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Due to the various functional oxygen-containing groups, graphene oxide (GO) has been frequently
explored as sorbent for various metal ions and organic pollutants. However, the adsorption capacity of
solely GO is limited. Therefore, compositing GO with other adsorbents to improve the adsorption
capacity is often required. On the other hand, the oxygen functional groups enable GO for exciton
generation, which has been harvested for photosensitized generation of reactive oxygen species (ROS).
Photosensitization has been explored for advanced pollutant degradation. Here, the adsorption and
photosensitization effect of GO was synergized for improving the pollutant removal performance.
Hydroquinone (HQ) was taken as the model pollutant for the illustration of the synergic effect. GO could
adsorb HQ, possibly due to —m stacking and hydrogen-bonding interactions between GO and HQ. In
the presence of white light irradiation (LED), the removal efficiency for HQ was greatly improved.
Spectroscopic study indicated the improved removal efficiency could be ascribed to light irradiation-
induced HQ oxidation. Further study showed that violet LEDs exhibited higher oxidation efficiency than
white, blue, green, yellow, and red LEDs, since violet LEDs possess the largest spectra overlap with the
absorption of GO. Via scavenger studies, the exact oxidants were identified as ‘OH, O,, and *O,~, which
are generated from GO photosensitization. Another intriguing feature is that GO can be recycled in
several runs of adsorption/photosensitization of pollutants. Moreover, the synergic adsorption/
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Introduction

Graphene oxide (GO) is a single-layer of graphite oxide and is
usually produced by the chemical treatment of graphite
through oxidation." In contrast to graphene, the oxygenated
lattice of GO provides good solubility and dispersibility in
many solvents (particularly in water),”> which received great
interest in many areas such as optical biosensors® and
diagnostics/therapeutic applications.* The availability of
several types of oxygen-containing functional groups on the
basal plane and the sheet edge allows GO to interact with
a wide range of organic and inorganic materials in a non-
covalent or ionic manner, leading to the adsorption of
a variety of heavy metal ions and organic pollutants.’
However, GO alone is not a highly efficient adsorbent. To
increase the adsorption capacity and operability, compositing
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photosensitization feature of GO can be extended to remove a broad band of phenolic pollutants,
demonstrating the universality of such strategy for improved pollutant removal.

of GO with other adsorbents, such as Fe;0,,° polymers,” and
Si0,,? is often used.

Photosensitization is a reaction that is mediated by light-
absorbing substance, leading to the generation of reactive
oxygen species (ROS) through the reduction of molecular oxygen
by electron transfer (Type-I) as well as excitation of molecular
oxygen by energy transfer (Type-II).° In photosensitized reactions,
the absorbed photon excites the sensitizer to one or more energy-
rich state(s). The excited sensitizer undergoes internal reactions
that ultimately result in the chemical alteration of the oxygen. In
Type-I reaction, the excited sensitizer reacts directly with oxygen,
in a one-electron transfer reaction, to produce hydroxyl radical
(‘'OH), superoxide radical anion (O, ), and also hydrogen
peroxide (H,0,). In Type-II reaction, the excited sensitizer
transfers its excess energy to ground-state molecular oxygen,
producing excited state singlet oxygen (*0,). These ROS feature
great promise in environmental remediation (e.g., water disin-
fection,' and degradation of pesticides,') and photodynamic
therapy (PDT).° Due to the luminescent property of GO,'> ROS can
also be generated from photosensitized GO.** Particularly, the
broad absorption band of GO also facilitate combined PDT and
photothermal therapy effects for the destruction of melanoma
tumors in mice using ultra-low doses of NIR light."* However,
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Scheme 1 Schematic illustration of the synergy of adsorption and
photosensitized oxidation of GO for improved pollutants removal.

such promising photosensitization property has seldom been
explored in pollutants removal.

In this work, therefore, GO was explored as both adsorbent
and photosensitizer for pollutant removal. As shown in Scheme
1, pollutants bearing benzene and oxygen-containing moieties
(here hydroquinone as the example) can be adsorbed by GO
through possible -7 stacking and hydrogen bonding. In the
presence of light irradiation, photosensitized GO generates ROS
through an electrical pathway between its valence and
conduction bands under an excitation state. The adsorbed
pollutants can therefore be photo-oxidized in situ, leading to
improved pollutants removal. Excitingly, since GO possess
broad band absorption, the photosensitization can be achieved
in the presence of white light irradiation.

Results and discussion
Photo-assisted removal of HQ by GO

Commercially-available GO was used as received. To illustrate the
effect of adsorption and photosensitization of GO, hydroquinone
(HQ) was taken as the model pollutant here. As shown in Fig. 1,

(A) 1.2 (B)
7. =245 nm, p-BQ 100
—H
09 . —~
8 X 75
° ——HQ +GO <
S ——HQ +white light | §
s ——HQ+GO 5
2 0.6 + white Light 2 50
]
2 £
o
]
< T
0.3 g’._) 25
% =288 nm, HQ =
0.04 T T T — T 0 I I
225 250 275 300 325 HQ
Ss P& s
) A
Wavelength (nm) & @ %0\‘\‘;\@\

Fig. 1 Photo-assisted removal of HQ (2.5 mg L™ by GO (0.1 mg
mL~1): (A) UV-vis absorption spectra of HQ, p-BQ, HQ + GO, HQ +
white light, and HQ + GO + white light; and (B) the residue free HQ
upon interaction with white light, GO, and white light plus GO.
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HQ has a characteristic absorbance band centered at 288 nm.
Upon mixing of HQ with GO, the absorbance of the 288 nm-band
decreased by about 40%, implying adsorption of HQ by GO.
Interestingly, when irradiating the mixture of GO and HQ with
a white LED for 30 min, the absorption band of HQ almost dis-
appeared, giving rise to a new absorption peak at 245 nm. Such
new peak matches perfectly with the characteristic absorbance of
p-benzoquinone (p-BQ), the oxidation product of HQ. However,
without white LED light irradiation, no clear sign of p-BQ was
observed (Fig. 1A). These phenomena indicates that HQ is con-
verted to p-BQ in the presence of GO and light irradiation.
Control experiments showed that no significant light-induced
oxidation of HQ (less than 10%) was observed in the absence
of GO (Fig. 1B). Also, the light-induced oxidation of HQ could be
significantly inhibited by removal of dissolved oxygen (bubbling
with N,). Therefore, the above experimental results indicated that
the removing of HQ is the result of combined action of adsorp-
tion and photosensitized oxidation of GO.

Adsorption of HQ by GO

Firstly, the adsorption kinetics of HQ on GO was investigated at
298 K. As shown in Fig. 2A, the adsorption of HQ by GO
increased quickly during the initial 30 min and then gradually
levelled off upon further increasing the adsorption time, with
equilibrium time of about 60 min and adsorption capacity of
about 20 mg g '. The time dependence for the adsorption is
better fitted by the pseudo-second-order model over pseudo-
first-order model (Fig. 2B versus S1 and Table S17), indicating
that chemisorption is the rate-controlling step during the
adsorption. Probably, the initial fast adsorption is due to the
special single sheet structure and oxygenated lattice of GO that
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Fig.2 Adsorption performance of GO for HQ: (A) the time-dependent
absorption of HQ (2.5 mg L™ by GO (0.1 mg mL™Y); (B) fitting curve of
the adsorption kinetics with pseudo-second-order model; (C)
adsorption isotherm for HQ by GO at 298 K; and (D) fitting curve of the
adsorption isotherm with Langmuir model.
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Fig. 3 Re-confirmation of the photosensitized oxidation of HQ: (A)
the spectra overlap between the absorption spectrum of GO and
lighting wavelength of various LEDs; and (B) the removal rate of HQ by
GO assisted by violet, white, blue, green, orange, and red LED illumi-
nation for 10 min and under dark condition. Experiments were carried
out with 0.1 mg mL™ GO and 2.5 mg L™* HQ.

can interact with HQ through possible m-m stacking and
hydrogen-bonding (Scheme 1).

The adsorption thermodynamics, including standard free
energy change (AG,), enthalpy change (AH,) and entropy
change (AS,), was determined from the temperature-
dependent relationship of HQ adsorption by GO. As shown
in Fig. S2,f the equilibrium adsorption capacity of HQ
increases with increasing the temperature from 288 to 318 K,
indicating that the adsorption of HQ is an endothermic
process, which agrees well with the negative AG, (Table S27).
Considering both positive AH, and AS, (Table S27), the driving
force for HQ adsorption by GO may be controlled by an entropy
effect rather enthalpy change.

The adsorption isotherms of HQ by GO were given in Fig. 2C.
For better understanding the adsorption patterns, Langmuir and
Freundlich equations were employed to simulate the adsorption
isotherms (ESIT). The Langmuir model assumes that adsorption
occurs on a homogeneous surface by monolayer coverage and no
subsequent interaction between adsorbed species, while the
Freundlich model is an empirical model based on multilayer
adsorption on heterogeneous surfaces. As can be seen from
Fig. 2D and Table S3, Langmuir adsorption model was better to
simulate the adsorption over Freundlich model, indicating that
HQ adsorption by GO resulted in a monolayer coverage of HQ on
the GO nanosheet. The maximum adsorption capacity (gmax) for
the removal of HQ by GO obtained from the adsorption
isotherms was 54.8 mg g~ (Table S31).
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Photosensitized oxidation of HQ by GO

Photosensitized oxidation occurs first by photon absorption to
trigger the transition from the ground state to the excited state.
Therefore, the photosensitization efficiency is directly related to
the light absorption. Here, we used LED (3 V, 3 W) as the
lighting source for the photosensitization. As shown in Fig. 34,
GO exhibits a broad band absorption ranging from UV to visible
region,* resulting in the overlap between the GO absorption
and LED lighting wavelength in the following order: violet >
white > blue > green > orange > red. Just as expected, the HQ
removal efficiency (photosensitization efficiency) was in good
accordance with the above spectra overlap order (Fig. 3B).
Namely, violet LED gave the best HQ removal performance
among the LEDs used here. To simulate the sun light-induced
photosensitization, here we chose white LED for irradiation.
Without light illumination (dark), the HQ removal rate was
quite low, further confirming the advantage of photosensitiza-
tion in pollutant removal.

Upon light absorption, GO can proceed typical exciton
process of typical semiconductors to emit red fluorescence.'>**
Principally, the photosensitized oxidation of HQ by GO will
accompany with the perturbation of the exciton process and
thus reduced fluorescence. Just as expected, the introduction of
HQ to the GO solution could gradually quench the fluorescence
of GO (Fig. 4A) as well as the fluorescence lifetime (Fig. S31).
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Fig. 4 Conformation of the exciton perturbation of GO by HQ: (A)
time-dependent fluorescence quenching of GO (Aex = 350 nm) in the
presence of HQ (2.5 mg L™); and (B) photocurrent response (i—t curve)
of GO/ITO electrode in the absence and presence of HQ (25 mg L™Y).
The photoelectrochemical tests were performed in 0.10 M PBS at
a working potential of 0.0 V and white LED irradiation.*®
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Besides, the time-course of the fluorescence quenching is very
similar to the adsorption kinetics HQ on GO (Fig. 2A). Mean-
while, we also used photoelectrochemistry to characterize this
exciton process (ESIt). As shown in Fig. 4B, no appreciable
photocurrent generation was observed in GO/ITO photo-
electrode. However, cathodic photocurrent was observed when
introduction of HQ to the electrolyte solution. Therefore, the
fluorescence and photocurrent investigations confirmed that
the photo-generated electrons did involve in the photo-
sensitized oxidation of HQ.

Photosensitization can generate reaction oxygen species
(ROS) through the reduction of molecular oxygen by electron
transfer (Type-I) as well as energy transfer from the photoexcited
GO (Type-II).> To analyze the role of O, in the photo-assisted
pollutant removal, the removal performance of GO for HQ was
compared under normal (air), oxygen-depleted (N, bubbling) and
oxygen-enriched (O, bubbling) conditions. As shown in Fig. 5A,
the removal rate was highest in oxygen-enriched solution and
lowest in oxygen-depleted solution, which indicates the critical
role of O, in photo-assisted HQ removal.

The light-assisted removal of pollutant is attributed to the
photosensitized generation of ROS, such as '0,, "OH, ‘0, ~, and
H,0,. To uncover the role of specific ROS, we used the ROS-
specific scavengers to evaluate the contribution of these ROS,
namely mannite for ‘OH, tryptophan for '0,, superoxide dis-
mutase (SOD) for "0, , and catalase for H,0,."” As shown in
Fig. 5B, the presence of mannite, tryptophan sand SOD shows
inhibitory efficacy on HQ removal, while catalase cannot.
Increasing the concentrations of mannite and tryptophan could
further result in decreased HQ removal (Fig. S41). These results
imply that "OH, 'O,, and "0, are the main ROS species toward
HQ removal. Besides, we also used ethanolamine (TEOA) as
a hole scavenger to reduce the electron-hole recombination of
GO. The presence of TEOA could enhance the HQ removal
(Fig. 5B and S47), suggesting that TEOA should promote elec-
trons in the conduction band of GO to generate more ROS. Such
result is in good agreement with the photoelectrochemical
investigations (Fig. 4B). Therefore, all the above investigations
confirmed the role of photosensitization in photo-assisted HQ
removal by GO.
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Fig.5 Confirmation of the photosensitized generation of ROS for HQ
removal: (A) effect of O,-depletion and O,-enriched GO solution for
photo-assisted HQ removal; and (B) the use of scavenger for evalua-
tion of the specific ROS in HQ removal. All samples were illuminated
with white LED for 10 min.
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Factors that affect the synergic adsorption and
photosensitization of pollutants

To maximize the synergic adsorption and photosensitization
effects for pollutants, a series of factors were studied and opti-
mized, including the media pH, the concentration of GO, and
illumination time. As shown in Fig. S5A,1 the removal rate
significantly increased with the illumination time and the
equilibrium was reached within 60 min. The optimal dosage of
GO suspension used in this work is about 0.1 mg mL*
(Fig. S5B¥). The surface chemistry of GO and the removing of
HQ were both highly dependent on the pH of the sample
solution. The optimal pH of this system was 7.0 (Fig. S5C¥).

Re-usability of GO for synergy of adsorption and
photosensitization in pollutant removal

For practical use of such synergic effect of adsorption and
photosensitization for pollutant removal, the re-usability of GO is
very important from the economical point of view. Experimen-
tally, we first demonstrated that the adsorbed p-BQ (the oxidation
production of HQ) by GO could be simply eluted by water
washing. Therefore, the GO after release of p-BQ could be
explored for adsorption and photosensitized oxidation of HQ
again (ESIf). As shown in Fig. 6, such process of adsorption/
photosensitization-elution could be cycled, but the removal
rate decreased from 95% to about 75% after 5 cycles. After
detailed studying, we found the absorption characteristics of GO
were retained before and after adsorption (Fig. S61). Besides,
morphological investigations with TEM indicated that no
appreciable structural change of the GO nanosheet was observed
before and after adsorption (Fig. S71). The decreased pollutant
removal performance was in fact due to the loss of GO rather
than the loss of adsorption/photosensitization activity during the
removal-elution run (Fig. 6 and S8t). Possibly, the relatively inert
structure of GO is not destructed during cycling of adsorption/
photosensitization. Such feature demonstrated that upon intro-
duction of light-irradiation for photosensitized-oxidation, GO
could be beneficial for cyclic removal of pollutants.

Universality of GO for synergic adsorption and
photosensitization of pollutants

After demonstration of the success of synergic adsorption and
photosensitization of GO for improved HQ removal, we next
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Fig. 6 Cycling performance (adsorption/photosensitization-elution)
of GO (0.1 mg L™} for removal of HQ (2.5 mg L™Y).
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Fig. 7 Phenolic pollutant removal performance of GO in the absence
and presence of white LED irradiation. GO concentration, 0.1 mg
mL~%; pollutant concentration, 1 ug mL™%. PE, phenol; PCP, p-chlor-
ophenol; TBC, 4-tert-butylcatechol; 4-MOP, 4-methoxyphenol; BPA,
bisphenol A; 4-t-BP, p-tert-butylphenol, NP, p-nitrophenol; DNP, 2,4-
dinitrophenol.

investigated the universality of this strategy for a broad band of
pollutants. It is expected that the 7 system of GO provides good
adsorption for contaminants containing benzene ring. There-
fore, a series of phenolic contaminants, including phenol (PE),
p-chlorophenol (PCP), o-chlorophenol, a-naphthol, 4-tert-butyl-
catechol (TBC), 4-methoxyphenol (4-MOP), bisphenol A (BPA),
p-tert-butylphenol (4-t-BP), o-cresol, p-nitrophenol (NP), m-
cresol, p-iodophenol, and 2,4-dinitrophenol (DNP), were sub-
jected to GO adsorption and photosensitization. As shown in
Fig. 7, all these phenolic contaminants could be adsorbed by
GO. In the presence of white LED irradiation, the removal rate
for all these pollutants could be largely increased. Compared
with other sorbents for removal of phenolic contaminants,*® the
adsorption capacity of GO may be lower, but the photosensiti-
zation property endows GO further added removal rate for these
contaminants. Besides, such removal can be cycled. Therefore,
the synergic adsorption and photosensitization feature of GO
can be explored for broad band pollutants removal.

The pollutant removal performance of GO in real-world
sample matrix was further investigated. As shown in Table
S4,1 in tap water, lake water, and river water matrix, the removal
rates for 0.5 mg L™ of PE, HQ, and PCP are still higher than
95%. The promising performance on removal of phenolic
pollutants shows great potential of GO as synergic adsorbent
and photosensitizer for the visible-light oxidation of organic
compounds in wastewater.

Conclusions

In summary, the photosensitization property of GO was firstly
combined with its adsorption for improved pollutant removal. As
the sorbent, GO exhibited medium adsorption capacity for
phenolic pollutants. In the presence of light irradiation, the
removal rates for these pollutants can be considerably improved,
due to GO-involved in situ photosensitized oxidation. Such
synergy of adsorption and photosensitized oxidation is universal
in removal of a broad band of phenolic pollutants. Besides, due
to the relatively inert structure, the photosensitized oxidation
does not result in appreciable structure destruction of GO.
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Therefore, GO can be re-cycled for adsorption/photosensitized
oxidation of pollutants. Considering the laminar structure and
available functionalization sites of GO, further conjugation of
highly effective and stable photosensitizer with GO is expected to
be promising in pollutant removal and water disinfection.
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