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The rapidly increasing production and application of graphene oxide (GO) calls for much-needed attention
to aspects related to the environmental implications of this unique nanomaterial. To date, very little is
known about the transformation of GO when exposed to electromagnetic radiation at different wave-
lengths, which can occur in natural water systems. This study explored the changes in the physicochemical
properties of GO when exposed to the UV and visible wavelength ranges of simulated solar light. Irradiation,
especially under UV light, led to remarkable changes in the surface oxygen (O)-functionalities of GO, and
cleavage of GO's graphitic bond. The carbon/oxygen (C/O) ratio of GO increased by 41% and 31% after ir-
radiation with simulated solar light and UV irradiation, respectively. Visible light also changed the morphol-
ogy of GO, but the C/O ratio only increased by 5.5%. The formation of hydroxy! radicals (‘OH), superoxide
(0,7) and singlet oxygen (*0,) by GO was observed during irradiation with both UV and visible lights, but
the proportions were different. YO, was primarily formed during visible light irradiation, while O, and "OH
were mostly formed under UV light. ‘OH hydroxylated GO, which mainly resulted in the decomposition of
GO. The changes in O-containing functional groups on GO by irradiation influenced the colloidal stability
of GO in aqueous media, but the physical wrinkle on GO surface may strongly affect its interactions with
other organic materials.
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Environmental significance

The applications of graphene oxide (GO) are leading to increasing environmental release of these novel materials. As a reactive nanomaterial, it is unlikely
that GO will maintain its pristine form in the environment; instead, GO can undergo substantial transformation, e.g. under the irradiation of sunlight.
However, the full band of solar light will be filtered or partially minimized in natural water systems, e.g. UV light could be filtered out with increasing
water depth. It is unclear how the physicochemical properties of GO will change in natural waters when exposed to lights with different wavelength ranges
(i.e., UV or visible light). Thus, knowledge on the wavelength-dependent photo-transformation of GO is necessary to better understand the fate and trans-
port of GO nanomaterials in the environment.

1 Introduction such as epoxide (C-O-C), hydroxyl (C-OH), carbonyl (C=0),
and carboxyl groups (O-C=0) covalently bound to either its
basal planes (C-O-C and C-OH groups) or edges (C—=O and
0-C=0 groups)."™ GO can be stabilized in aqueous media as
colloidal agglomerates because of its functionalization, and it
is more reactive in water than other carbon nanomaterials,
such as Cg, and carbon nanotubes.*” GO is increasingly being

proposed for commercial products, such as nanopaints, poly-

Graphene oxide (GO) is a structural analog of graphene, and
it possesses abundant oxygen (O)-containing functionalities
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mer composites, functional coatings, and water treatment
nanohybrids, which could lead to release of the nanomaterial
into the environment.®® Thus, it is expected that wastes
containing GO will be generated and released into the envi-
ronment, and may accumulate in landfills or surface waters.
As a reactive nanoparticle, it is unlikely that GO will main-
tain its pristine form in the environment. The
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physicochemical characteristics of GO can change substan-
tially when it is exposed to the environment via several natu-
ral or engineered processes.'”® In the environment, solar
irradiation is the most common factor that may induce or af-
fect the transformation of GO, which can change the chemi-
cal characteristics as well as the morphology of pristine GO.
Several studies indicated that GO could be reduced and
decomposed in the presence of simulated sunlight
irradiation,"”” ™ producing CO, and other small sized parti-
cles, such as polycyclic aromatic hydrocarbons (PAHs). How-
ever, most of these studies only considered the transforma-
tion of GO under full-spectrum simulated solar light, while
no study has focused on the transformation of GO under
light of different wavelengths. In natural waters, the UV frac-
tion of solar light will be significantly filtered with increasing
water depth,”*>> and the remaining visible light will be
mainly responsible for the transformation of GO. In addition,
UV light, which is frequently used in wastewater treatment
systems,”® can directly change GO's physicochemical charac-
teristics within wastewater treatment processes. The above-
mentioned light conditions may induce different patterns of
GO transformation and possibly change the environmental
fate of GO transformation products.'” Besides, GO may un-
dergo photocatalytic reactions in water to produce different
types of reactive oxygen species (ROS). In a recent study
where GO was exposed to solar irradiation, we demonstrated
the production of hydroxyl radicals ("OH), superoxide radical
anions (0,7) and singlet oxygen (*0,) by GO.>* However, the
specific effect of each distinct fraction (of the solar spectrum)
is still unknown, and some ROS, such as ‘OH, have high reac-
tivity and can generate highly oxidizing organic radicals.”®
The mechanism and effects of the produced ROS on the
transformation of GO are also unclear.

In summary, the objectives of the study were to (1) investi-
gate the physicochemical transformation of GO under the UV
(290-420 nm) and visible wavelength range (>420 nm), (2) ex-
plore the ratio of the ROS formed under different light wave-
lengths and their impacts on GO transformation, and (3) de-
termine the influence of GO transformation under UV and
visible light on its environmental fate and interactions.

2 Experimental
2.1 Materials and stock preparation

Graphene oxide (GO) nanoparticles (>99%) were purchased
from Plannano Materials Tech. Co. (Tianjin, China) and used
as received. The nanomaterials were synthesized using a
modified Hummers method, according to the information
provided by the manufacturer.>® To prepare GO stock suspen-
sions, 90 mg of pristine GO nanosheets was added into 300
mL of deionized (DI) water in a 500 mL Erlenmeyer flask and
then ultrasonicated at 100 W for 4 h using a Vibra-Cell
VCX800 sonicator (Sonics & Materials, USA). A uniform dark-
brown suspension was obtained and kept in the dark at 4 °C
until use. The GO in the suspension had an average hydrody-
namic parameter of 129.5 + 23.2 nm, according to dynamic
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light scattering (DLS) analysis (Zetasizer Nano ZS90, Malvern
Instruments, Worcestershire, UK).

Methanol, acetonitrile, toluene, acetone, chloroform,
furfuryl alcohol (FFA), terephthalic acid (TA), phenanthrene,
and 1-naphthol were purchased from Sigma-Aldrich (St.
Louis, USA).

2.2 Set-up of photochemistry experiments

The photochemistry set-up was similar to the one used previ-
ously.”® In summary, a photochemical reaction apparatus
(XPA-7, Xu Jiang Machine Plant, Nanjing, China) connected
to an 800 W xenon lamp was used as the light source, and a
290 nm cutoff filter was used to adjust the light irradiation to
simulate the solar spectrum typical of the real environment
(4 > 290 nm). A 420 nm cutoff filter was used to allow only
visible light (2 > 420 nm), and another filter was used to al-
low only UV light (4 = 290-420 nm). Fig. S11 shows a compar-
ison of the spectra for these different wavelengths and natu-
ral solar irradiation (collected on May 28, 2015).

The concentration of GO used for the experiment was 10
mg L™". The photochemistry experiment was conducted in DI
water in order to simplify the system enough for us to clearly
decipher the role of the different light wavelengths on the
photo-transformation of GO. The reaction was carried out in
a 60 mL grinding-mouth transparent quartz tube, and a 1.5
cm magnetic stirrer was used for mixing. The quartz tubes
were submerged in a thermostat-controlled water bath (25
°C) during irradiation experiments. Samples were irradiated
for 8 h per day for 3 days, making a total of 24 h. All the sam-
ples, including GO (the pristine nanomaterial not exposed to
any irradiation), GOg,y (GO with full-spectrum simulated so-
lar irradiation, 2 > 290 nm), GOyy (GO with only UV light ir-
radiation, A = 290-420 nm) and GO,;s (GO with visible light ir-
radiation, 2 > 420 nm), were prepared for characterization.

2.3 Graphene oxide characterization

GO was characterized as pristine particles and after irradia-
tion treatments. For post-irradiation characterization, dry GO
particles were obtained from the treated GO suspensions via
freeze-drying. The chemical composition and functional
groups of pristine and photo-treated GO (GOyyy, GOyy and
GO,;s) were characterized via X-ray photoelectron spectro-
scopy (XPS, using a PHI 5000 VersaProbe, Japan), Fourier
transform infrared (FTIR) transmission spectroscopy (110
Bruker TENSOR 27 apparatus, Germany), and Raman spectro-
scopy (Renishaw InVia Raman spectrometer, England). The
UV-visible absorbance spectra of the GO suspensions were
obtained with a UV-2401 spectrophotometer (Shimadzu Sci-
entific Instruments, USA). The morphology of GO was charac-
terized by atomic force microscopy (AFM, MMAFM/STM,
D3100M, Digital Ltd., USA), scanning electron microscopy
(SEM, FEI Nova NanoSEM 430, The Netherlands) and trans-
mission electron microscopy (TEM, FEI Tecnai G2100 F-20,
The Netherlands).
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2.4 Reactive oxygen species (ROS) detection

The steady-state concentrations of 'O, were determined indi-
rectly by monitoring the concentrations of FFA, as explained
in a previous study®* and summarized here (eqn (1) and (2)).
The concentration of the GO suspension used was 10 mg L™,
and a known amount of FFA standard water stock solution
was injected into the quartz container with a micro-syringe to
achieve a FFA concentration of 50 uM. Samples were col-
lected from the quartz container (after irradiation for 0, 1, 2,
4, 6, 16, and 24 h) using a 1 mL glass syringe and passed
through 0.22 pm filters to remove GO particles prior to high-
performance liquid chromatography (HPLC) analysis. ['O,]ss
was determined by dividing the observed FFA degradation
rate by the reaction rate constant of FFA with 'O, and the re-
sidual concentration of FFA (which was determined via HPLC
using a Waters e2695 (Waters Technology, USA) equipped
with a symmetry reversed phase C;g column (4.6 x 150 mm)).
FFA was detected with a Waters 2489 UV/visible detector at a
wavelength of 219 nm; the mobile phase used was 40% aceto-
nitrile and 60% H,O with a flow rate of 1.0 mL min .

FFA + 'O, — reaction products (1)
d[FFA
%:_kFFA’IOz'[FFA]’[IOZ:'ss (2)

where kgga 0, = 8.3 x 10" M ' 7.7

The steady-state concentrations of O,  were measured
with a chemiluminescent probe (2-methyl-6-[p-methoxy-
phenyl]-3,7-dihydroimidazo[1,2-a]pyrazin-3-one (MCLA)),
which can selectively react with O,". The detailed procedure
was described by Adeleye et al. (2018).** A 200 uM MCLA
stock solution was prepared and subsequently frozen at 4 °C.
The analytical reagent contained 1.0 uM MCLA buffered with
0.05 M sodium acetate, and the final pH of this reagent was
adjusted to 5.5 using quartz-distilled HCIl. During the mea-
surement, the analytical reagent and GO/GOg,/GOyy/GOy;s
(10 mg L") were pumped at a 1:1 (v/v) ratio into a purpose-
built flow injection analysis (FIA) system (Waterville Analyti-
cal, Waterville, ME, US). The reaction between O, and MCLA
resulted in a chemiluminescence signal at 455 nm, which
was detected using a photomultiplier.

Terephthalic acid (TA) was used to measure the steady-state
concentrations of ‘'OH. 2-Hydroxy-terephthalic acid (2HTA) is
generated during the reaction of TA with ‘OH, and the reaction is
unaffected by the presence of other reactive species such as O,
HO,', and H,0, .”® 2HTA was analyzed via HPLC and detected
with a Waters 2475 fluorescence detector at an excitation wave-
length of 315 nm and an emission wavelength of 425 nm; the
mobile phase consisted of 65% trifluoroacetic acid buffer (0.05%
v/v) and 35% acetonitrile (v/v) at a flow rate of 1.0 mL min™".

Tert-butanol (t-BuOH) was used to eliminate "OH radicals
in the suspension. 10 mM ¢BuOH was mixed into the GO
samples before irradiation and then the irradiated GO sam-
ples were collected for further characterization.>**°
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2.5 Influence of photo-treatment on GO fate

To understand how the exposure of GO to different light wave-
lengths will influence the environmental fate of the nano-
material, additional studies were carried out to determine
changes in the hydrodynamic diameter (Dy), agglomeration
kinetics, and zeta ({) potential of the photo-treated GO sus-
pensions at 25 °C using the Zetasizer. Furthermore, changes
in the adsorption properties of GO were also characterized.

2.5.1 Zeta ({) potential measurements. To determine the
effect of exposure of GO to different wavelengths of light on
the surface charge of the nanomaterial, the { potential of the
suspensions of GO, GOgy;, GOyy, and GO,;s (10 mg L™ each)
was determined using the Zetasizer. The { potential measure-
ments were carried out between pH 3 and pH 11 (adjusted
with 0.1 mM NaOH or HCl). Each measurement was
conducted over 15 seconds, and a total of 3 replicates were
measured per treatment.

2.5.2 Agglomeration experiments. The changes in the hy-
drodynamic diameter (Dy,) of the GO agglomerate with time
was measured with time-resolved dynamic light scattering (TR-
DLS), at increasing concentrations of NaCl, with or without 5
mg L' Suwannee River humic acid (SRHA).**' In these experi-
ments, a known amount of GO stock suspension was pipetted
into a glass vial containing either DI water or an electrolyte so-
lution (the pH was adjusted to 7 with 0.1 mM NaOH or HC], if
needed) to achieve a GO or treated GO concentration of 10 mg
L™". Then, the vial was capped and immediately vortexed for 5 s
and 1 mL of the suspension was pipetted into a polystyrene cu-
vette, which was placed in the Zetasizer's sample chamber for
TR-DLS analysis. The autocorrelation function was allowed to
accumulate for 15 s during the agglomeration study and the Dy,
measurements were conducted over a period of 60 min. As
shown in eqn (3), the initial agglomeration rate constant of GO
(k) reflects doublet formation and is proportional to the initial
rate of increase in Dy, with time (¢) and the inverse of the GO
concentration (Ny):**7*

kocl(dDh (t)] 3)

N, dr

The particle attachment efficiency () was used to quantify
the GO agglomeration kinetics, and it was calculated by nor-
malizing the measured k at a given ionic strength (with or
without HA) with the agglomeration rate constant measured
under diffusion limited (fast) conditions, as shown in eqn (4):

s ( do, (t)j
a=i=i= N, ), (4)
w kl‘asl 1 ( dDh (t)]
(NO )fasl dt t—0,fast

The diffusion-limited (DLCA) and reaction-limited (RLCA)
clustering agglomeration regimes, and thus, the critical coag-
ulation concentrations (CCCs), can be identified in a plot of

This journal is © The Royal Society of Chemistry 2018
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log;o[NaCl] versus log;o . DLCA occurs when the attachment
efficiency between particles is close to unity, whereas RLCA
dominates at very low attachment efficiencies.>® CCC is the
point of intersection between DLCA and RLCA.

2.5.3 Adsorption experiments. Adsorption experiments
were carried out by using a previously developed method.?” Al-
iquots of pristine and photo-treated GO stock suspensions
(250 mg L") were diluted with DI water to achieve a final con-
centration of 50 mg L' GO. Phenanthrene (a representative
nonpolar, nonionic aromatic compound) and 1-naphthol (a
model polar aromatic compound) were selected as the model
contaminants. The detailed procedure for the adsorption iso-
therm experiments is described in the ESILf The concentra-
tions of contaminants were determined using a Waters 2695
HPLC connected to a Waters 2475 fluorescence detector. The
HPLC was equipped with a Waters Cyg (4.6 X 150 mm) reverse
phase column, and the mobile phase consisted of 80% aceto-
nitrile and 20% water (flow rate 1 mL min"). For the Waters
2475 fluorescence detector, the excitation wavelength was 250
nm, and the emission wavelength was set at 364 nm. The col-
umn incubator temperature was set to 25 °C.

C-OH/C-0-C

CPS

CPS

CPS

CPS

292 290 288 286 284 282 280
Binding Energy (eV)
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Abs
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3 Results and discussion

3.1 Characterization of pristine and photo-treated GO

The chemical transformation of GO upon irradiation under
different light wavelengths was evaluated. The XPS spectra of
pristine GO, GOy¢,;, GOyy and GO, are provided in Fig. 1a-d
and the associated quantitative data are summarized in
Table 1. The binding energy level and FWHM values of GOs
are summarized in Table S1.f The carbon/oxygen (C/O) ratio
increased by 41% from 1.80 for GO to 2.54 for GOy, which
indicates that reduction of GO occurred during the 24 h irra-
diation under full-spectrum simulated solar light. After irra-
diation by UV and visible light, the C/O ratio increased by
31% and 5.5%, respectively, which also confirmed the loss of
O-functional groups (i.e., reduction of GO) when GO was ex-
posed to irradiation in the UV and visible light regions. In ad-
dition, the relative abundance of the different O-functional
groups on the surface of GO changed remarkably upon irradi-
ation at the different irradiation wavelengths, as shown by
the deconvolution of the XPS C 1s spectra (summarized in
Table 1).*® The relative abundance of GO's aromatic C-C/

3600 3000 2400 1800 1200 600
Wavenumber (cm™)
5
f .
exposure time: 24 h
4
3
.2
— GO
.1 — Gofull
— GOy
— GO,
0.0 s . '

200 250 300 350 400 450 500
Wavelength (nm)

Fig. 1 Photo-transformation of GO. High resolution C 1s XPS spectra of (a) pristine GO, (b) GO exposed to the full solar spectrum (2 > 290 nm),
(c) GO exposed to UV light (2 = 290-420 nm), and (d) GO exposed to visible light (1 > 420 nm). Changes in GO after exposure to light of different
wavelengths were also determined via (e) FTIR spectroscopy and (f) UV-vis absorbance spectroscopy.
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Table 1 XPS quantitative data of GO, GOy, GOyy and GO,;s
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C (atom %)

Sample Total C Total O C/O

D C-C/C=C C-OH/C-0-C Cc=0 0-C=0 (atom %) (atom %) ratio
GO 45.16 43.71 4.77 6.36 64.29 35.72 1.80
GOgup1 62.42 25.14 3.14 9.30 71.76 28.24 2.54
GOyy 57.13 32.62 3.06 7.19 70.25 29.74 2.36
GOyig 49.15 40.26 4.30 6.29 65.47 34.53 1.90

C=C group (binding energy [BE] = 284.6 eV) increased from
45.16% (in pristine GO) to 62.42%, 57.13% and 49.15% after
irradiation with full-spectrum solar, UV and visible light, re-
spectively. Irradiation, especially with full-spectrum solar and
UV light, resulted in a considerable decrease in the C-O-C/C-
OH (BE = 286.6 ¢V) and C=O0 (BE = 287.8 €V) groups, while
the relative abundance of the O-C=0 group (BE = 288.8 eV)
increased. The changes in GO's functional groups were mini-
mal when irradiated by visible light alone.

Changes in the surface chemistry of GO upon irradiation
with different electromagnetic wavelengths were further char-
acterized by other spectroscopic techniques including FTIR
and UV-vis absorption spectroscopy (Fig. 1e and f). The FTIR
spectrum of pristine GO exhibited four characteristic peaks
located at 1055, 1383, 1628 and 1735 cm ™", corresponding to
C-0-C stretching, a C-O group, O-C=O stretching, and
C=O0 stretching, respectively.>**' The C-0, C-O-C and C=0
groups decreased slightly after irradiation with the full solar
spectrum and UV light. The characteristic absorbance peak of
GO at 230 nm was observed for pristine GO, which can be as-
cribed to n-m* transitions in small electronically conjugated
domains present in the material.** The characteristic absor-
bance peak however shifted to 240 nm in GOyy and 250 nm
in GOgy (after 24 h exposure), which indicates an increase in
the electronically conjugated domain, resulting from the re-
duction of GO. The time-series UV-vis spectra of irradiated
GO showed progressive red-shifting of the GO peak at 230
nm when exposed to the full solar spectrum and UV irradia-
tion but no substantial shift under visible light irradiation for
up to 32 h (Fig. S21). In addition, the peak at around 300 nm,
originating from the n-r* transitions of the O-functionalities,
was clearly observed in pristine GO.? The intensity of the peak
decreased in GO,;; and was not observed in GOyy and GOy,
indicating reduction of GO under those conditions. The UV-
vis absorbance includes the absorbance of unreacted GO,
light-transformed GO and any other photoreaction products.
The increase in absorbance (especially when GO was exposed
to the full spectrum and UV) thus shows that light-absorbing
photoproducts were formed upon irradiation of GO. In addi-
tion, the increased peak intensity at around 254 nm, which re-
flects aromaticity, may also indicate an increasing degree of
graphitization of GO after its reduction by irradiation.

Changes in the morphology of GO after exposure to light
of different irradiation wavelengths were also examined.
Untreated GO nanosheets appeared smooth, with some mini-
mal wrinkles under the TEM (Fig. 2a) and SEM (Fig. 2e). The
nanomaterials, however, appeared broken up into smaller-

2594 | Environ. Sci.: Nano, 2018, 5, 2590-2603

sized sheets upon exposure to full-spectrum solar
(Fig. 2b and f) and UV lights (Fig. 2c and g). The GO samples
exposed to visible light were not remarkably broken up, but
more wrinkles were observed in the TEM micrographs
(Fig. 2d and h). Breaking up of GO sheets into smaller
pieces upon photo-treatment with full-spectrum solar and
UV light was confirmed by AFM analysis, which also
showed no remarkable difference in size distribution be-
tween pristine GO and GO exposed to visible light. The Ra-
man spectra of the GO samples (Fig. S31) indicated an in-
crease in the Ip/I; ratio (the ratio of the intensity of the D
band (around 1350 ¢cm™') to that of the G band (around
1580 em™')) after 24 h irradiation for all the samples, espe-
cially GOyy. Since Ip/Ig is a measure of the average size of
the in-plane sp® domains and molecular defects,” the re-
sults showed that more defect sites were formed on the
graphenic sheets upon irradiation for all light sources. The
physical appearance of the GO suspension also changed
when it was exposed to different irradiation wavelengths
for 24 h (Fig. S4f). Specifically, the color of GO darkened
strongly upon irradiation with the full solar spectrum and
UV light. The GO suspension was only slightly darker upon
its exposure to visible light for 24 h. Time series experi-
ments showed that the darkening of the GO suspension be-
came stronger over time upon exposure to all three irradia-
tion types (Fig. S5T). In general, the intensity of the GO
darkening observed was GOg,; > GOyy > GOy (Fig. S57).
Darkening of GO is mainly due to the reduction of GO
functional groups by the irradiation, which may destroy
some chromophore units (such as C-OH and C=O groups
on the graphitic carbon).'”**

In general, characterization of GO, GOg,;, GOyy, and GOy
showed that irradiation strongly changed the physico-
chemical properties of the nanomaterials and the changes
were correlated with the wavelength, and thus, the photon
energy, of the irradiation. The characterization data showed
that UV and full spectrum light cause remarkable physico-
chemical changes in GO, which is mainly because the energy
of the photons of UV exceeds the bandgap of the GO do-
mains. In contrast, the photons of visible light do not have
as much energy. Thus, more substantial changes in the phys-
icochemical properties of GO were observed in GOy, (Which
included irradiation in the UV region) and GOyy compared to
GO,;s. The XPS and FTIR spectra indicated that the reduction
of GO by irradiation was mostly due to UV photons, while vis-
ible light only generated modest changes in GO's functional
groups. The TEM, SEM and AFM micrographs clearly showed

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 TEM micrographs of (a) pristine GO, (b) GO¢, (c) GOyy, and (d) GO,;s. SEM micrographs of (e) pristine GO, (f) GOy, (9) GOyy, and (h)
GO,is. AFM images of (i) pristine GO, (j) GOs, (k) GOyy, and (1) GO,;s. The irradiation time was 24 h for all the samples.

a sharp decrease in the particle size of GOg,;; and GOyy, indi-
cating that the graphenic sheets of GO were probably cleaved
by the UV radiation but the effects of visible light were not as
obvious.

3.2 Reactive oxygen species (ROS) formation

In this study, three major ROS, ie., 'O,, O, and ‘OH, were
detected when GO was exposed to irradiation at different
wavelengths. Fig. 3a shows the steady-state concentration of
0, generated by GO, a photosensitizer, under different clas-
ses of irradiation at pH 7. The results indicate that 'O, could
be generated by GO exposed to both UV and visible light. Sur-
prisingly, more 'O, was generated by GO under visible light
than UV light, contrary to a previous study which showed a
higher production of 'O, by fullerol under UV irradiation
compared to visible light.*> Generally, the energy transfer
process leads to the formation of 'O, from the interaction be-
tween the excited state of a substance (such as GO) with the
ground state of O,. The energy required to promote ground-
state O, to 'O, is 94 k] mol *.*® Our results indicated that UV
and visible light can both excite GO to GO*, which promotes

This journal is © The Royal Society of Chemistry 2018

ground-state O, to 'O, (eqn (5) and (6)). The generation of a
smaller amount of "0, when GO was irradiated with UV light,
relative to irradiation with visible light, may be because UV
rapidly reduced GO to reduced GO (rGO), resulting in the for-
mation of less GO* and thus a lower production of '0,.

GO — 5 GO* (5)
GO* + 0, — GO + '0, (6)

Fig. 3b and c show the steady-state concentrations of O,
and 'OH generated by GO. Since O,” disproportionates rap-
idly in water to H,0,, which is an important precursor for
‘OH, the relative ratio between O, and ‘OH may be similar
for all light sources.>> As shown in Fig. 3b and c, the produc-
tion of O, and 'OH was mainly under UV light. It has been
reported that the threshold for GO reduction is 3.2 eV (1 <
390 nm).*” Based on the literature, the semiconducting do-
mains of GO can act as photocatalysts when irradiated with
UV light of energy exceeding the bandgap of the domains."
Therefore, UV irradiation of GO results in the formation of
electron-hole pairs; the co-occurrence of oxidative (valence

Environ. Sci.: Nano, 2018, 5, 2590-2603 | 2595
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band holes, h,;,") and reductive (conduction band electron,
e,q ) transients agrees with concurrent GO oxidation and re-
duction (or disproportionation)."”*®*®  Pickering and
Wiesner (2005)*° hypothesized that irradiation of fullerol
led to the formation of the fullerol radical anion, which
acted as a precursor for the formation of O,” via a type I
photochemical reaction, and a similar reaction may also oc-
cur on the surface of GO. As shown in eqn (7) and (8), the
conduction band electron (e,q ) produced during irradiation
of the GO suspension may act as an electron source for the
generation of GO radical anions and subsequent formation
of O,".

GO + e,y — GO~ 7)
GO+ 0, — GO + 0, (8)

It should be noted that the amount of radicals formed by
full spectrum irradiation is approximately equal to the
amount of radicals formed under UV and visible light com-
bined for all the three ROS determined. This demonstrates
the additive effect of light wavelength on ROS production by
GO.
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3.3 Mechanisms controlling GO transformation from UV
light, visible light and produced ROS

Of all the ROS, 0, and 0O, appear to have little effects on
GO transformation because of poor oxidation effects. How-
ever, 'OH shows extremely high reactivity and can unselec-
tively react with most organic substances.”>*® As "OH was
formed on the surface of GO during the irradiation with UV
light, it is possible that ‘OH can attack the surface of GO,
similar to the oxidation of the unfunctionalized aromatic ring
of small molecular compounds.®® To understand the effects
of "OH radicals on the oxidation of GO, we used tert-butanol
(¢-BuOH), a scavenger that can selectively eliminate "OH radi-
cals in suspension,* to further clarify the specific role of ‘OH
in the transformation of GO. Fig. 4a—-c shows the FTIR spec-
tra of GO under full-spectrum, UV and visible light with or
without #BuOH. As shown in the figure, the O-containing
functional groups decreased significantly in GOg,;; and GOyy
samples when -BuOH was present, but there was no substan-
tial change for GOyjs.

Compared with pristine GO (Fig. 1e), FTIR spectroscopy
revealed that the O-functional groups changed substantially
both without ¢-BuOH (i.e., when both UV light and "OH were

This journal is © The Royal Society of Chemistry 2018
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active species) and when ¢-BuOH was present (i.e., in the ab-
sence of ‘OH) during UV irradiation, indicating that UV light
and 'OH both have effects on the transformation of GO. The
XPS analysis (Fig. 4d-f) further illustrates that ‘OH radicals
can hydroxylate GO. Changes in the morphology of GO under
UV light with and without BuOH were compared by TEM,
SEM and AFM (Fig. 5). The results clearly show that without
‘OH, GO could hardly be broken into small pieces. This result
illustrates that ‘OH may cause the fragmentation of GO.

Based on the results in this study and in the literature,
we believe that the physicochemical properties of GO are
mainly modified by UV light. When GO was irradiated with UV
(and full spectrum) light, electron-hole pairs (hy," and e,q)
were formed because the photon energy of the light exceeds the
bandgap of the domains."” Oxidation of O-functional groups on
GO by hy;," results in the loss of functional groups and the for-
mation of nanoholes on the surface of GO. e,q results in the
formation of GO and ROS such as O, and "OH (Fig. S6t). Fur-
thermore, ‘OH then attacks the surface of GO, leading to the ad-
dition of OH groups, as well as the oxidation of C-OH to C=0
and O-C=O0 groups, opening the aromatic rings, fragmenting
the GO nanosheets and forming lower molecular weight com-
pounds, as determined from the MS spectra (Fig. S77).

From these characterization results, we find that the
O-containing functional groups on GO did not change signifi-
cantly under visible light. However, an interesting observa-
tion (Fig. 2d and h) was that GO wrinkled significantly during

13,17

View Article Online
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visible light irradiation, and 'O, formation was also higher
than under UV light. Generally, wrinkling of nanostructures
typically occurs under aggressive treatment, such as sonica-
tion, which may change the structure of the carbon nano-
sheets.”>® In this study, light irradiation (both UV and visible
light) may impact the structure of GO in a similar manner.
The energy transfer during visible light irradiation may cause
an unbalanced force on the basal plane of GO, leading to
wrinkles in the nanomaterials.

In the natural environment, water chemistry factors (such
as pH, ionic strength, and natural organic matter (NOM)) as
well as turbidity may affect the transformation of GO under
different light scenarios. For example, salts and NOM may
adsorb onto the surface of GO and prohibit its reduction by
light. Very turbid water will most likely absorb light and
make it less accessible to the GO particles, which also
weakens the reduction of GO. The roles of the physico-
chemical properties of water on GO transformation under dif-
ferent light conditions, thus, need to be studied further.

3.4 Influence of light on the environmental fate of GO

As we have shown, irradiation of GO led to the loss of
O-functional groups on the surface of the nanomaterial,
which may decrease the hydrophilicity of the nanomaterial in
aqueous media. In addition, the morphology of GO was dras-
tically changed, with much smaller sizes observed upon
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Fig. 5 TEM micrographs, SEM micrographs and AFM images of GO exposed to UV light (1 = 290-420 nm) (a-c) and exposed to UV light with

t-BuOH (d-f).

irradiation with full-spectrum solar and UV light and sheet
wrinkling observed upon irradiation with visible light. All of
these light-induced changes may affect the behavior of GO in
the natural environment. We, therefore, examined the
changes in the electrokinetic properties of GO, induced by
different light sources, their effect on agglomeration in aque-
ous media, and the adsorption affinity of GO for common or-
ganic contaminants.

3.4.1 Zeta (¢) potential measurements. The ( potential of
GO suspensions exposed to different light sources (GO,
GOrun1, GOyy and GO,;5) was determined at pH 3 to 11 in or-
der to see the effect of the different irradiation types on the
surface charge of the nanomaterial. All four samples were
negatively charged across the pH range tested. The { poten-
tials of GOg,; and GOyy were comparable, and both were
more negative than the { potential of pristine GO and GOy;s
(Fig. 6a). GO is negatively charged when dispersed in water
due to ionization of the COOH and OH (phenolic)
groups.>”> The pH of the GO suspension was 4.5. The pK, of
the OH group was 9.8, while the pK, of the COOH group was
6.6 when the ortho position has no hydroxyl group and 4.3
when there is an OH group present in the ortho position. Al-
though there was a net decrease in the oxygen content of GO
after treatment with full-spectrum solar and UV light, we ob-
served an increase in the relative abundance of COOH groups
in GOy, and GOyy (Fig. 1), as explained earlier. The COOH
groups observed after irradiation are likely partly those in

2598 | Environ. Sci.. Nano, 2018, 5, 2590-2603

close proximity to an OH group, which were reported to be
very stable against photodegradation when GO is irradiated.”®
The increased negativity of the ¢ potential of GOg,; and GOyy
may thus be due to the increased content of COOH groups
on GO after UV treatment.””

As the acidity of the aqueous medium increased, the { po-
tential of GO decreased in magnitude, regardless of irradia-
tion treatment, because of the protonation of the OH and
COOH groups on GO. In contrast, as the basicity of the sus-
pension media increased we observed an increased negativity
due to the presence of negatively charged O° and COO~
groups. While the negativity of GOg,; and GOyy increased
more rapidly (than that of pristine GO and GO,;s) between
pH 3 and pH 9, GO and GO,;; demonstrated a more rapid in-
crease in negativity above pH 9. All these trends show that
light of different wavelengths has different impacts on the
surface properties of GO in water, which will influence the
colloidal behavior of the nanomaterials, as well as its surface
interactions with other constituents (organic and inorganic)
present in natural waters.

3.4.2 Agglomeration experiments. To quantitatively evalu-
ate the effects of different types of irradiation on the colloidal
stability of GO in aqueous media, the agglomeration kinetics
of GO¢up, GOyy and GO,;s were studied at 30 mM NaCl. This
ionic strength (30 mM) falls within the slow regime for GO
agglomeration,” where GO undergoes RLCA, allowing for a
clear discernment of slight differences in initial

This journal is © The Royal Society of Chemistry 2018
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agglomeration rate constants, k (eqn (3)). As shown in
Fig. 6b, pristine GO was relatively stable at 30 mM NacCl, with
a k value of 0.38 nm min™. The k value of GO increased by
48% to 0.56 nm min~* when GO was exposed to visible light
for 24 h. Irradiation of GO with UV and full-spectrum solar
light caused an even more drastic decrease in the colloidal
stability of the nanomaterial as k increased by an order of
magnitude to 2.63 and 5.43 nm min ", respectively.

Since the particle size affects the agglomeration rate, we fur-
ther determined and compared the CCC of the pristine and
transformed GO in order to clearly determine how light-
induced transformations influence the stability of GO in aque-
ous media. To achieve this, the changes in the attachment effi-
ciency (o) as a function of the NaCl concentration were deter-
mined for each GO type. DLCA and RLCA regimes were
observed for all four materials, i.e. pristine GO, GOyis, GOgn
and GOyy (Fig. 6¢). According to the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, increasing the ionic strength
reduces the electrostatic energy barrier and deepens the sec-
ondary minimum well, which promotes agglomeration so that
the attachment efficiency gradually increases.”® As shown in
Fig. 6¢, the observed CCC values were 171 mM NacCl for GO,
130 mM NaCl for GO,;;, 67 mM NaCl for GOyy, and 66 mM
NaCl for GOg. This agrees very well with the trend observed in
k, with GO becoming only less stable after visible light treat-

This journal is © The Royal Society of Chemistry 2018

ment but much more unstable when treated with UV and the
full light spectrum. In addition, the observed trend in CCC cor-
relates well with the degree of transformation of the GO mate-
rials (i.e. chemical reduction as indicated by the C/O ratios and
size decrease as indicated by AFM) after their exposure to the
different light sources. This strongly suggests that the colloidal
stability of GO in natural waters is a function of its transforma-
tion in the natural environment.

Increased destabilization of GO after UV and full-spectrum
solar irradiation could not have been predicted by the { po-
tential, which, as reported earlier, increased in magnitude
under these conditions. The observation of lower colloidal
stability of GOg,;; and GOyy, despite having a higher negative
charge on their surfaces compared to pristine GO and GOy,
suggests that factors other than electrostatic repulsion played
important roles in the agglomeration kinetics of the nano-
materials. We hypothesize that a decrease in the particle size
of GOg,; and GOyy (as shown by electron microscopy and
AFM in Fig. 2), a decrease in the van der Waals force, and an
increase in the hydrophobic effect led to their increased ag-
glomeration. A decrease in particle size changes the structure
and surface energy characteristics of nanomaterials, which
may impact the total potential energy of interaction.>* Mean-
while, van der Waals forces and hydrophobic effect may also
have effects on the GO agglomeration.
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Using the classical DLVO theory, He et al. (2008)>° showed
that the interaction potential decreases as the particle size
decreases, leading to increased agglomeration of smaller-
sized nanomaterials. Also, smaller GO particles possess a
higher fraction of their atoms on the edges, which may in-
crease the density of active sites. A higher density of active
sites and a larger specific surface area of smaller-sized GO
can enhance the interaction with counterions in the sur-
rounding media, leading to decreased colloidal stability. The
van der Waals force between GOg,; and GOyy samples in-
creased due to the decrease in particle size. However, as the
van der Waals force is weak, it probably has only slight ef-
fects on the interaction of the GO particles. On the other
hand, the hydrophobic effect may be much more important.
As O-functional groups decreased and the C/O ratio increased
for GOg,; and GOyy samples, the hydrophobic effect may be
substantially increased, promoting the agglomeration of GO
particles.

3.4.3 Adsorption experiments. The isotherms of adsorp-
tion of phenanthrene and 1-naphthol onto pristine GO, GOgyy;
GOyy and GO, are shown in Fig. 7a and b. The adsorption
data were fitted with the Freundlich adsorption model: g = Ky
x Cw". (g: the equilibrium concentration of an adsorbate on
GO; Cw: the equilibrium concentration of an adsorbate in the
solution; Kg: the Freundlich affinity coefficient; n: the
Freundlich linearity index).

Fig. 7a shows the adsorption affinities of GO for phenan-
threne. The results indicate that adsorption was enhanced
with irradiation from all light sources. The adsorption iso-
therms of GOg,y, GOyy and GO,;s were substantially shifted
compared with the isotherm obtained for pristine GO. This
demonstrates that the adsorption of PAHs onto GO is mainly
driven by hydrophobic effects and particle size.°”®' Thus, the
reduction of the surface O-containing functional groups of
GO by full-spectrum and UV light irradiation could affect the
adsorption of phenanthrene due to increased surface hydro-
phobicity and decreased particle size (which may result in
higher surface area). Surprisingly, the adsorption affinity of
GO,;s was also increased, even as much as GOyy. As no obvi-
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ous chemical change was observed on the surface of GOy,
the increased adsorption of phenanthrene may be due to the
wrinkles formed on the surface of GO,;,, which created addi-
tional sites for phenanthrene attachment.

Fig. 7b shows that the adsorption affinity of GO for 1-naph-
thol was also enhanced after light irradiation, but the extent of
adsorption enhancement was much less compared with phen-
anthrene. This is mainly because the log Kow value of 1-naph-
thol (2.85) is much less than that of phenanthrene (4.57), and
the aqueous solubility of 1-naphthol (3.04 mmol L™) is much
greater than that of phenanthrene (6.31 x 10~ mmol L).*’
Hence, the mechanisms controlling the adsorption of 1-naph-
thol and phenanthrene onto GO are different. The results indi-
cate that adsorption of 1-naphthol onto GO is strongly affected
by hydrogen bonding between the OH group of 1-naphthol and
the surface O-functionalities of GOs,®? as well as the -7 interac-
tions. As such, the adsorption of 1-naphthol by GOyy and GOy
decreased because of the loss of OH groups upon irradiation.

4 Conclusions

Release of GO materials into surface water will facilitate some
physicochemical transformations by light irradiation. As
shown in this study, the O-containing functional groups of
GO are decreased by UV irradiation (or the UV fraction of so-
lar light). These chemical changes lead to physical variation
in the nanosheets—mainly cleavage of the GO nanosheets.
The 'OH radicals, which are formed during UV irradiation,
are also involved in the transformation of GO, hydroxylating
the surface of GO, as well as breaking up the GO nanosheets
into small pieces. Visible light (or the visible range of solar
light) can hardly alter the chemical composition of GO but
changes the appearance of GO and wrinkled the GO nano-
sheets. The transformation of GO by light may be affected by
water chemistry. The chemical changes in GO, especially the
loss of O-containing functional groups, is the main factor
which affects the agglomeration of GO, while the changes in
GO morphology and hydrophobicity strongly affect the ad-
sorption of hydrophobic organic pollutants.

This journal is © The Royal Society of Chemistry 2018
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