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moval by expanded graphite
synergized with oxalic acid under UV irradiation†

Ling Zhang, Yanqing Sun, * Jie Sun and Fengming Cao

Expanded graphite (EG), an easily-obtained carbon material with the potential of transferring electrons, was

utilized successfully in the removal of hazardous hexavalent chromium (Cr(VI)) by environment-friendly

oxalic acid (Ox) under UV irradiation. EG with a unique worm-like structure was obtained via a facile

microwave treatment. The results showed that the EG + Ox + UV system had optimum performance,

removing 99.32% of the Cr(VI) (1 mM) within 60 min at pH = 3, and the kinetic rate constant of Cr(VI)

elimination was 7.95 mol L−1 min−1. Three components are potentially involved in the Cr(VI) elimination

mechanism by the EG + Ox + UV system: (1) the direct electron transfer (DET) pathway of the EG-Ox-

Cr(VI) through the acceleration effect of EG caused the majority removal of Cr(VI) under UV; (2) $CO2
−

generated from Ox photolysis was used to reduce some Cr(VI); (3) $CO2
− created from Cr(VI)–Ox

complexes in the solution through the photoinduced electron transfer (PET) pathway also reduced

a little Cr(VI). Overall, the efficient removal of Cr(VI) by the EG + Ox + UV system provided new ideas for

future research on Cr(VI) treatment.
1. Introduction

Most recently, chromium-containing wastewater has become
one of the most threatening water pollutants worldwide.1 The
main existences of chromium in chromium-containing waste-
water are both hexavalent (Cr(VI)) and trivalent (Cr(III)) chro-
mium. Cr(III) is barely harmful or even non-toxic, while Cr(VI) is
famous for its serious carcinogenesis or gene mutation damage
to the human body due to its high toxicity.2 In order to control
chromium pollution, it is particularly crucial to eliminate Cr(VI)
from water.

The process of adsorption can effectively remove Cr(VI) from
water considering the benets of simple operation, low price,
and less secondary pollution,3,4 but subsequent desorption
processes are complicated, and Cr(VI) still has a high level of
toxicity because adsorption simply transfers Cr(VI) from the
solution to the adsorbate. The method of reduction can effec-
tively remove hazardous Cr(VI) from water by converting Cr(VI) to
Cr(III). Especially, the chemical reduction method is widely used
in the industry, in which traditional inorganic reductants (such
as SO2, NaHSO3, and FeSO4) are commonly used.5 Although this
method is easy and efficient to operate, it is still limited to the
requirement of an excess amount of the reductant and the
needed treatment of the large amounts of the by-produced
sludge.
neering, Shanghai University, 99 Shangda
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the Royal Society of Chemistry
Oxalic acid (Ox), the most widely distributed and highest-
content small-molecule organic acid in nature, is effective at
removing Cr(VI) from the environment.6 As an organic reduc-
tant, Ox can be oxidized and released as CO2 aer participating
in the reaction, which is identied as a promising green
reductant with good environmental friendliness. However,
because it oen takes months to years for Ox to directly reduce
Cr(VI),7 it is vital to improving the reduction effect of Ox. The
introduction of ultraviolet (UV),8 Fe(III),9,10 and catalysts11,12 can
speed up the efficiency at which Ox reduces Cr(VI) to some
extent, but the effect is still not satisfactory enough due to
various problems.

In recent years, the development of carbon materials has
received widespread attention. Due to abundant conjugated
structures, carbon materials are conrmed to act as conductors
to transfer electrons between two redox components.13 Xu
et al.14 used a lactic acid/biochar system to achieve the reductive
elimination of Cr(VI). Although lactic acid is a weak electron
donor, biochar can not only effectively enhance the direct
electron transfer of lactic acid to Cr(VI) through conjugated
structures and surface functional groups, but also act as
a certain electron donor, resulting in the efficient Cr(VI) elimi-
nation. Kong et al.15 successfully activated peracetic acid to
remove micropollutants using the similar electron shuttle effect
of reduced graphene oxide. Therefore, it is feasible to use
carbon materials to mediate the reduction of Cr(VI) by Ox.
Expanded graphite (EG), an easily-obtained functional carbon
material, has received attention in water pollution treatment
due to its unique loose and porous structure, low density, and
good stability.16,17 The study of EG mainly focuses on
RSC Adv., 2023, 13, 11547–11556 | 11547
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View Article Online
adsorption, though the Cr(VI) adsorption capacity of EG is only
about 0.28mg g−1.18 Similar to other graphitic materials, EG has
abundant interlayer electrons,19 which makes it a potential
electron donor for Cr(VI) reduction. Besides, under the effect of
conjugated structures, EG is likely to act as a shuttle to enhance
the electron transfer from Ox to Cr(VI) under UV,20 forming an
effective synergistic Cr(VI) removal effect. Differently, because of
the special physical structure, EG can oat on water and receive
more light,21 which may be more favorable for Cr(VI) photore-
duction However, reports on the Cr(VI) photochemical reduction
by EG synergized with Ox have not yet appeared.

In this study, EG was chosen to cooperate with Ox in the
photoreduction of Cr(VI) in an aqueous solution with UV expo-
sure. On the elimination of Cr(VI) by the EG + Ox + UV system,
the impacts of the initial concentration of Ox and Cr(VI), EG
dosage, co-existing ions, and the reusability of EG were
explored. The reduction product of Cr(VI) was also validated by
UV-vis spectroscopy. By studying the impact of the solution's
starting pH, observing the trend variation (pH and Ox concen-
tration) of the solution during the reaction, and performing
radical scavenging experiments, the mechanism of Cr(VI) elim-
ination by the EG + Ox + UV system was also discussed. Inves-
tigations using scanning electron microscopy (SEM), X-ray
diffractometry (XRD), Fourier transform infrared (FT-IR) spec-
troscopy, X-ray photoelectron spectroscopy (XPS), Mott–
Schottky, and electrochemical impedance spectroscopy (EIS)
curves further conrmed the unique role of EG in Cr(VI) elimi-
nation via the EG + Ox + UV system.

2. Materials and methods
2.1. Chemicals and materials

Expandable graphite (50 mesh) was obtained from Qingdao
Kingzhilai Graphite Co., Ltd. Potassium dichromate (K2Cr2O7),
sodium hydroxide (NaOH), hydrochloric acid (HCl), oxalic acid
(H2C2O4), diphenyl carbazide (C13H14N4O), sulfuric acid
(H2SO4), phosphoric acid (H3PO4), acetone (C3H6O), potassium
nitrate (KNO3), sodium chloride (NaCl), sodium carbonate
(Na2CO3), sodium phosphate monobasic (NaH2PO4), iso-
propanol (IPA), carbon tetrachloride (CCl4), titanium trichloride
(TiCl3) (Sinopharm Chemical Reagent Co., Ltd.) and naph-
thoquinone (BQ) (Shanghai Linen Technology Development
Co., Ltd.) were analytical purity.

2.2. Preparation of EG

EG was obtained from expandable graphite by microwave
treatment: 5 g of 50 mesh expandable graphite was placed
within the ceramic bowl and placed into the microwave oven
(WP800TL23-K5, Galanz). Aer heating for 30 s at a working
power of 800 W, the worm-like uffy particles were obtained
and sealed for use.

2.3. Characterizations

The specic morphologies of materials were examined by
a Hitachi SU-1510 SEM. XRD (Rigaku/max-2550V, Hitachi) with
Cu Ka radiation (40 kV, 40 MA) was used to characterize the
11548 | RSC Adv., 2023, 13, 11547–11556
crystal structure of materials. FT-IR spectra were recorded in
a region from 500–4000 cm−1 by an FT-IR spectrometer (Nicolet-
380, Thermo Fisher) to determine the functional groups in
materials. XPS (K-Alpha, Thermo Fisher) was obtained under
a monochromatic Al Ka X-ray source (1486.60 eV). A UV-Vis
spectrophotometer (8453, Agilent) and a visible spectropho-
tometer (722, Tairen) were used tomonitor the reaction process.
A pH meter (PHS-25, Yueping) was used to determine the
solution's pH. An electrochemical workstation was used to
measure the Mott–Schottky and EIS curves of materials
(CHI660E, CH Instruments).

2.4. Experiments of Cr(VI) removal

In a typical experiment, Cr(VI) (1.0 mM) and Ox (5.0 mM) were
added to a 40 ml solution containing 20 mg of EG to disperse,
and the pH of the solution was adjusted to 3 using 1 M NaOH or
HCl. The mixture was placed into a photochemical reactor for
the reaction aer being magnetically stirred in the dark for
30 min (a 250 W high-pressure mercury lamp was applied as the
UV light source). Following the extraction of 1 ml of the reaction
solution at various time intervals for measurements, the Cr(VI)
concentration was measured using diphenylcarbazide spectro-
photometry at 540 nm. The efficiency of Cr(VI) removal was
determined as eqn (1).

E% = 100% × (C0 − Ct)/C0 (1)

where C0 represents the Cr(VI) concentration at the start of the
reaction and Ct represents the Cr(VI) concentration at reaction
time t.

In different univariate experiments, the initial Ox concen-
tration levels were set to 0.5, 1.0, 3.0, and 5.0 mM, the initial EG
dosage level were 0.25, 0.5, 0.75, and 1 g L−1 with the initial
Cr(VI) concentration level set to 0.5, 1.0, 1.5, and 2.0 mM. Cl−,
CO3

2−, NO3
−, and H2PO4

− at a concentration of 1 mM were
chosen as co-existing ions. All the experiments were examined
at room temperature.

The Ox concentration during the reaction was measured by
a TiCl3 color development method.22

To further understand the process of Cr(VI) elimination
within the EG + Ox + UV system, the pseudo-zero-order, pseudo-
rst-order, and pseudo-second-order kinetic models were used
to model the experimental results.

To verify the reusability of EG in the system, the used EG was
obtained by ltration, washing thoroughly with 1 M HCl, and
drying for recycling experiments and characterization.

3. Results and discussion
3.1. Removal of Cr(VI) by the EG + Ox + UV system

Fig. 1(a) shows the elimination of Cr(VI) in various systems.
Cr(VI) concentration was little changed aer 60 min with Ox,
showing that it was difficult to reduce Cr(VI). 2.56% of Cr(VI) was
removed when EG was used, indicating the slow and weak
adsorption of EG for Cr(VI). When EG and Ox were used
together, 46.68% of Cr(VI) was removed. This showed that the
EG + Ox system enhanced the removal of Cr(VI) to a certain
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The elimination of Cr(VI) in various systems, (b) the impact of the initial Ox concentration in EG + Ox + UV system, (c) the impact of the
EG dosage in EG + Ox + UV system, (d) the impact of the initial Cr(VI) concentration in EG + Ox + UV system.
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View Article Online
extent, which may be caused by a specic electron transfer
between EG, Ox, and Cr(VI). However, the effectiveness of
eliminating Cr(VI) still needed to be enhanced.

Under UV irradiation, 37.19% of Cr(VI) was removed by Ox,
which wasmainly attributed to the Cr(VI) photoreduction through
$CO2

− generated from the photolysis of Ox.23 The EG + UV system
showed a small improvement in Cr(VI) removal (6.19%) compared
with EG, indicating the weak light response of EG. Compared to
other systems, the EG + Ox + UV system eliminated 99.32% of the
solution's Cr(VI) content. This suggested that the addition of EG
could efficiently and synergistically improve Ox's ability to
remove Cr(VI). Compared with the Cr(VI) elimination performance
of the reported graphite-based material and Ox-involved system
(Table S1†), the EG + Ox + UV system exhibited an excellent
comprehensive elimination efficiency.

A series of thorough analyses of the initial concentration of
Ox and Cr(VI), EG dose, co-existing ions, and the reusability of
EG in the system were carried out with the goal of eliminating
Cr(VI) in the EG + Ox + UV system. The reduction products of
Cr(VI) were also conrmed.

3.1.1. Impact of initial Ox concentration in EG + Ox + UV
system. In Fig. 1(b), The impact of the initial Ox concentration
in the EG + Ox + UV system is depicted. At an initial Ox
concentration of 0.5 mM, only 23.79% of the Cr(VI) could be
removed. The elimination of Cr(VI) gradually improved to
© 2023 The Author(s). Published by the Royal Society of Chemistry
36.12% and 71.98%, respectively, at the starting Ox concentra-
tions of 1.0 and 3.0 mM. The amount of Cr(VI) in the system was
reduced by 99.32% when the initial Ox concentration was
introduced at 5.0 mM. The improved elimination of Cr(VI) was
directly induced by the higher initial Ox concentration in the EG
+ Ox + UV system, which might be caused by the higher Ox
concentration's ability to produce more reducing species.

3.1.2. Impact of EG dosage in EG + Ox + UV system. Fig. 1(c)
shows the impact of the EG dosage in the EG + Ox + UV system.
At 60 min, 82.28% of Cr(VI) was removed when the EG dosage
was 0.25 g L−1. The elimination of Cr(VI) increased quickly to
99.32% when the EG dosage was raised to 0.5 g L−1. As the EG
dosage was raised to 0.75 g L−1, the elimination of Cr(VI) showed
a small upward trend (100% of the Cr(VI) in the solution could
be eliminated in 50 min). However, when the amount of EG was
increased to 1 g L−1, the elimination of Cr(VI) displayed a slight
falling trend.

The process of removing Cr(VI) from the EG + Ox + UV system
was evaluated for the reaction kinetics by tting the pseudo-
zero-order, pseudo-rst-order, and pseudo-second-order rate
equations. The obtained rate constant (k) and correlation
coefficient (R2) are displayed in Table 1.

The EG + Ox + UV system's Cr(VI) elimination was most
consistent with the pseudo-zero-order kinetic model, according
to the highest R2 value. From Table 1 and the pseudo-zero-order
RSC Adv., 2023, 13, 11547–11556 | 11549
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Table 1 The rate constant (k) and correlation coefficient (R2) of pseudo-zero-order, pseudo-first-order, and pseudo-second-order kinetics in
the EG + Ox + UV system

Dosage of EG

Pseudo-zero-order Pseudo-rst-order Pseudo-second-order

k (mol L−1 min−1) R2 k (min−1) R2 k (L mol−1 min−1) R2

0.25 g L−1 6.78 × 10−1 0.998 2.53 × 10−2 0.944 1.14 × 10−3 0.79
0.5 g L−1 7.95 × 10−1 0.965 6.98 × 10−2 0.883 2.88 × 10−2 0.471
0.75 g L−1 8.54 × 10−1 0.941 5.97 × 10−2 0.948 5.09 × 10−3 0.745
1 g L−1 7.96 × 10−1 0.964 4.61 × 10−2 0.976 2.85 × 10−3 0.850
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kinetic tting curves in Fig. 2, the rate constant k increased from
6.78 mol L−1 min−1 to 7.95 mol L−1 min−1 to
8.54 mol L−1 min−1 as the EG dosage was raised from 0.25 g L−1

to 0.5 g L−1 to 0.75 g L−1, respectively. However, the rate
constant was reduced to 7.96 mol L−1 min−1 when the EG
dosage was raised to 1 g L−1, which was consistent with the
experimental ndings. This suggested that a specic EG dosage
was crucial for the EG + Ox + UV system to remove Cr(VI). A
moderate increase in the EG dose would aid in the elimination
of Cr(VI) by increasing the reaction site, whereas an excessive
amount of EG would decrease the removal of Cr(VI) by occluding
the irradiation of part UV light.

3.1.3. Impact of initial Cr(VI) concentration in EG + Ox + UV
system. Fig. 1(d) depicts the impact of initial Cr(VI) concentra-
tion in the EG + Ox + UV system. With an initial Cr(VI) concen-
tration of 0.5 mM, the EG + Ox + UV system could remove
99.60% of Cr(VI) in 50 min. At 50 and 60 min, the removal effi-
ciency of 94.77% and 99.32%, respectively, could be achieved
when the original Cr(VI) concentration was increased to 1.0 mM.
The elimination of Cr(VI) decreased to 48.48% and 32.29%,
respectively, at 60 min from the initial Cr(VI) concentrations of
1.5 mM and 2.0 mM, respectively. The reducing species were
slowly consumed as the starting Cr(VI) content rose, and the
Cr(VI) removal became increasingly inadequate.

3.1.4. Impact of co-existing ions in EG + Ox + UV system.
The effect of co-existing ions (1 mM of Cl−, CO3

2−, NO3
−, and

H2PO4
−) in the EG + Ox + UV system is shown in Fig. 3(a) to help

comprehend the removal of Cr(VI) by the EG + Ox + UV system. At
60 min, the elimination of Cr(VI) by the EG + Ox + UV system was
Fig. 2 The pseudo-zero-order kinetic fitting curves for Cr(VI) elimi-
nation with different EG dosage.

11550 | RSC Adv., 2023, 13, 11547–11556
affected differently by the addition of various co-existing ions.
No interference was caused by the addition of Cl− when the EG
+ Ox + UV system was eliminating Cr(VI). With the addition of
NO3

−, a little increase in the removal of Cr(VI) was observed,
which was likely brought on by the radicals that NO3

− formed
when exposed to UV.24 The elimination of Cr(VI) was weakened
by the addition of CO3

2− and H2PO4
−, which might have been

caused by the competing H+ consumption.
Additionally, how coexisting ions affected the EG + Ox + UV

system at 5 min was different from that at 60 min: at 5 min, the
Cr(VI) removal was boosted by the inclusion of the four co-
existing ions. These might be explained by the short-term
increase in conductivity of the solution brought about by the
addition of co-existing ions, which favoured the elimination of
Cr(VI). The little rise in Cr(VI) elimination with CO3

2− addition
over the other three ions might be due to the substantial
competitiveness of CO3

2−, for H+ consumption in the solution.
3.1.5. The capacity to reuse EG in EG + Ox + UV system. In

Fig. 3(b), The reusability of the elimination of Cr(VI) by EG in the
EG + Ox + UV system is demonstrated. Cr(VI) removal effective-
ness decreased from 99.32% in Cycle 1 to 79.86% in Cycle 2, and
it continued to fall to 59.39% in Cycle 3 and only 29.32% in
Cycle 4. The EG + Ox + UV system's ability to remove Cr(VI)
signicantly decreased aer four cycles of EG use. This might be
the result of EG's consumption during the EG + Ox + UV
system's elimination of Cr(VI), which also suggested that EG was
involved in Ox's photoreduction removal of Cr(VI).

3.1.6. Conrmation of Cr(VI) reduction products. As shown
in the inserted illustration in Fig. 3(c) and (d), Cr(VI) was gradually
removed from the solution during which the solution's color
gradually changed from pale yellow at the beginning to colorless
at the end of the Cr(VI) elimination procedure via the EG + Ox +
UV system. The usage of a UV-vis spectrophotometer was to keep
track of the solution throughout the reaction in order to conrm
the Cr(VI) reduction products by the EG + Ox + UV system. In the
UV-vis spectrum shown in Fig. 3(c), the characteristic peak of
Cr(VI) at 350 nm steadily diminished until it vanished. In the
meantime, the characteristic peak at 570 nm classied as Cr(III)–
Ox complexes25 gradually emerged and grew over time, as shown
in Fig. 3(d). These demonstrated that Cr(VI) had undergone a full
reduction and was present as Cr(III)–Ox with Ox.26
3.2. Mechanism of Cr(VI) reduction in EG + Ox + UV system

3.2.1. Impact of the EG + Ox + UV system's starting pH.
Fig. 4(a) depicts the impact of the starting pH in the EG + Ox +
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The impact of co-existing ions in EG + Ox + UV system, (b) the reusability of EG in EG + Ox + UV system, the UV-Vis spectra of the
solution at (c) 350 nm and (d) 570 nm during the reaction.
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UV system. 99.32% of Cr(VI) had been eliminated at 60 min with
a starting pH = 3. The starting pH was raised to 5, and the
elimination of Cr(VI) quickly fell to 31.60%. Only 4.49% and
0.76% of Cr(VI) were eliminated from the system when the
starting pH values increased to 7 and 9, respectively. It
demonstrated that in the EG + Ox + UV system, the acidic
environment was more favorable for Cr(VI) photoreduction.

On the one hand, the major existence of Cr(VI) and Ox would
vary with the starting pH of the solution, which had different
reactivity in the redox reaction. Cr(VI) species were present as
HCrO4

− at pH < 6 or CrO4
2− at pH > 6, respectively. Due to the

higher electrode potentials, it was simpler to convert HCrO4
− to

Cr(III) than CrO4
2− (E0(HCrO4

−/Cr3+) = 1.35 VNHE, E0(CrO4
2−/

Cr3+) = 0.56 VNHE).27 At the same time, the predominated
formation of Ox at pH < 4.2 was HC2O4

− and C2O4
2− at pH > 4.2.

It could be seen that HC2O4
− was more reactive than C2O4

2−

because the power required to rupture the C–C bond in HC2O4
−

(99.48 kJ mol−1) was substantially lower than that in C2O4
2−

(186.40 kJ mol−1).27 Because of this, the HC2O4
− in the system

was simpler to reduce HCrO4
− at pH = 3 to reach the highest

Cr(VI) removal efficiency.
Moreover, HC2O4

− (the main existence of Ox at pH = 3) was
easily underwent photolysis to $CO2

− for Cr(VI) photoreduction
removal (eqn (2) and (3)).28

HC2O4
− + O2 + hn / H+ + $C2O4

− + $O2
− (2)
© 2023 The Author(s). Published by the Royal Society of Chemistry
$C2O4
− / $CO2

− + CO2 (3)

Additionally, at pH = 3, the oxygen-containing functional
groups of EG would be protonated. Then, by electrostatic
attraction, part of Cr(VI) and Ox were easily attracted to the
surface of EG. Aer then, a highly active structure among EG,
Ox, and Cr(VI) probably formed, which was favorable for electron
transport and eventually contributed to lowering Cr(VI).

3.2.2. pH trend variation in the EG + Ox + UV system. In
Fig. 4(b), at a starting pH = 3, the Cr(VI) elimination efficiency
(E%) and pH variation (DpH) (DpH = pHt − pH0, pH0 and pHt

are the initial pH and the pH at time t, respectively) at different
reaction periods in the EG + Ox + UV system were observed. The
trend of the solution's pH increasing steadily along with the
increase of E% during the reaction was observed. The solution's
pH was 6.7 when Cr(VI) elimination reached 99.32% at 60 min,
and DpH increased to 3.7. This demonstrated that the H+

consumption happened in the elimination of Cr(VI) by using the
EG + Ox + UV system, which might be primarily due to the Ox
consumption in the system.

3.2.3. Trend variation of Ox concentration in EG + Ox
system's elimination of Cr(VI). The involvement of Ox in the EG
+ Ox system was studied as a comparison of the system with UV.
The trend variation of Ox concentration in the EG + Ox system's
elimination of Cr(VI) is shown in Fig. 4(c). Compared to the weak
adsorption removal by EG and almost no reduction by Ox, EG +
RSC Adv., 2023, 13, 11547–11556 | 11551
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Fig. 4 (a) The impact of the starting pH in the EG + Ox + UV system, (b) pH trend variation in solution of the EG + Ox + UV system, Ox
concentration trend variation of (c) the EG +Ox system and (d) the EG +Ox + UV system at pH= 3, effects of free radical scavenging in (e) the EG
+ Ox system and (f) the EG + Ox + UV system.
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Ox exhibited an obvious Cr(VI) removal accompanied by
a certain amount of Ox consumption. 21.86% of Ox was
consumed by the EG + Ox system to achieve 46.68% elimination
of Cr(VI) at 60 min. Ox consumption at this time might be
mainly due to the formed highly active structure between EG,
Ox, and Cr(VI) (like EG–Ox–Cr(VI)). With the ability to accelerate
the direct electron transfer (DET) pathway15 of EG, the DET
pathway in EG–Ox–Cr(VI) might proceed spontaneously, and the
progressive conversion from Cr(VI) to Cr(III) would be achieved
by the electrons from Ox and EG.

3.2.4. Trend variation of Ox concentration in EG + Ox + UV
system's elimination of Cr(VI). The trend variation of Ox
concentration during Cr(VI) removal in the EG + Ox + UV system
was also monitored, and the results are shown in Fig. 4(d).
11552 | RSC Adv., 2023, 13, 11547–11556
9.95% of Ox was consumed and 10.36% of the system's Cr(VI)
was eliminated at 0 min of UV exposure. These might be
attributed to the DET pathway in EG–Ox–Cr(VI) among Ox, EG,
and Cr(VI). From 0 to 60 min of UV exposure, the efficacy of
eliminating Cr(VI) soon increased from 10.36% to 99.32%, and
the consumption of Ox also increased signicantly from 9.95%
to 44.79%. In contrast to the EG + Ox system in Fig. 4(c), the EG
+ Ox + UV system in Fig. 4(d) displayed more notable Cr(VI)
elimination and increased Ox consumption. Firstly, UV irradi-
ation would decompose part of Ox to produce $CO2

− and thus
accelerate the Cr(VI) reduction (eqn (4)). Then, upon UV expo-
sure, Cr(VI)–Ox complexes formed by Cr(VI) and Ox would
produce a little $C2O4

− (ref. 26) and eliminate Cr(VI) with $CO2
−

through the photoinduced electron transfer (PET) pathway (eqn
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of EG (a, b) and EG after reaction (c, d).

Fig. 6 XRD patterns of EG and EG after the reaction.
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(3) and (5)). Thirdly, a large part consumption of Ox caused by
the signicant synergistic effect between EG–Ox–Cr(VI) and UV
would generate faster inner electron ow to reduce more Cr(VI)
through the higher efficient spontaneous DET pathway in the
EG–Ox–Cr(VI).

Cr(VI) + $CO2
− + H+ / Cr(III) + CO2 + H2O (4)

Cr(VI)–Ox + hn / Cr(III)–Ox + $C2O4
− (5)

3.2.5. Radical scavenging experiments. As shown in
Fig. 4(f), the radical scavenging experiments (1mMCCl4, IPA, BQ)
were used as scavengers for carbon dioxide radicals ($CO2

−),
hydroxyl radicals ($OH) and superoxide radicals ($O2

−), respec-
tively, to conrm the active substances for Cr(VI) photoreduction
in EG + Ox + UV system, and the same experiments were also
compared in the EG + Ox system shown in Fig. 3(e).

According to Fig. 4(f), the EG + Ox + UV system's ability to
remove Cr(VI) decreased with the addition of CCl4 from 99.32% to
75.06%, demonstrating the presence of $CO2

− active species in
the Cr(VI) removal process. $CO2

− played an active species role in
Cr(VI) elimination by the system, which was benecial to Cr(VI)
reduction.When $OHwas caught by IPA, the elimination of Cr(VI)
decreased to 75.20%, demonstrating the presence of $OH in the
system. $OH, as the products of Ox photolysis (eqn (6)),29 could
oxidize Ox to $CO2

− and thus improve the system's ability to
eliminate Cr(VI) (eqn (7)).30 The capture of $OH would limit the
generation of $CO2

−, which prevented the EG + Ox + UV system
from photo-reducing Cr(VI). The Cr(VI) elimination in the system
rose greatly (100% at 50 min) when BQ was added to the system
to capture $O2

−, demonstrating that $O2
− impeded the Cr(VI)

elimination. The reaction between the oxygen in the air and the
$CO2

− in the EG + Ox + UV system resulted in the generation of
$O2

− (eqn (8)).31 A part of $CO2
− would be consumed in the

production of $O2
−, and $O2

− as oxidative radicals would also
expand reducing species within the system. When $O2

− was
captured, the amount of reducing species would increase, then
the efficiency of Cr(VI) reduction would be improved.

Ox + hn / $OH + $OCCOOH (6)

Ox + $OH / $CO2
− + H2O (7)

$CO2
− + O2 + H+ / CO2 + HO2/$CO2

− (8)

While in Fig. 4(e), the scavenging of radicals had little impact
with regard to the EG + Ox system's elimination of Cr(VI),
demonstrating that the system was not affected by free radical
action. The EG + Ox system's Cr(VI) elimination might have been
largely caused by the spontaneous DET pathway in the formed
EG–Ox–Cr(VI).
Fig. 7 FT-IR patterns of EG and EG after reaction.
3.3. The function of EG in EG + Ox + UV system's elimination
of Cr(VI)

Data using SEM, XRD, FT-IR, XPS, Mott–Schottky as well as EIS
curves of EG and EG aer reaction were collected to further
© 2023 The Author(s). Published by the Royal Society of Chemistry
explore the function of EG in the EG + Ox + UV system's elimi-
nation of Cr(VI).

Surface morphologies of EG and EG aer the reaction were
analyzed by SEM. At low magnication, EG aer the reaction in
Fig. 5(c) maintained the same worm-like structure as well as the
RSC Adv., 2023, 13, 11547–11556 | 11553
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Fig. 8 XPS spectra of EG and EG after reaction: (a) survey, (b) C 1s in
EG and EG after reaction, (c) Cr 2p in EG after the reaction.

Fig. 9 (a) Mott–Schottky curve of EG, (b) EIS curves of EG and EG after
the reaction.
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EG in Fig. 5(a). At higher magnication, the surface appearance
of EG aer the reaction in Fig. 5(d) was different from that of EG
in Fig. 5(b). EG appeared as a atter layered-graphite structure,
while EG aer the reaction presented the stripped graphite layer
with the bumpy and irregular morphology structure. This might
be due to the graphite layers of EG being changed aer partici-
pating in the process of Cr(VI) elimination.

XRD was also analyzed on EG and EG aer the reaction in
Fig. 6. Both EG and EG aer the reaction showed a characteristic
diffraction peak of graphite crystal face (002) at the position of 2q
11554 | RSC Adv., 2023, 13, 11547–11556
= 26.48°, corresponding to the formation of curling, overlapping,
or stacking of the multilayer graphene structure in EG.32 While
the intensity of the diffraction peak of EG aer the reaction
decreased compared with EG, which indicated the disorder in the
crystal structure inside EG aer the reaction.19 This might be due
to the exfoliation of the internal ake graphene structure during
the reaction process.

Fig. 7 depicts the FT-IR patterns of EG and EG aer the
reaction. Compared to EG, the intensity of the peak ascribed to
the C–C stretch at 1634 cm−1 decreased33 and that of the peak
belonging to C–O at 1063 cm−1 increased in the EG aer the
reaction, which could be explained by the participation of C–C
of EG and the formed C–O in Cr(VI) reduction. A new peak at
583 cm−1 appeared in EG aer the reaction was credited to the
Cr–O stretching vibration,34 which might be due to the creation
of EG–Ox–Cr(VI).

XPS survey spectra of EG and EG aer the reaction are dis-
played in Fig. 8(a). The C 1s (binding energy = 284.80 eV) and O
1s (binding energy = 531.08 eV) peaks were dominant in the
XPS spectrum of EG and EG aer the reaction.35 Compared with
EG, C 1s in EG aer the reaction increased from 81.7% to
91.1%, and O 1s decreased from 18.6% to 9.1%, which might be
mainly caused by the consumption of EG.

In the C 1s spectra of EG and EG aer the reaction (Fig. 8(b)),
the peak centered at 284.0 eV could be assigned to a C–C bond
with an sp2 orbital,36 and peaks located at 285.1 eV and 287.4 eV
could be indexed to the characteristics of C–O and C]O.37

Compared to EG, C–C with sp2 orbital in EG aer reaction
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The possible mechanism for the Cr(VI) elimination in the EG + Ox + UV system.
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decreased from 69.9% to 57.5%, while C–O and C]O increased
from 12.7% and 17.4% to 21.2% and 21.3%, respectively. This
might indicate that C–C with sp2 orbital was the main group of
EG involved in the reaction, which was oxidized to C–O and
C]O aer donating electrons,38 which was consistent with the
conclusion obtained in the FT-IR spectrum.

Additionally, the survey spectrum of EG aer the reaction
also showed a minor peak of Cr 2p. In the Cr 2p pattern of EG
aer the reaction in Fig. 8(c), four peaks at 577.26 eV, 588.56 eV,
and 575.77 eV, 585.92 eV could be tted,39 indicating strong
evidence for the existence of Cr(VI) and Cr(III). Among them, the
contents of Cr(VI) and Cr(III) were 40.6% and 59.4%, respectively.
The presence of Cr(VI) and Cr(III) species on EG aer the reaction
might be due to the residue of the formed EG–Ox–Cr(VI) during
the EG + Ox + UV system's elimination of Cr(VI).

Mott–Schottky and EIS curves were collected to conrm that
EG possessed the ability to give electrons for Cr(VI) reduction.
Fig. 9(a) indicated that EG's at band potential was around
−0.90 eV (vs. Ag/AgCl, pH = 7), which was comparable to
−0.67 V (vs. NHE, pH = 7).40 So the ECB of EG was estimated to
be around −0.67 V (vs. NHE, pH = 7). A negative value of ECB
indicated that EG possessed the potential ability to give its
electrons. In the EIS plot, as shown in Fig. 9(b), EG aer the
reaction had a larger arc radius than EG, implying the higher
interfacial charge transfer resistance of EG aer the reaction
than EG, which resulted in the decrease for EG + Ox + UV
system's removal of Cr(VI) aer the reuse of EG.

According to the aforementioned investigation, the EG + Ox +
UV system's Cr(VI) reduction possible mechanism was mostly
made up of three components (Fig. 10): (1) with EG's accelera-
tion effect of the UV exposure, the formed EG–Ox–Cr(VI) with
highly active electrons among EG, Ox, and Cr(VI) could effec-
tively achieve the reduction of Cr(VI) within the system through
the spontaneous DET pathway; (2) Ox could generate $CO2

−

when exposed to UV to reduce Cr(VI); (3) Cr(VI)-Ox complexes
© 2023 The Author(s). Published by the Royal Society of Chemistry
could likewise produce $CO2
− with UV to eliminate a small

portion Cr(VI) by the PET pathway.
4. Conclusions

In this study, we report that the easily-obtained EG with the
potential of transferring electrons successfully improved the
Cr(VI) photoreduction elimination by environmentally-
acceptable Ox. The moderate dosage of EG, the lower pH, and
the greater Ox concentration in the EG + Ox + UV system
contributed to the removal of Cr(VI). The mechanism of the EG +
Ox + UV system's elimination of Cr(VI) was mainly attributed to
the synergetic effects of self-reactive reduction (the spontaneous
DET pathway in Cr(VI)–Ox–EG with acceleration effect of EG)
and photochemical reduction ($CO2

− produced by photolysis of
Ox and the PET pathway in Cr(VI)–Ox complexes). The results of
our research provided new ideas for future research on carbon
materials in the eld of Cr(VI) treatment.
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