (Liu et al., 2020b; Zhong et al., 2021), thereby pro-
moting adsorption.

According to Fig. 1a, metal salt crystals on the surface of CG-RS600
can be observed, which may promote the release of more cations into the
solution. In this way, the surface adsorption sites of biochar are
increased and the adsorption of Cr(Ill) is promoted (He et al., 2019).
Therefore, the positive charge on the surface of CG-RS600 is increased,
which improves the adsorption capacity of anions. And in the acidic
range, Cr exists in the forms of HCrO4~ and Cr,07°~. The electron donor
composed of polycyclic aromatic compounds and OFGs on the surface of
CG-RS600 can effectively reduce Cr(VI) ((1)-(2)) (Lian et al., 2019).
Therefore, under acidic conditions, the electrostatic attraction and ion
exchange capacity between CG-RS600 and Cr(VI) are greatly increased,
which promotes adsorption (Shi et al., 2018).

XPS spectra is also employed to analyze the adsorption mechanisms.
The Ols spectra of the samples can be divided into 3 parts, which
represent C—=0, C-O, and O-C=O (Fig. 2b), while the 4 parts in Cls
spectra represent C—=C, C=0, C-O, and O-C=O0 (Fig. 2b) (Wu et al.,
2021). Compared with RS600, the C=0 content of CG-RS600 increases,
indicating that carbonyl functional groups are introduced into biochar
by coal gangue modification. For Ols and Cls spectras of CG-RS600,
after reaction, the content of C-O reduces from 20.5% to 18.7%,
0—C-0 and C=0O increase by 10% and 5% respectively, proving that
OFGs participate in the redox process of Cr(VI) (Xu et al., 2019; Zhang
et al., 2019). For spectras of RS600, the percentage of C—O decreases
from 66% to 34%, that may be because the C=0 group is oxidized by Cr
(VD) (Tang et al., 2021). Fe 2p orbitals are observed in XPS spectra of
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CG-RS600, indicating that Fe in coal gangue is successfully loaded on the
surface of biochar and form FeOOH and Fe;O3 with OFGs (Fig. 2¢) (Liu
et al., 2020c; Tang et al., 2021). These peaks almost disappear after
adsorption, which proves that FeOOH participates in the reduction of Cr
(VI) (Zhao et al., 2017; Liu et al., 2020a), and then forms stable crystal
structures with Fe;O3 (Zou et al., 2021). In addition, the increased Fe
(1), Fe(I), and AI(III) promote the electron transfer process on the
surface of CG-RS600, which promotes the reduction process of Cr(VI)
(Xu et al., 2021b; Yuan et al., 2022). The peaks of around 589 eV and
579 eV are characteristic of Cr 2p;/ orbital of Cr(VI), while those
around 586 eV and 576 eV are directed to Cr 2p;,2 orbital of Cr(III)
(Fig. 2d and e) (Liu et al., 2020a), proving that Cr(VI) is successfully
adsorbed to the surface of CG-RS600 (Xu et al., 2021a) and is reduced as
Cr(II) (Rajapaksha et al., 2018). The orbital peaks of Cr, Fe, Al can also
be observed in the total XPS spectra of CG-RS600 and RS600 before and
after Cr(VI) adsorption in Fig. 2f and g.

In general, the mechanisms of biochar adsorption of Cr(VI) include
the following processes (Fig. 4) (6-8): 1) under acidic conditions, due to
the positive charges on the surface of CG-RS and a large amount of metal
cations releasing, the Cr(VI) anions migrate to the positively charged
biochar surface by electrostatic attraction; 2) the adsorbed Cr(VI) ions
are reduced to Cr(IIl) by the electron donor composed of functional
groups on the surface of CG-RS600; 3) the reduced Cr(IIl) reacts with
C=0, Fe-O on the surface and forms stable Cr(III) with the surface of
RS600 and CG-RS600.

HCrO; +7H" 4+ 3¢”=>Cr'* +4H,0 (6)
3C.0H +Cr,05 +4H"—>3C,0 + Cr** +3H,0 @)
nCr'* + (1 —n)Fe’™ +2H,0 — Cr,Fe(;_, OOH + 3H" (8

To further figure out the adsorption mechanisms of CG-RS600 and
RS600 on Cr(VI), site energy analysis was used. As shown in Fig. 5a and
b, when the adsorption capacity of CG-RS600 composite on Cr(VI) in-
creases, the E* value decreases, which indicates that HCrO4 and
Cry0,% firstly occupy the adsorption site with higher energy at low
initial concentration (Sarkar et al., 2018). At higher ambient tempera-
tures, more binding sites are activated, thereby increasing the adsorp-
tion capacity of CG-RS600 composite for Cr(VI) (Zhou et al., 2019).

The area under the curve of F (E*) and adsorption site energy reveals
the number of available adsorption sites within a specific energy range
(Reguyal and Sarmah, 2018). According to Fig. 5c and 5d, the frequency
distribution of the energy of the adsorption site is an asymmetric single
peak shape. At low adsorption site energy (<25 kJ/mol), the frequency
distribution increases exponentially, and then decreases exponentially
after reaching the highest frequency. Although the shape of the distri-
bution function is similar, the area at different temperatures is signifi-
cantly different. The adsorption sites of CG-RS600 composite on Cr(VI)
are mainly concentrated between 20 and 26 kJ/mol, indicating that
adsorption is mainly concentrated on high-energy sites. The interactions
under high energy are mainly OFGs (carboxyl, hydroxyl, etc.) (Zhang
etal., 2021). It is proved that the reduction and complexation of HCrO4
and Cr,0;> by oxygen-containing groups play major roles in the
adsorption of CG-RS600 composite on Cr(VI), which further supports the
above speculation about the adsorption mechanisms.

5. Conclusions

In this study, coal gangue-biochar composite was initially prepared
by coal gangue and rape straw. The introduction of metal oxides from
coal gangue improves the properties of CG-RS and promotes the
adsorption of Cr(VI). High pyrolysis temperature increases the adsorp-
tion capacity of CG-RS (the maximum adsorption capacity: 9.2 mg/g).
The adsorption process follows pseudo-second-order kinetics and
Langmuir isotherm model. The site energy analysis model proves that



R. Zhao et al.

Chemosphere 299 (2022) 134334

/”— ~NN\
’ poTTTTTTT T oS
/ ’ NN
/ [ A \ \
] ® Crt \|
! @® Crtt 1
1
I
1 ® H' :
I .
I Z/O Anions :
I .
I | Pore filling - Ion exchange Q@ HCrO, 1
: & Lo !
: ) @ Cr,0* |
. 1
: . 9/ ° 9 Metal cations 1
1
! [_ o (Fe?t; Ca", 1
: A13+; Fe3+) :
1
I
! . Pore of CG- 1
I \ RS600 / !
i UG / 1
' I
! 1
! P 5 ]
D e e
1 1
1 1 1
] ° i 7H+ @ +3e >0 +4H,0 i I
\ SR i N ]
\ y
A . ; /
\\ Oxidation-reduction S
S——,—,ee e ————— e e __ _--7
Fig. 4. The adsorption mechanisms of Cr(VI) onto CG-RS600.
x104
x10* N
k a 34rg . b
o * ¢ 15°C
v 15°C
| 32} * 25°C
32 » 25°C %
e . e 35°C
sbe o 35°C 3t
ok
° * *
2 2.8 E 2.8¢ .
E ¢ & ° 5 * [
2 26 T 26
& ¢ x ® ] . * .
[ ]
24 . 5 . 24} . * B .
*
L]
22 . * . 22} . N
. N ° .
2 ** 2t ¢ .
*
18 4. 1.8 A . 2 s § a N ;
0 1 2 3 4 5 6 :
0 1 2 3 4 5 6 7 8
) Qe(,nig/g) qe(mg/g)
BN
¢ £ o o
ol \ ---15°C -6 ’
r
08} f’ I ‘\ - - .25°C '
o s B --35°C 05}k K
. ree \ \ ) /
o0 ’ * ]
E 0.6f S M e = 04f l’l
\ \ e
& O AN \ g ! -
E ’1 f’ /‘ 0\ k\ v Eﬁ 03k s /,{* NS
ZE, 04} ; R * | \\ \\ ’X ./’:’k/ \
= LA . oy = 0.2} e
\ A
i g & s X \ = Pt
p o, \ \ » e
02}k Ay 4 . S M D 0.1} L2l
R T =% e
S . N SERN fezes
PR W of===7¢
obic-- R SO " : X : ; . :
1.6 18 2 22 24 26 28 3 32 34 1.6 1.8 2 22 24 2.6 2.8 3 3.2
E*(J/mol) x10¢ E*(J/mol) x10¢

Fig. 5. The relationship between adsorption capacity and energy site of CG-RS600(a), RS600(b), and the site energy distribution of CG-RS600(c) and RS600(d).

reduction and surface complexation are the main adsorption mecha-
nisms of Cr(VI) onto CG-RS600 composite. This study not only provides
an effective method for Cr(VI) removal, but also realizes the resource
utilization of solid waste.
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