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PEG/MoS2-modified biochar for
the efficient removal of Cr(VI) in solution:
performance and mechanism

Weiyun Yang,a Qi Chenb and Muqing Qiu *cd

A highly efficient new type of biological adsorbent (PEG/MoS2@BC) was prepared via hydrothermal

synthesis using rice straw biochar, polyethylene glycol, and molybdenum disulfide as raw materials. The

effects of different factors on the adsorption performance of PEG/MoS2@BC for removing Cr(VI) ions

from aqueous solutions were analyzed through various experiments. The experimental results indicate

that a PEG-MoS2 composite material was successfully loaded onto the surface of biochar. There was

a large number of functional groups on the surface of PEG/MoS2@BC. Polyethylene glycol and biochar

effectively reduced the aggregation of MoS2. The process for the adsorption of Cr(VI) by PEG/MoS2@BC

can be better described using the pseudo-second-order model and the Langmuir model. The adsorption

of Cr(VI) ions was an endothermic chemical process. The reaction mechanism for PEG/MoS2@BC

removing Cr(VI) ions mainly includes complexation reactions, reduction reactions, electronic attraction,

and physical adsorption. After five reuse cycles, the adsorption rate still reached 80.23%. The adsorption

material PEG/MoS2@BC exhibited high reusability and stability.
1 Introduction

Chromium (Cr) is a heavy metal with strong solubility, mobility
and toxicity, and is widely used in chemical, smelting, electro-
plating, dyeing and printing industries.1–5 This can lead to high
levels of Cr being released into the environment through
wastewater and solid residues. Once discharged into water, Cr
can persist. Then, it will bioaccumulate in aquatic organisms
and contaminate the food chain. Due to the accumulation of
heavymetal pollutants in the food chain, human beings, who sit
at the top of the food chain, are the most affected. Bi-
oaccumulation, biomagnication and toxic effects are the main
consequences of heavy metal pollution. Water pollution caused
by the heavy metal Cr can have an extremely serious inuence
on the ecological environment and human health. Therefore,
we need to explore reasonable methods and technologies to
treat Cr-containing wastewater to reduce the negative impact of
Cr on the environment and on humans. Hexavalent chromium
(Cr(VI)) and trivalent chromium (Cr(III)) are two kinds of Cr
compounds found in water. Cr(VI) exhibits superior biological
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toxicity than Cr(III). Cr(VI) can be teratogenic, carcinogenic, and
mutagenic, and can damage the liver and kidneys. It is one of
three internationally recognized carcinogenic metals.6,7 There-
fore, Cr(VI) removal is key to controlling Cr pollution in water.

At present, the main treatment methods for heavy metal
pollution in water are chemical precipitation,8 photocatalytic
reduction,9 ion exchange,10 electrochemical reduction11 and
adsorption reduction.12 Compared with the adsorption method,
other methods are costly and sometimes can cause secondary
pollution due to chemical dosing. Adsorption has several
advantages as a treatment method for heavy metal removal. It is
a simple, cost-effective, and widely applicable technique. It can
remove a wide range of heavy metals in both batch and
continuous ow systems. Adsorbents can be easily regenerated
and reused, reducing waste generation. The basic principle is
that Cr(VI) can be adsorbed and removed by somematerials with
large areas and high porosity that are rich in surface functional
groups and have abundant active sites. Therefore, in recent
years, the adsorption method for the removal of heavy metal
Cr(VI) pollution has made great progress for water remediation.
Moreover, adsorption can be combined with other treatment
processes, such as ltration or ion exchange, to enhance the
overall removal efficiency. In other words, the adsorption
method is highly efficient, inexpensive, and uses simple
equipment.13–15 Overall, adsorption is a valuable method for the
treatment of water contaminated with heavy metals. It offers
a reliable and efficient way to remove heavy metals and protect
both the environment and human health.
RSC Adv., 2025, 15, 46967–46980 | 46967
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Widely used adsorbents include silica gel, montmorillonite,
and biochar. In recent years, the use of biochar, as a new
multifunctional and environmentally friendly material, in
environmental remediation research has been increasing. It has
become one of the current environmental science research
hotspots.16–21 Biochar is a good adsorption material that has
a well-developed pore structure, large specic surface area,
many oxygen-containing functional groups, a large cation
exchange capacity, and strong adsorption, anti-oxidation, and
anti-biodegradation capacities.22–25 However, in the remediation
of heavy metal-polluted water, especially when multiple metals
are present, using biochar alone is not very effective. Therefore,
to further improve the adsorption capacity of biochar, more and
more scholars have begun to study and synthesize a series of
new functional biochar composites by various methods of
surface modication. This can improve the properties of bi-
ochar and its adsorption capacity, and enhance its effect in the
remediation of environmental pollution.26–29 With a high
specic surface area and many adsorption sites, molybdenum
disulde (MoS2) is a graphene-like layered material with Mo
atoms sandwiched between two tightly packed layers of hexag-
onal S atoms.30,31 In addition, the surface of MoS2 is rich in
sulde groups with Lewis basicity, especially under acidic
conditions. Therefore, these can be used as active sites for
selective binding to metals, effectively adsorbing heavy metal
ions, including lead, copper, nickel, chromium and so on. As
a result of the above advantages, MoS2 can serve as an effective
heavy metal adsorbent, which can be used in the treatment of
heavy metal pollution in water. Composite particles of MoS2
and rice hull carbon (BC/MoS2) were prepared by a coprecipita-
tion method. Some researches showed that MoS2 particles
could be uniformly distributed on the surface of carbon.32–34

However, the spacing between S–Mo–S layers in MoS2 is narrow.
Thus, it is difficult for the adsorbate to be adsorbed into the
narrow middle layer.35 Furthermore, MoS2 has poor dispersion,
and the contact area is signicantly reduced. Therefore, to make
up for its deciencies and improve its adsorption performance,
it is necessary to modify the surface of MoS2. Polyethylene glycol
(PEG) is a non-toxic, eco-friendly, and biocompatible polymer
with exible chains.36,37 It is made from the polymerization of
ethylene glycol. Because of its large number of oxygen, hydroxyl
and other active groups, the adsorption capacity of PEG is high.
In addition, PEG has high chemical and thermal stability.
Therefore, it can maintain stability over a wide range of pH and
temperature, and it is not easily damaged by acid, alkali and
high-temperature conditions, or other environmental factors.
Zhao et al. showed that PEG as a MoS2 surface modier can
improve the dispersion of MoS2.38 It was also demonstrated that
PEG-modied MoS2 had good dispersion in water.39 When the
surfactant PEG was introduced, the biocompatibility of the
composite was increased and the environmental risk was
reduced, while nZVI was effectively loaded onto the BC surface,
improving the physical stability of the composite.38,40–42

If we use PEG as a surface modier for MoS2 and load it onto
the surface of biochar, we can achieve the goal of a “win–win
effect”. This can not only make full use of the advantages of the
three materials but can also solve the problem of MoS2
46968 | RSC Adv., 2025, 15, 46967–46980
dispersion for various applications. Thus, this can enhance the
stability of MoS2 when xed on the surface of biochar and
change the physical and chemical properties of biochar. It is
benecial to promote the adsorption of Cr(VI) on biochar. It will
not have adverse effects on the environment and organisms.
However, up to now, there has been almost no research into the
ecological remediation of heavy-metal-polluted water by PEG/
MoS2-modied biochar.

In this work, PEG was used as a surface modier of MoS2. It
was loaded onto the surface of rice straw biochar to construct
a highly efficient bio-adsorbent (PEG/MoS2@BC) with an
adjustable composition and controllable structure. Then, batch
adsorption experiments under various conditions (altering the
initial pH, dosage, initial concentration, contact time, and
temperature) toward Cr(VI) in solution using PEG/MoS2@BC
were carried out to assess the inuence of the operating
parameters on the removal rate of Cr(VI) in solution. Finally, the
micro-morphology and structure of PEG/MoS2@BC were char-
acterized via scanning electron microscopy (SEM), X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy
(FT-IR), and X-ray photoelectron spectroscopy (XPS) to elucidate
the reaction mechanism between PEG/MoS2@BC and Cr(VI).
2 Materials and methods
2.1 Materials

Rice straw was purchased from a farm on the outskirts of Jinan,
Shandong province, and then made into biochar. Polyethylene
glycol (PEG) with a molecular weight of 400 Da (PEG 400) was
purchased from Tianjin Institute of Photochemical Industry
(Tianjin, China), ammonium molybdate ((NH4)6Mo7O24$4H2O)
was purchased from Tianjin Guangfu Technology Development
Co., Ltd (Tianjin, China), sodium sulde nonahydrate (Na2-
S$9H2O) was purchased from Shanghai Titan Science Co., Ltd
(Shanghai, China), potassium dichromate (K2Cr2O7, 99.8%) was
purchased from Shanghai McLin Biotech Co., Ltd (Shanghai,
China), 1,5-diphenylcarbohydrazide (C13H14N4O) was
purchased from National Pharmaceutical Group Chemical
Reagent Co., Ltd (Shanghai, China), absolute ethanol (C2H6O)
and sodium hydroxide (NaOH) were purchased from Guang-
dong Xilong Science Co., Ltd (Guangdong, China), and sulfuric
acid (H2SO4) and hydrochloric acid (HCl) were purchased from
Zhejiang Zhongxing Chemical Reagent Co., Ltd (Zhejiang,
China). All reagents were analytical-grade and used without
further purication. Distilled water was used to prepare all
experimental solutions.
2.2 Preparation of PEG/MoS2@BC

Rice straw, purchased from a farm in the suburbs of Jinan,
Shandong province, was used as the raw material for the
preparation of biochar via high-temperature pyrolysis. In short,
the rice straw was dried in an oven at 110 °C. Then, it was
washed for 10 min with a 10% HCl solution. 100 g of dried rice
straw was crushed and screened to 200 mesh (particle size < 74
mm). It was calcined at 500 °C for 2 h in a low-oxygen muffle
furnace to obtain rice straw biochar. A highly efficient
© 2025 The Author(s). Published by the Royal Society of Chemistry
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biosorption composite (PEG/MoS2@BC) was constructed via the
hydrothermal synthesis of MoS2 with ammonium molybdate
and sodium sulde precursors, with the addition of appropriate
amounts of PEG and rice straw biochar during the hydro-
thermal process. Specically, 100 mL of 0.2 mol L−1 S2− and
0.1 mol L−1 Mo2+ were added to a beaker, which was heated for
10 min. Then 5 g of biochar and 1 g of PEG 400 were added, and
heating continued for 60 min. The whole mixture was heated in
an electric furnace under stirring. During the heating process,
distilled water was continuously added to maintain the volume
of the solution at around 100 mL. Finally, the beaker was
allowed to cool, and it was let stand until layers formed. The
supernatant was removed and it was placed in a low-
temperature drying oven to dry to a constant weight. As
a result, PEG/MoS2@BC was obtained. The synthesis procedure
for the PEG/MoS2@BC composite is displayed in Fig. 1.
2.3 Characterization techniques

SEM (Electronics company, Japan) was used for observing the
surface morphology and structure of the adsorbent. At the end
of SEM, the composition, distribution and content of elements
in BC and the PEG/MoS2@BC composite were determined
based on energy dispersive spectroscopy (EDS) that was carried
out at 20 kV. The functional group distribution on the surface of
BC and the PEG/MoS2@BC composite was analyzed using FT-IR
Fig. 1 The synthesis procedure for the PEG/MoS2@BC composite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
spectroscopy (Nigoli, USA) in the wavenumber range of 400–
4000 cm−1. An Empyrean powder XRD diffractometer (Pan-
alytical, Holland) was used to analyze the surface images of BC
and the PEG/MoS2@BC composite. All patterns were scanned at
a rate of 3 s per step, and 2q ranged from 10 to 60°. The elec-
tronic and chemical states of the samples were analyzed by XPS
(Thermo Scientic K-Alpha, China). XPS data were assigned
with the C 1s binding energy (284.80 eV) as the standard.43
2.4 Batch adsorption experiments with Cr(VI)

The effects of different factors on performance for the removal
of Cr(VI) by PEG/MoS2@BC were examined via batch experi-
ments. 1 g L−1 Cr(VI) stock solution was prepared with K2Cr2O7

crystals that were diluted to specic concentrations for inves-
tigation. The specic operations were as follows. Firstly, we
prepared a certain concentration of Cr(VI) solution from the
stock solution. Then, we measured 100 mL of Cr(VI) solution
and poured it into a 250 mL conical ask. Subsequently, we
added a certain amount of adsorbent into the 250 mL conical
ask. Following this, we gently shook the 250 mL conical ask
and replaced the stopper. Finally, we placed it in a thermostatic
oscillation box. It was allowed to oscillate at 150 rpm. When the
entire adsorption process reached equilibrium, the supernatant
was collected and ltered through a 0.45 mm water ltration
membrane. The concentration of Cr(VI) was determined using
RSC Adv., 2025, 15, 46967–46980 | 46969
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a UV spectrometer (752N, INESA, Shanghai) at 540 nm via the
1,5-diphenylcarbohydrazide spectrophotometer method.44 A
blank control (no adsorbent added) was used to avoid the
inuence of precipitation on the adsorption process.

For the sake of our study, to examine the removal mecha-
nism and characteristics of the adsorption process, the
adsorption performance and behavior at different initial pH
levels (2, 4, 6, 8, 10, and 12), initial concentrations (20 mg L−1,
40 mg L−1, 60 mg L−1, 80 mg L−1, and 100 mg L−1), reaction
times (5, 15, 30, 60, 90, 150, 210, 300, and 360 min) and
temperatures (298.15 K, 308.15 K and 318.15 K) were investi-
gated. The experiment was carried out by adding 0.1 g of PEG/
MoS2@BC into 100 mL of 20 mg L−1 Cr(VI) solution at an initial
pH of 6 and reaction temperature of 308.15 K for a reaction time
of 360 min. The residual Cr(VI) was determined based on the
extraction of aliquots and ltration when the entire adsorption
process reached equilibrium. The sorption isotherm of Cr(VI)
solution at 298.15 K was analyzed, and the residual Cr(VI) was
also determined based on the extraction of aliquots with
ltration at several time points over 6 h. In addition, the
removal rate (R (%)) and uptake capacity (qe (mg g−1)) were
calculated from the following eqn (1) and (2).

R (%) = (C0 − Ce)/C0 × 100% (1)

qe (mg g−1) = (C0 − Ce) ×V/m (2)

where C0 and Ce represent the initial and equilibrium Cr(VI)
concentrations in solution, respectively (mg L−1), V is the
volume of the solution (L),m is the mass of adsorbent (g) and qe
(mg g−1) is the equilibrium sorption capacity.
2.5 Statistical analysis

Three parallel experiments were carried out to deal with the
experimental data independently and repeatedly. The data were
analyzed based on means and standard deviations. The gures
were drawn based on the plotting function of Origin 2022. With
this, the partial data obtained via the above experiments were
linearly tted using the ordinary least squares method. Signif-
icant difference analysis was applied using SPSS 25.0 statistical
soware. Statistical differences were considered signicant at P
< 0.05. The reaction kinetics data were tted by the pseudo-rst-
order kinetics (eqn (3)) model and the pseudo-second-order
kinetics model (eqn (4)). Adsorption isotherms were tted
using the Langmuir (eqn (5)) and the Freundlich (eqn (6))
isothermal models. Calculations of the thermodynamic
parameters were done using eqn (7). The equations are as
follows:

lgðqe � qtÞ ¼ lg qe � k1 � t

2:303
(3)

t

qt
¼ 1

k2 � qe
þ t

qe
(4)

where qt and qe represent the adsorption capacity (mg g−1) of
the adsorbent at time t and equilibrium, respectively, and k1
(min−1) and k2 (g mg−1 min−1) represent the quasi-primary
46970 | RSC Adv., 2025, 15, 46967–46980
adsorption rate constant and the quasi-secondary adsorption
rate constant, respectively. In addition:

Ce

qe
¼ 1

qm � KL

þ Ce

qm
(5)

ln qe ¼ ln KF þ 1

n
ln Ce (6)

where qe and qm represent the equilibrium and saturated
adsorption capacity (mg g−1), respectively, Ce is the equilibrium
adsorption concentration (mg L−1), and KL, KF and n are the
equilibrium adsorption constants (L mg−1). Also:

DG� ¼ �RT ln
qe

Ce

(7)

ln
qe

Ce

¼ DS�

R
� DH�

RT
(8)

where qe represents the equilibrium adsorption capacity (mg
g−1), Ce is the equilibrium adsorption concentration (mg L−1),
DG° represents the change in Gibbs free energy under standard
conditions (kJ mol−1), T stands for temperature (K), R is the gas
constant, and DH° and DS° are calculated from the slope and
the intercept of related plots.
3 Results and discussion
3.1 Characterization of materials

The surface morphologies of biochar (BC) and the PEG/
MoS2@BC composite material were analyzed using SEM.
Scanning electron micrographs of BC (Fig. 2(A)) and the PEG/
MoS2@BC composite material (Fig. 2(B)), magnied 5000 times,
are shown in Fig. 2.

As shown in Fig. 2(A) and (B), signicant differences in the
external morphologies of BC and the PEG/MoS2@BC composite
material can be observed. The surface of the original BC was
relatively smooth, with a ake-like structure of varying sizes and
few surface pores. It is clearly shown (Fig. 2(B)) that many
uniformly distributed strips of material (MoS2) are present on
the irregular surface of biochar. It can be observed that these are
attached to the biochar, forming a rough surface. In the pres-
ence of PEG, the problem of the poor dispersion of MoS2 was
improved to some extent, reducing agglomeration while stabi-
lizing MoS2. This was consistent with the results of existing
studies. Wu et al. found that when PEG was added, a large
number of –OH functional groups were introduced, and nZVI
was effectively dispersed on the BC surface.42 It was shown that
the strips on the surface of the biochar were MoS2. The PEG and
MoS2 composite material was successfully loaded onto the bi-
ochar. PEG and biochar effectively increased the dispersion of
MoS2. Therefore, it is evident that a large amount of MoS2 was
loaded on the biochar, thereby increasing the contact area. This
improved the biochar's ability to remove Cr(VI).

The EDS spectra of BC, PEG/MoS2@BC and PEG/MoS2@BC-
Cr are shown in Fig. 3. BC is mainly composed of C and O
elements, and the percentages of the two elements were 81.86%
and 18.09%, respectively (Fig. 3(A)). Additionally, Mo (20.16%)
and S (1.28%) were observed in PEG/MoS2@BC along with C
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of BC (A) and PEG/MoS2@BC (B).
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(63.25%) and O (14.91%) (Fig. 3(B)). The above elements were
evenly distributed. This indicates that biochar serves as a scaf-
fold material, uniformly loaded with Mo and S elements. Due to
the large surface area of biochar and the ability of PEG to
improve the dispersion of MoS2, MoS2 can be evenly attached to
the surface of biochar. In other words, the preparation of PEG/
MoS2@BC has been proved to be successful, consistent with the
results shown in Fig. 2. In addition to the four elements—C
(80.29%), O (17.9%), Mo (0.98%) and S (0.55%)—Cr (0.18%) was
observed in Fig. 3(C). This indicated that PEG/MoS2@BC
successfully adsorbed Cr(VI).

The crystal structures of BC and PEG/MoS2@BC composites
were analyzed based on X-ray diffraction patterns. The XRD
spectra of BC and the PEG/MoS2@BC composite are shown in
Fig. 4. The black line in Fig. 4(A) shows the BC spectrum. It has
two weak crystal diffraction peaks at 2q values of 20.38° and
26.68°, which are similar to the typical structure of biochar.45 In
addition, a mild peak occurring at 2q = 27.52° might be due to
the presence of inorganic Si elements from rice straw. In the
PEG/MoS2@BC spectrum (Fig. 4(A), blue line), typical diffrac-
tion peaks for MoS2 appeared at 2q values of 14.9°, 34.4°, and
56.74°, which represent the (002), (100), and (110) planes of
MoS2, respectively [PDF#37-1492].46 This indicated that MoS2
had been successfully loaded on the BC surface. Aer PEG@BC
sulfation with MoS2, the representative peaks of biochar
at 20.38° and 26.68° disappeared because the biochar was
Fig. 3 EDS spectra of BC (A), PEG/MoS2@BC (B), and PEG/MoS2@BC-C

© 2025 The Author(s). Published by the Royal Society of Chemistry
covered by MoS2. Some of the diffraction peaks elsewhere may
be the result of interactions between biochar and MoS2.

The FT-IR spectra of BC and the PEG/MoS2@BC composite
are shown in Fig. 4(B). For BC (Fig. 4(B), black line), there was an
absorption peak at 518 cm−1, which was caused by the C–O
stretching vibration. The absorption peak at 1121 cm−1 was
caused by the O–C–O stretching vibration. The absorption peak
at 1384 cm−1 was caused by the C–OH stretching vibration.47

The peak at 1626 cm−1 was caused by the C]C stretching
vibration. The characteristic peak at 3421 cm−1 was attributed
to the vibration of the –OH functional group.48 PEG/MoS2@BC
contains the same functional groups as BC. However, compared
with BC, PEG/MoS2@BC has stronger intensities for each
characteristic peak (Fig. 4(B), blue line). Among them, the
enhancement of the characteristic peak of C–OH may be due to
the addition of PEG, which increased the hydroxyl (–OH)
content. This was consistent with the research results of Wu
et al.42 They found that when PEG was added to biochar, a large
number of –OH functional groups could be introduced. The
increase in C]O may be due to the formation of more C]O
bonds due to high-temperature oxidation during the prepara-
tion of the composite. The rest of the characteristic peak
changes may result from the interactions between biochar and
MoS2. Notably, the PEG/MoS2@BC composite showed ve new
absorption peaks at 472.48 cm−1, 617.12 cm−1, 879.4 cm−1,
1047.18 cm−1 and 2973.75 cm−1. The peak at 472.48 cm−1
r (C).
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Fig. 4 XRD patterns (A) and FT-IR spectra (B) of biochar and PEG/MoS2@BC.
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should be the characteristic peak caused by the stretching
vibration of Mo–S.44 The absorption peak at 617.12 cm−1 may be
caused by the stretching vibration of S–S. The characteristic
peak of 879.4 cm−1 should be the characteristic peak caused by
the stretching vibration of Mo–O. The peaks at 1047.18 cm−1

and 2973.75 cm−1 may be the result of the interaction between
biochar and MoS2. The results showed that a PEG/MoS2@BC
composite was successfully prepared, which was consistent
with the characterization results described above.
3.2 Adsorption experiments

Fig. 5(A) shows the Cr(VI) removal rate of the PEG/MoS2@BC
composite as a function of contact time. When contact time
increased, the adsorption capacity increased rapidly at rst,
then increased slowly. In this regard, it was speculated that
active sites on the surface of the PEG/MoS2@BC composite
material were abundant in the initial stage of adsorption, and
these then gradually decreased until saturation was reached.

The effect of experimental temperature on the removal rate
of Cr(VI) is shown in Fig. 5(B). Within the temperature range of
298 K to 318 K, as the reaction temperature increased, the
adsorption of Cr(VI) on the PEG/MoS2@BC composite material
improved. Experimental results have shown that at 298 K, the
removal rate of Cr(VI) by the PEG/MoS2@BC composite material
was 77.68%, while at 318 K, the removal rate of Cr(VI) signi-
cantly increases to 89.56%. This may be because of the weak van
der Waals forces between the layers of MoS2, facilitating easy
interlayer sliding. An increase in temperature resulted in an
increase in the interlayer spacing of MoS2. As the layer spacing
increased, more Cr(VI) could be adsorbed into the intermediate
layers of MoS2.

The pH of the solution controlled the adsorption process of
Cr(VI) by affecting the dissociation state of surface functional
groups of the solid adsorbent and the surface charge distribu-
tion, as well as the valence state of Cr(VI) in solution. The
46972 | RSC Adv., 2025, 15, 46967–46980
inuence of pH on the adsorption of Cr(VI) by PEG/MoS2@BC is
shown in Fig. 5(C). As the pH increased, the removal rate of
Cr(VI) by PEG/MoS2@BC gradually decreased, which was
consistent with the results of previous studies.47,49 Because PEG
is stable over a wide pH range, it is not susceptible to environ-
mental factors such as acids and alkalis. Thus, the dispersion of
MoS2 on the BC surface was maintained. The PEG/MoS2@BC
composite was ensured to have abundant adsorption sites.
Additionally, at low-pH, the surface of MoS2 was rich in sulde
groups with Lewis basicity. They can serve as active sites that
selectively bind to metals, effectively adsorbing Cr(VI). As the pH
of the solution increases, the sulfur-containing functional
groups deprotonate. Thus, the PEG/MoS2@BC composite
material becomes negatively charged. As a result, electrostatic
repulsion occurred between Cr(VI) and the PEG/MoS2@BC
composite material, ultimately reducing the removal efficiency
of Cr(VI). Therefore, at low pH, the PEG/MoS2@BC composite
showed better Cr(VI) removal performance.

The adsorption of Cr(VI) by the PEG/MoS2@BC composite
material was inuenced by the initial concentration of Cr(VI), as
shown in Fig. 5(D). As can be seen from Fig. 5(D), at 298 K, as the
concentration of Cr(VI) increased, the removal rate of Cr(VI) from
solution also increased. This may be due to the increased
concentration of Cr(VI) in the aqueous solution, which increased
the chance of Cr(VI) collision with the PEG/MoS2@BC
composite.
3.3 Adsorption kinetics, adsorption isotherms and
thermodynamics

To investigate the mechanism of adsorption, we employed the
pseudo-rst-order kinetic model (PFO) and pseudo-second-
order kinetic model (PSO) to t the adsorption data. The
kinetics tting curves for Cr(VI) ions in PEG/MoS2@BC solution
are shown in Fig. 6(A) and (B).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effects of the operational parameters on Cr(VI) removal in solution: (A) contact time; (B) temperature; (C) pH; and (D) concentration of
Cr(VI).
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Kinetics curves of the adsorption of Cr(VI) in solution on
PEG/MoS2@BC are described in Fig. 6(A) and (B). The results
showed that the correlation coefficient of the pseudo-second-
order kinetic model (R2 = 0.9944) was higher than that of the
pseudo-rst-order kinetic model (R2 = 0.9620). Therefore, the
adsorption process of Cr(VI) on PEG/MoS2@BC can be better
described using the pseudo-second-order model. It was sug-
gested that the adsorption process of Cr(VI) on PEG/MoS2@BC
should involve chemical reactions, such as mineral precipita-
tion, surface complexation, or cation exchange. The adsorption
reaction is usually a comprehensive process involving multiple
steps. Therefore, we further analyzed the steps of the Cr(VI)
adsorption process using the intraparticle diffusion model
(IPD). As shown in Fig. 7 and Table 1, the graph of the intra-
particle diffusion model exhibits a three-stage linear relation-
ship. None of the three segments passes through the origin.
This indicated that surface diffusion was not the only limiting
step in the adsorption process of Cr(VI) on PEG/MoS2@BC. The
linear coefficients (R2) for the three stages were all greater than
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.91. This indicated that the adsorption process of Cr(VI)
consists of multiple steps. The rate constants for the three
stages are in the order K1 > K2 > K3. It is suggested that as time
increased, the adsorption sites on the PEG/MoS2@BC
composite material were occupied by Cr(VI), and then the
diffusion rate gradually slowed down. The rst stage was
generally considered as a surface diffusion stage, where the
adsorption sites on the surface of the PEG/MoS2@BC composite
material react with Cr(VI). The second stage was believed to be
an intraparticle diffusion stage. The third stage was considered
to be a micropore diffusion stage. Aer surface adsorption
saturation, the particles diffuse into the interstices of the PEG/
MoS2@BC composite material. Compared to surface adsorp-
tion, the occurrence of the adsorption reaction becomes diffi-
cult. The diffusion rate gradually decreases until adsorption
equilibrium is reached. The C value represents the diffusion
resistance, which increased gradually from the rst stage to the
third stage. This indicated that the increase in diffusion resis-
tance would hinder the internal diffusion of particles.50–52
RSC Adv., 2025, 15, 46967–46980 | 46973
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Fig. 6 The kinetics for the adsorption of Cr(VI) by PEG/MoS2@BC: (A) pseudo-first-order kinetic model; and (B) pseudo-second-order kinetic
model.

Fig. 7 The intraparticle diffusion model for Cr(VI) on PEG/MoS2@BC.
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Therefore, surface diffusion was not the only step. It was
accompanied by intraparticle diffusion andmicropore diffusion
of the particles.

The adsorption isotherm can provide important information
about the surface properties and adsorption mechanisms of
adsorbents. As shown in Fig. 8(A) and (B), the adsorption of
Cr(VI) by PEG/MoS2@BC was tted using the Langmuir and
Table 1 The IPD parameters for Cr(VI) on PEG/MoS2@BC

K1 mg
g−1 min0.5 C1 mg g−1 R2

K2 mg
g−1 min0.5 C2 m

25.18 −3.57 0.9554 7.36 112.

46974 | RSC Adv., 2025, 15, 46967–46980
Freundlich isotherm models to characterize the adsorption
behavior of PEG/MoS2@BC towards Cr(VI) ions in solution. The
results indicated that the linear correlation coefficient of the
Langmuir model (R2 = 0.9314) was higher than that of the
Freundlich model (R2 = 0.8383). Therefore, the Langmuir
model can effectively depict the adsorption process of Cr(VI) on
PEG/MoS2@BC. This shows that the adsorption of Cr(VI) on
PEG/MoS2@BC was mainly controlled by monolayer chemi-
sorption.53 It was also indicated that the q value calculated via
the Langmuir isotherm model was closer to the experimental
adsorption data.

To further investigate the inuence of temperature on the
adsorption performance of PEG/MoS2@BC toward Cr(VI) and
the adsorption mechanism, thermodynamic equations were
used to evaluate the data. The results are shown in Table 2. It is
shown that the Gibbs free energy (DG°) at all three temperatures
was negative. This indicated that the adsorption process of
Cr(VI) ions (in solution) on PEG/MoS2@BC is spontaneous
under the experimental conditions.42 Meanwhile, the value of
DG° decreased as the reaction temperature increased. This also
conrms the experimental results showing that an increase in
temperature enhances the adsorption of Cr(VI) by the PEG/
MoS2@BC composite material. The value of DH° was
514.85 kJ mol−1. The positive enthalpy change indicated that
the adsorption process was endothermic. The value of DS° was
129.86 J mol−1 K−1. DS° reects the disorder at the solid–liquid
g g−1 R2
K3 mg
g−1 min0.5 C3 mg g−1 R2

96 0.9957 3.98 177.38 0.9313

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The adsorption isotherms for Cr(VI) on PEG/MoS2@BC: (A) the Langmuir isotherm model; and (B) the Freundlich isotherm model.

Table 2 The thermodynamic parameters of Cr(VI) adsorption on PEG/
MoS2@BC

DG° (kJ mol−1)
DH°
(kJ mol−1)

DS°
(J mol−1 K−1) R2298 K 308 K 318 K

−3.09 −4.46 −5.68 514.85 129.86 0.9985
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interface.54 In conclusion, the adsorption process of Cr(VI) by
PEG/MoS2@BC was spontaneous and endothermic.
3.4 Reaction mechanism

In order to further study the possible adsorption mechanism of
Cr(VI) removal, XPS analysis was used to analyze the valence
Fig. 9 XPS survey spectra of samples before (black) and after (red)
Cr(VI) adsorption.

© 2025 The Author(s). Published by the Royal Society of Chemistry
changes of the main elements before and aer adsorption.
Fig. 9 shows the XPS full-scan spectra of PEG/MoS2@BC before
and aer the adsorption of Cr(VI). The main elements were C, O,
S, and Mo. The four peaks at 284.8 eV, 531.22 eV, 233.1 eV, and
164.22 eV were assigned to C 1s, O 1s, Mo 3d, and S 2p,
respectively. Their proportions were 75.15%, 20.31%, 2.45%
and 2.09%, respectively. However, aer the adsorption of Cr(VI),
the Mo 3d peak was signicantly weakened, the O 1s peak was
slightly weakened, the C 1s peak was slightly enhanced, the S 2p
remained almost unchanged, and Cr 2p showed a weak peak at
581.04 eV (Fig. 9, red line). Aer the adsorption of Cr(VI), the
proportions of C, O, Mo and S were 81.47%, 15.58%, 0.63% and
2.00%, respectively, with the remainder being Cr. The appear-
ance of Cr 2p indicated that Cr was efficiently deposited on the
PEG/MoS2@BC surface.52

The C 1s XPS spectra before and aer adsorption are shown
in Fig. 10(A). The C 1s spectra were mainly composed of three
peaks, at 284.80 eV, 286.31 eV, and 287.74 eV, which were
attributed to C]C, C–O, and C]O, respectively. These were the
main functional groups of PEG/MoS2@BC. The negatively
charged peaks at 531.22 eV and 533.08 eV in the O 1s spectra
(Fig. 10(B)) were assigned to oxide (O2−) and surface hydroxyl (–
OH) groups, respectively.53 Aer the adsorption of Cr(VI), the –

OH content increased from 58.47% to 63.38%. This indicated
the formation of the corresponding hydroxide, that is, the
reduction reaction occurred to form Cr(OH)3 (Cr(VI) / Cr(III)).55

The S 2p XPS spectra of PEG/MoS2@BC are shown in
Fig. 10(C). As seen, the characteristic peaks at 164.08 eV and
165.24 eV were attributed to S2− 2p3/2 and S2− 2p, respectively.
The characteristic peaks at 168.03 eV and 170.33 eV were
assigned to SO4

2− 2p3/2 and SO4
2− 2p1/2, respectively.44 Aer the

adsorption of Cr(VI), the electron binding energies of the S2−

2p3/2 and S2− 2p1/2 orbitals of PEG/MoS2@BC increased by 0.07
and 0.19 eV, respectively. The results showed that MoS2 donated
electrons, which helped in the reduction of Cr(VI) to Cr(III).
RSC Adv., 2025, 15, 46967–46980 | 46975
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Fig. 10 XPS spectra of PEG/MoS2@BC before (top) and after (bottom) Cr(VI) adsorption: (A) C 1s, (B) O 1s, (C) S 2p and (D) Mo 3d.
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Fig. 10(D) shows the Mo 3d XPS spectra of PEG/MoS2@BC.
Here, the characteristic peaks at 228.32 eV and 230.34 eV were
attributed to Mo4+ 3d5/2 and Mo4+ 3d3/2 fromMoS2, respectively.
The characteristic peaks at 233.06 eV and 236.21 eV were
attributed to Mo6+ 3d5/2 and Mo6+ 3d3/2 from MoO4

2−, respec-
tively.35,54 The overall content of Mo on the surface decreased
aer the adsorption of Cr(VI). The amount of Mo(VI) decreased
from 91.86% to 68.92%. The proportion of Mo(IV) was elevated.
Combined with the increase in the content of –OH aer the
adsorption of Cr(VI) seen in Fig. 10(B), this indicated that Mo
was involved in the ionic redox reaction of Cr(VI).

According to the characterization experiments, including
SEM, EDS, XRD, FTIR and XPS, it can be observed that the
surface of PEG/MoS2@BC was irregular and rough. MoS2 was
dispersed on the BC surface. Alkoxyl C–O, carboxyl O]C–O, C]
C, C^C, and –OH functional groups exist on the surface of PEG/
46976 | RSC Adv., 2025, 15, 46967–46980
MoS2@BC. Cr(VI) ions in solution can form complexes with
Cr(VI) through hydrogen bonding and functional groups, xing
Cr(VI) on the adsorbent surface. Particularly, under acidic
conditions, Cr(VI) was easily reduced to Cr(III) upon gaining
electrons. Furthermore, the porous structure and large specic
surface area of the PEG/MoS2@BC composite material provide
sites for the physical adsorption of Cr(VI). The material adsorbs
Cr(VI) through pores lled with adsorbent. Meanwhile, in the
low-pH system, the surface of MoS2 was rich in sulde groups
with Lewis basicity. They can serve as active sites to selectively
bind metals, effectively adsorbing Cr(VI). Therefore, this study
proposed that the reaction mechanism by which PEG/
MoS2@BC removes Cr(VI) mainly includes electron attraction,
reduction reactions, complexation, and physical adsorption.
The adsorption mechanism of Cr(VI) on the adsorbent is shown
in Fig. 11.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The adsorption mechanism of Cr(VI) on the adsorbent.

Fig. 12 The regeneration of PEG/MoS2@BC for Cr(VI) removal (reac-
tion conditions: dosage of PEG/MoS2@BC, 0.1 g L−1; reaction time,
360 min; initial concentration of Cr(VI), 20 mg L−1; temperature, 318.15
K; solution pH, 6).
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3.5 Recycling experiments

In order to assess the sustainability and economic viability of
the prepared adsorbent, the regeneration and reusability of
PEG/MoS2@BC were investigated. Regeneration refers to the
restoration of the adsorbent's capacity to sequester contami-
nants, particularly aer it has reached saturation with heavy
metals. In this work, recycling experiments involving PEG/
MoS2@BC were carried out over consecutive cycles. The reac-
tion conditions were as follows: 0.1 g of PEG/MoS2@BC,
20 mg L−1 of Cr(VI), an initial pH of 6, a temperature of 318.15 K
and a reaction time of 360 min. Here, we employed a chemical
washing method using acidic solution to effectively displace
© 2025 The Author(s). Published by the Royal Society of Chemistry
Cr(VI) ions from the adsorption sites. This could be because
there was repulsion at acidic pH between protonated amine
groups and metallic ions that increased the process of desorp-
tion. According to related research, nitric acid was established
as the optimal choice.47 PEG/MoS2@BC, aer the adsorption of
Cr(VI), was soaked in 100 mL of 5% HNO3 solution for 48 h. The
results of recycling experiments are described in Fig. 12.

As the cycle number increased, the adsorption capacity for
Cr(VI) of PEG/MoS2@BC decreased slowly. Several factors
contributed to the reduced adsorption efficiency post-
regeneration, among which structural degradation, a loss of
functional groups, residual uranium ions, and alterations in
surface properties are paramount. The adsorption capacity of
Cr(VI) decreases from 89.56% to 80.14% over ve adsorption and
desorption cycles. The h cycle exhibited only a slight decline
in adsorption capacity, registering a minimal loss of just 9.42%.
When the number of adsorption cycles was ve, the adsorption
capacity for Cr(VI) of PEG/MoS2@BC still reached 80.14%.
Notably, the h cycle exhibited only a slight decline in
adsorption capacity. This implies that the PEG/MoS2@BC is
chemically stable and reusable for wastewater treatment at low
replacement cost.
4 Conclusions

PEG and MoS2 were successfully loaded onto biochar prepared
from rice straw. PEG and biochar effectively reduced the
aggregation of MoS2, resulting in the preparation of an efficient
bio-adsorbent (PEG/MoS2@BC). The adsorption process of
Cr(VI) ions on PEG/MoS2@BC conforms more to the Langmuir
isotherm model and pseudo-second-order kinetic model. In
RSC Adv., 2025, 15, 46967–46980 | 46977
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other words, the removal of Cr(VI) by PEG/MoS2@BC was closer
to a chemical reaction and primarily involved monolayer
adsorption. The adsorption of Cr(VI) ions from solution by PEG/
MoS2@BC was spontaneous and endothermic. The proposed
reaction mechanism for the removal of Cr(VI) ions by PEG/
MoS2@BC mainly includes complexation reactions, reduction
reactions, ion–exchange reactions, and physical adsorption.
The adsorption material PEG/MoS2@BC exhibited high reus-
ability and stability. This study provides a new approach for
environmental pollutant remediation using modied biochar.
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