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ABSTRACT: The demethylation of methylmercury has received
substantial attention. Here, a novel chemical method for the
demethylation of methylmercury is proposed. The low-toxicity
graphene-fulvic acid (FA, a ubiquitous material in the environment)
was synthesized without the use of a chemical reagent. The hybridized
graphene-FA presented an indirect open band gap of 2.25−2.87 eV as
well as adequate aqueous dispersion. More importantly, the hybridized
graphene-FA exhibited 6- and 10-fold higher photocatalytic efficiencies
for the demethylation of methylmercury than FA and free FA with
graphene, respectively. This result implies that immobilized, rather than
free, FA accelerated the catalysis. Furthermore, inorganic mercuric ion,
elemental mercury, and mercuric oxide were identified as the primary
demethylation products. For free FA with graphene, graphene quenches
the excited-state FA, inhibiting the demethylation by electron transfer.
In contrast, the graphene of the self-assembled graphene-FA serves as an electron reservoir, causing electron−hole pair
separation. Graphene-FA showed a negligible toxicity toward microalgae compared to graphene. The above results reveal that the
green synthesis of graphene and organic molecules is a convenient strategy for obtaining effective cocatalysts.
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■ INTRODUCTION

Methylmercury (MeHg) exhibits substantial neurotoxicity,
genotoxicity, and reproductive toxicity and poses significant
health risks to humans.1,2 The most commonly used strategies
to remove mercury from the environment involve sorption, ion
exchange, precipitation, and electrochemical techniques;
however, these techniques are insufficient for demethylation
or they generate secondary contamination.3 The demethylation
of MeHg in aquatic environments is hypothesized to occur
primarily via microbial processes.4 The novel chemical
demethylation of methylmercury through photolysis is
considered an effective method to reduce the risks of MeHg,
especially when nanomaterials are used as photocatalysts.4,5

Titanium dioxide (TiO2), nanotubes, and activated carbon as
catalysts have shown excellent capabilities for removing
elemental mercury or inorganic mercury.6,7 Compared to
TiO2, nanotubes, and activated carbon, two-dimensional
graphene exhibits a large surface area, excellent catalytic
capacity, and good biocompatibility.8−10

However, the valence and conduction bands formed meet at
the Brillouin zone corners, which makes graphene a zero band
gap semiconductor with a limited ability to photocatalyze
pollutant degradation.11 Many researchers have attempted
chemical modifications to open the band gap, for example, by

coupling graphene with organic molecules or with metal
nanoparticles.5,12

Three challenges remain regarding graphene-related hybrid-
ization.9,10,13 The first challenge is to find a convenient and
economical strategy to open the band gap by chemical
modification. Covalent immobilization or coupling with metals
or organic molecules requires precious metals, complex
fabrication techniques, and numerous chemical reagents,
which is not compatible with low-carbon chemistry. The
second challenge is to elucidate the mechanisms of cooperation
between graphene and chemical modifiers. Whether graphene
is a reaction quencher or a reaction promoter remains an
unresolved issue. The roles of energy transfer and electron
transfer between graphene-based cocatalysts are also obscure.
The third challenge is to overcome the aggregation of
nanomaterials in aqueous environments due to their large
surface energies. Fulvic acid (FA) is the main species of
ubiquitous humic substances in the environment.14,15 The
surface hydroxyl, carboxyl, and aromatic groups of FA may
interact with sp2 graphene through π−π interactions or other
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noncovalent bonds. To our knowledge, there are no prior
reports related to graphene with FA as a cocatalyst for
photocatalysis. If ubiquitous FA is immobilized on graphene
through a convenient self-assembly approach, the band gap may
be opened, and aqueous dispersion may be enhanced.
Therefore, in this work, the hybridization of FA and

graphene was investigated as a plausible technique for the
photocatalysis of MeHg, and special attention was directed to
the catalytic mechanisms. First, graphene-FA was synthesized
without any chemical reagents, and its stability was
characterized using Fourier transform infrared spectroscopy
(FTIR), nuclear magnetic resonance (NMR), X-ray photo-
electron spectroscopy (XPS), dynamic light scattering (DLS),
and Zeta potential measurements. Then, the efficiencies of
graphene, FA, free FA with graphene, and hybridized graphene-
FA for the photocatalytic demethylation of MeHg were
investigated. Furthermore, the photocatalysis products and
possible transformation paths were identified by gas chroma-
tography−mass spectrometry/mass spectrometry (GC-MS/
MS). Finally, the open band gap, quenching effect, reactive
oxygen species (ROS), excited states, electron−hole pairs,
electron transfer, and energy transfer were examined to
elucidate the associated cocatalysis mechanisms. Finally, it
was determined that graphene-FA exhibited negligible toxicity
to aquatic algae compared to graphene. This work proposes
that the green synthesis of low-toxicity graphene-FA may be a
convenient and effective strategy to treat organometal
contamination.

■ EXPERIMENTAL SECTION
Materials. Graphene nanosheets (purity of 99%) were obtained

from the Nanjing XFNANO Materials Tech Co., Ltd., China. The
single-layer graphene was reduced graphene oxide and was prepared
by thermal exfoliation reduction and hydrogen reduction. MeHg and
other mercuric species standards were purchased from the Shanghai
ANPEL Scientific Instrument Co., Ltd. FA (analytical grade) was
purchased from the Shanghai Hui Cheng Biological Technology Co.,
Ltd. Other chemical reagents were of chromatography or analytical
grade.
Green Synthesis of Graphene-FA. A FA solution (50 mL, 150

mg/L, adjusted to pH = 7.0) was prepared and then gently mixed with
0.01 g of graphene for 24 h under darkness. Next, the suspension was
centrifuged (3500g, 30 min) and filtered (0.2 μm polytetrafluoro-
ethylene membrane) to collect the hybridized graphene-FA, which was
then gently rinsed with water. The amount of immobilized FA (112
mg/g) was calculated based on the free FA in the aqueous phase.
Various techniques were used to characterize the self-assembled
graphene. FTIR spectra were recorded on a Bruker Tensor 27 infrared
spectrometer with a resolution of 2 cm−1 at 3500−1000 cm−1.
Mixtures containing 2 mg of samples ground with 198 mg of KBr
(spectroscopy grade) were compressed into transparent pellets for
measurement. To confirm the formation of hybridized graphene-FA,
solid-state 13C NMR was employed to characterize the structural
composition of graphene-FA and FA. Solid-state 13C cross-polar-
ization/magic-angle spinning (CP/MAS) NMR spectra were recorded
at 9.4 T using a Varian Infinity Plus-400 spectrometer equipped with a
4 mm MAS probe. The UV−vis spectra of all samples were recorded
on a T90 spectrophotometer (Purkinje General, Beijing) equipped
with UVW5 software in a 1 cm path length quartz cuvette at 190−600
nm. XPS measurements were performed using an Axis Ultra XPS
system (Kratos) with a monochromatic Al Kα X-ray source (1486.6
eV). The spectra were analyzed using CasaXPS v2.3.13 software. The
peak deconvolutions were performed using Gaussian components after
a Shirley background subtraction.
Aqueous Dispersion of Graphene-FA. The aggregation of the

pristine graphene and graphene-FA suspensions was characterized by

monitoring the average hydrodynamic diameter using DLS. The
hydrodynamic diameter was determined at a constant pH value (pH =
7.0) on a ZetaPALS equipped with a 30 mW 657 nm laser
(Brookhaven Instruments Corporation, Holtsville, NY, USA). The
data were collected for 10 min at intervals of 30 s. Zeta potential was
measured at pH 3−8 using a Zhongchen JS94H (Shanghai, China).
Before all of the hydrodynamic diameter and Zeta potential
measurements, the samples were dispersed using an ultrasonic probe
for 2 min.

Mercury Demethylation. MeHg (1 mg) was reacted with 10 mg/
L graphene, FA, free FA with graphene (mass ratio of 112 to 1000), or
self-assembled hybridized graphene-FA in a 50 mL suspension under
UVA irradiation. UVA irradiation (300−400 nm wavelength) is the
main component (95−98%) of UV light in the solar spectrum and is
used widely in photochemical tests. In all of the irradiation
experiments, black lamps (λ = 365 nm, 15 W, Cnlight Co., Ltd.,
Guangdong, China) provided 2.3 mW/cm2 of light intensity on the
surfaces of the samples; this intensity is comparable to the UVA
intensity measured at ground level on sunny summer days in central
China. To investigate the photocatalytic capacity under visible light
conditions, a subexperiment was conducted. The suspension was
irradiated using a 350−780 nm LED (light-emitting diode) lamp
(Cnlight Co., Ltd., Guangdong, China), and the same light intensity
was used for UVA irradiation. Prior to the experiment, the lamp was
turned on for 30 min to obtain a constant light intensity. To
investigate the kinetics of demethylation, irradiation was conducted for
0−300 min with gentle agitation at 300 rpm. To remove the adsorbed
mercury ions and mercuric oxide and to regenerate the catalyst,
consecutive photocatalysis-regeneration cycles were repeated 10 times
using the same catalyst. The regeneration of graphene-HA was
conducted according to the literature but with a slight modification.16

The desorption of mercury ions and mercuric oxide was performed
with a 0.1 mol L−1 HCl solution. The catalyst loaded with mercury was
placed in the desorption medium and stirred for 12 h at 150 rpm at 30
± 2 °C. Subsequently, graphene was separated through a 0.22 μm filter
and reacted with FA to obtain graphene-FA according to the above
synthesis.

Identification of Demethylation Products and ROS. Elemental
mercury (Hg0) was continuously collected by purging N2 through the
reactor according to a previously described method.17 The measure-
ment was performed using GC-MS/MS (Agilent 5976 quadrupole
mass spectrometric detector, DB-5 MS separator column) with a
sensitivity of 10 μg/m3. The adsorbed mercuric species were removed
from the graphene-FA by washing with 0.1 M HCl. Following the
method of Zachariadis and Kapsimali,18 the concentrations of
CH3Hg

+, Hg2+, and HgO were directly monitored by GC-MS/MS
with limits of detection of 1, 0.5, and 5 μg/L, respectively. The
reactions were performed in triplicate, and the error bars represent the
standard deviation. Based on various previously reported methods,5,19

the excited molecules and ROS were analyzed using excess quenchers
(dissolved oxygen for excited molecules, sodium azide for singlet
oxygen, isopropyl alcohol for hydroxyl radicals, and superoxide
dismutase for superoxide anion).

Chlorella vulgaris Cultivation. Chlorella vulgaris and its culture
medium (BG-11) were purchased from the Freshwater Algae Culture
Collection at the Institute of Hydrobiology, China. All materials that
contacted microalgae were sterilized. A suspension of 1 × 105 cells/mL
was exposed to graphene-FA (100, 10, and 1 mg/L). Graphene (100,
10, and 1 mg/L) and a blank, which was not exposed to grapheme,
were used as the controls. The suspensions were shaken once every 8
h and placed in a light incubator for 6 days with 3000 Lx irradiation at
24 °C, and 80% humidity. Cell counting was performed on an inverted
fluorescent microscope (CKX41). The chlorophyll a contents were
detected using UV−vis spectroscopy.

■ RESULTS AND DISCUSSION

Characteristics of Self-Assembled Graphene-FA. The
physicochemical properties of graphene are provided in the
Supporting Information (Table S1 and Figures S1−S4). The
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thickness of the graphene is approximately 0.8 nm, and the
diameter of the graphene sheets is approximately 0.5−2 μm, as
shown in the atomic force microscopy images. Graphene
exhibited a translucent sheet structure with wrinkles around the
edges in the high-resolution transmission electron microscopy
image. The specific FTIR wavenumbers of graphene and FA
were attributed to the corresponding chemical groups referred
to in previous reports.20,21 As presented in Figure 1a, the CC
stretching vibrations were centered at 1600−1500 cm−1 for the
sp2 graphene, and weak oxygen-containing groups (−OH and

CO) were also observed in the graphene sample. The limited
oxygen groups were attributed to defects in the graphene,
particularly defects located on the edge.20 In contrast, the FTIR
spectrum of graphene-FA exhibited strong peaks corresponding
to oxygen-containing groups as well as peaks corresponding to
new functional groups, such as N−H, epoxides, and ethers.
Compared with the spectrum of FA, the CC groups of
graphene-FA presented a blue shift of approximately 40 cm−1,
suggesting that the self-assembly was located on the sp2 plane
of graphene. To confirm the hybridization of graphene-FA,

Figure 1. Characteristics of self-assembled graphene-FA. FTIR spectra (a), solid-state 13C NMR spectra (b), and wide scan (c), C 1s (d), and O 1s
(e) XPS spectra of graphene-FA.
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solid-state 13C NMR was conducted. NMR has been widely
used in FA structural studies;22 naked graphene cannot be
measured using solid-state 13C NMR due to its intrinsic
electrical conductivity. The 13C NMR spectrum of graphene-FA
revealed HCOH and O−C−O, especially CC and aromatic
C peaks, indicating that FA was immobilized on the graphene,
as shown in Figure 1b. The aromatic groups of FA at 160−140
ppm shifted to 140−120 ppm for graphene-FA, suggesting that
the aromatic groups of FA coupled with the graphene sp2

structure through π−π interactions, which was consistent with
the FTIR results.
XPS was employed as a more optimal characterization

technique to provide direct evidence for the conjugation of
graphene with FA. As depicted in Figure 1c and d, the
deconvoluted peak centered at 284.5 eV is attributed to sp2 C−
C from graphene23 and accounted for 50.72% of the C 1s
spectrum. The peak centered at 289.0 eV, which is attributed to

OC−OH, should be from FA. Compared to the reported
peaks at 284.5 (sp2 C−C, CC, and C−H) and 285.4 eV (C−
C),24 the peaks centered at 284.3 and 285.2 eV presented a 0.2
eV shift, likely due to the interactions between graphene and
FA. The O 1s spectrum is a complement of the C 1s
spectrum,25 as shown in Figure 1e. The peaks centered at 533.3
and 531.7 eV can be attributed to O−C and OC,
respectively. In addition, there were no obvious peaks centered
at 530−530.2 eV, which is attributed to bulk O2−, suggesting
that graphene oxide (graphene=O) did not form and that the
observed oxygen groups were from FA.

Aqueous Dispersion of Graphene-FA. The aqueous
dispersion or stability determines the adsorption and photo-
catalysis efficiencies of nanomaterials, and graphene is no
exception.5,8 DLS and the Zeta potential have been widely used
to measure the stability of graphene.26 Notably, graphene or
graphene-based materials are aspheric dimensional nanoma-

Figure 2. Aqueous dispersion of graphene and graphene-FA. Time profile of average hydrodynamic diameter at pH = 7.0 (a) and variation in Zeta
potential versus pH (b).
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terials, and the DLS and Zeta potential results provide the
relevant size distribution. Previous work has suggested that the
average hydrodynamic diameter from DLS represents the
lateral size rather than the thickness of graphene.27 The
aggregation kinetics were determined using the initial
aggregation rate obtained by calculating the initial slope to
the point where the hydrodynamic diameter (dh) reaches 1.3-
fold more than the initial hydrodynamic diameter (dh0).

28 As
shown in Figure 2a, graphene is unstable in aqueous solution,
and its size increased over time, exhibiting an initial aggregation
rate of 2.46 nm/s. In contrast, hybridized graphene-FA showed
no obvious changes in its hydrodynamic diameters during the
testing periods. The Zeta potential confirms these results, as
presented in Figure 2b. The Zeta potential became negative as
the pH of the suspension increased, suggesting that the surfaces
of graphene and graphene-FA acquired negative charges. FA
has an abundance of negatively charged carboxylic and phenolic
functional groups. Therefore, coating the surface of graphene
with FA enhanced the electrostatic repulsion and steric
repulsion among graphenes.29,30

FA is negatively charged in the pH range of 4−8.31 Figure 2b
demonstrates that graphene is also negatively charged at pH 4−
8. In the neutral solutions used in this study, there is
considerable charge repulsion between graphene and FA. To
overcome this charge repulsion, FA with aromatic moieties was
expected to strongly interact with the graphene surface via van
der Waals forces and π−π stacking, thus predisposing most
compounds to lie flat on the basal plane of graphene.32,33 The
shifts in the FTIR and 13C NMR spectra (Figures 1a and b)
confirmed that FA coupled with the graphene sp2 structure
through π−π interactions. The intermolecular electrostatic
repulsions between the negatively charged FA bound on
graphene sheets imparted colloidal stability to the resulting
graphene-FA composite (Zeta potential of −40 mV at pH = 7).
Demethylation of MeHg. The demethylation of MeHg

was studied to determine the photocatalytic capacity of
graphene-FA, as shown in Figure 3. Demethylation did not
occur when MeHg was exposed to graphene. In addition to the
zero band gap, aggregation is another inhibitor of photo-
catalytic activity, as depicted in Figure 2. For the first-order

kinetics of the FA sample, the demethylation presented a rate
constant of 0.0055 min−1 and a corresponding degradation half-
life of 126 min. Previous work demonstrated that FA was
converted to excited-state FA under UV light irradiation.34

However, the rate constant was reduced to 0.0032 min−1,
corresponding to a degradation half-life of 217 min, when the
FA sample was spiked with graphene. Thus, graphene acted as a
quencher of excited molecules. Alternative explanations are that
graphene may compete with FA for radiation absorption, or it
may scatter radiation, thereby decreasing the irradiance
available for FA. Interestingly, the self-assembled hybridized
graphene-FA showed excellent demethylation activity with a
rate constant of 0.0313 min−1 and a corresponding degradation
half-life of 22.1 min, and the efficiency was approximately 5-fold
higher than the efficiency of free FA with graphene. To
investigate the photocatalytic capacity under visible light
conditions, a subexperiment was conducted. The results are
presented in Figure S5. The photocatalytic capacity decreased
by 2 orders of magnitude compared to that under UVA
conditions. Given its convenience, economy, and efficiency, the
self-assembly of organic molecules is an ideal strategy for
obtaining graphene-based catalysts. To investigate the stability
and reusability of graphene-FA, graphene-FA was reused to
treat methylmercury. As indicated by the results in Figure S6,
there are no significant differences in the demethylation of
methylmercury when reusing graphene-FA 10 or fewer times.
This initial test demonstrates that graphene-FA is relatively
stable and reusable.

Identifying the Demethylation Products. Although the
demethylation of MeHg has been reported using different
methods, the transformation of mercuric species in various
phases is still obscure. The demethylation products can be
found in the solid phase (catalysts) as a result of absorption, in
the aqueous phase, or in the gas phase, as depicted in Figure 4.

In the darkness control, 72.4% MeHg was absorbed on the
catalyst. Hill et al. suggested that low-molecular-weight humic
acids have a strong affinity for MeHg.35 Therefore, it was
hypothesized that a graphene-FA−methylmercury complex was
the main product formed from MeHg under darkness. In
contrast, more than 99% of MeHg was transformed into
inorganic mercury after 150 min of irradiation. The main

Figure 3. Rate of demethylation of MeHg by graphene, FA, free FA
with graphene, and self-assembled hybridized graphene-FA. C0 and C
are the concentrations of MeHg before and after irradiation,
respectively. The relative standard deviation ranged from 7% to 16%.

Figure 4. Demethylation products in the solid, aqueous, and gas
phases after 150 min of irradiation using hybridized graphene-FA.
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photodegradation products were divalent mercury ions (65%),
mercuric oxide (22%), and elemental mercury (12%). More
than 70% of the divalent mercury ions and mercuric oxide were
adsorbed on graphene-FA. Thus, the goal of recovering the
inorganic mercury was achieved. Note that elemental mercury,
which accounts for 12% of total mercury, could be released into
the atmosphere and induce secondary contamination. The
products of demethylation, such as elemental Hg, should be
collected with great caution. The sulfurization of carbon
materials was considered to be an effective method for
removing elemental Hg.36−38

Demethylation Mechanisms. To verify the demethylation
paths proposed above, the demethylation mechanisms were
investigated. As depicted in Figure 5, dissolved oxygen

significantly inhibits demethylation using FA and free FA
with graphene, whereas the quenchers sodium azide and
isopropyl alcohol do not significantly inhibit demethylation,
implying that excited-state FA rather than ROS is the main
active species. Previous reports have also shown that FA is
converted to excited-state FA under UV irradiation and that
excited-state FA can catalyze the degradation of other
molecules.15 Interestingly, graphene acts as a quencher of
excited-state FA and reduces demethylation, as shown in Figure
3. Until now, the quenching of FA or other excited-state
molecules by graphene has remained unclear.39 To elucidate
the quenching mechanisms, the excited-state energy of FA and
the energy level of graphene were calculated and compared.
According to a previous report,40 the excited-state energy of FA
is 1.76−3.54 eV. Because the energy level of graphene is 4.42
eV,41 excited-state FA can be quenched by electron transfer
rather than by energy transfer, as shown in Figure 6.
Unlike FA or free FA with graphene, for the self-assembled

hybridized graphene-FA, excited states contributed little to the
demethylation, and hydroxyl radicals were the main reactive
species, as shown in Figure 5. As is well-known, graphene is a
material with a zero band gap, and it is not an excellent
catalyst,41 which is consistent with the information presented in
Figure 3. Opening the band gap of graphene is a potential
strategy to accelerate catalysis.42 Figure 7a shows the square

and square root of the absorption energy (αhν, where α is the
absorbance of the UV optical absorption spectra) against
photon energy (hν) to determine the energies for the indirect
and direct transitions (band gap), respectively. Because
graphene-FA includes FA molecules with various oxygenation
levels, the converted plots did not show a sharp absorption
edge for a precise energy gap. Figure 7a shows apparent
energies of 0−1.65 and 2.25−2.87 eV for the direct and indirect

Figure 5. Effects of quenchers on the demethylation of MeHg using
FA, free FA with graphene, and the self-assembled hybridized
graphene-FA. The control is the experiment without quenchers. C0
and C are the concentrations of MeHg before and after irradiation,
respectively.

Figure 6. Quenching of excited-state FA by electron transfer to
graphene. CB, conduction band; VB, valence band.

Figure 7. Mechanisms of demethylation using hybridized graphene-
FA. FA opens the band gap of graphene (a), and demethylation is
triggered by electron−hole separation (b). The generation of reactive
species is confirmed in Figure 5.
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band gaps, respectively, in the graphene-FA specimen. Based on
the threshold of the available wavelength (nm) = 1242.375/
band gap, the available wavelength for an indirect band gap was
432.9−552.2 nm. Incident wavelengths lower than 432.9−552.2
nm likely induced separation of electron−hole pairs in
graphene-FA. Photogenerated holes (h+) migrated to the
catalyst surface and reacted with water molecules adsorbed
on the catalyst surface to produce OH. Photogenerated
electrons, e−, migrated to the catalyst surface, and molecular
oxygen acted as an acceptor species in the electron-transfer
reaction to produce O2

−. Figure 5 confirms that ROS were
generated by graphene-FA. The separation of electron−hole
pairs and generation of ROS triggered the occurrence of
demethylation, as depicted in Figure 7b. The recombination of
electron−hole pairs will inhibit photocatalysis. As shown in
Figure 6, FA is easily excited, and its electrons can be
transferred to graphene. Herein, it was assumed that graphene
is an electron reservoir and that FA is a photosensitizer. The
electrons of the excited-state FA transferred to graphene,
avoiding recombination with holes.
Toxicity Analysis. As shown in Figure 8, Chlorella vulgaris

is very sensitive to graphene. The densities of microalgae in the

graphene-exposed groups were significantly (P < 0.05) reduced
compared to the density in the blank group. However, there
were no remarkable differences between the graphene-FA and
blank groups except for the high concentration exposure (50
mg/L). Graphene at 10 and 50 mg/L significantly inhibited the
biosynthesis of chlorophyll a. This inhibition was only observed
at 50 mg/L for graphene-FA. These results demonstrate that
graphene-FA is more biocompatible than graphene. The
probable reason for the enhanced biocompatibility of
graphene-FA is that the immobilization of FA reduced the
direct physical damage from graphene.27

■ CONCLUSIONS
A novel chemical demethylation for methylmercury has been
proposed. The low-toxicity graphene-FA was synthesized
without the use of any chemical reagents. Graphene-FA
presented an indirect open band gap of 2.25−2.87 eV with
adequate aqueous dispersion. The immobilized FA accelerated
the demethylation of mercury compared to free FA. The
demethylation products and mechanisms were identified in the
solid, aqueous, and gas phases. This work proposed that
graphene acts as a quencher to the excited-state FA and inhibits
the demethylation by electron transfer for the free FA with
graphene. In contrast, the graphene in the self-assembled
graphene-FA serves as an electron reservoir, causing separation
of electron−hole pairs, which enhances the demethylation in
which hydroxyl radicals are the main reactive species.
Importantly, graphene-FA exhibited better biocompatibility
than graphene. The results indicate that the green synthesis of
graphene and organic molecules is a convenient strategy to
obtain effective cocatalysts.
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