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Graphical Abstract

Structure of synthesized PEG grafted graphene oxide.

Introduction
Graphene oxide (GO) with a layered structure is characterized by functional groups on the surface

such as carboxyl, hydroxyland epoxide. GO shows extraordinary unique properties such as strong
mechanical strength, exceptional thermal properties, high ratio of surface area (2630 m2/g), etc [1].
Graphene-based materials with various types of functionalization are available,and they have
unique properties including charge transportation, electrical conductivity, mechanical strength, and
porosity [2]. Graphene oxide nanosheetsdecorated mostly with functional groups such as epoxide,
carboxylic and hydroxyl groups. GO nanosheets have hydrophilic properties due to the wide range
of functional groups containing oxygen on the surface of layers of graphene oxide. These functional
groups allow graphene oxide nanosheets to be no covalently functionalized by bio molecules,
carbon nanotubes, organic molecules and by p-stacking interactions, hydrogen bonding interaction
or vander waals forces [3-9]. Graphene oxide nanosheets is readily functionalized with various
surfactants, polymeric materials, and nanoparticles in order to provide enormous potential for
applications in materials science and engineering [10, 11]. In recent years, graphene oxide

catalyzed photocatalytic reactions such as degradation of dyes [12-16]. Graphene oxide is prepared
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by the oxidative procedure of graphite by one of the principle methods improved by Brodie,
Hummers or Staudenmeir [17]. Functionalization of graphene oxide can fundamentally change
graphene oxide’s electrical, mechanical, thermal and electrical conducting properties,also sulfated
graphene was tested as catalyst for the esterification of acetic acid, the Beckmann condensation and
hydration of propylene oxide.In addition, some reports have demonstrated that immobilizations of
transition metal nanoparticles on graphene oxide nanosheetsproduce efficient photocatalysts [18-
21]. Graphene-based polymer composites have the unique mechanical, electrical and flame
retardant properties, compared to the neat polymer. Also, surface to volume ratio of graphene is
higher than carbon nanotubes, rendering graphene potentially more favorable to form functional
nanocomposites for various applications. It was also shown that the developments in mechanical
and electrical characteristics of graphene-based polymer composites are much better in
comparison to that of clay or carbon filler based polymer composites [22-26]. Polyethylene glycol
has the ability to serve as active sites since the polyethylene oxide chains can form stable complexes
with metal cations, similar to crown ethers. To maintain electro neutrality, such PEG-metal cation
complexes must bring an equivalent anion into the organic phase, thus makingthe anion available
for reaction with the organic reactants. Many factors affect phase catalytic activity, such as, chain
end effects, polyethylene glycol molecular weight and the nature of the associated cations and
anions [27, 28]. Design-expert 7.0.0 software (Stat Ease, USA) was used for this study. In this study,
central composite design (CCD) was employed with 30 experiments. Artificial neural network
(ANN) was used for designing the process modeling [29]. Formal batch adsorption studies depend
on different process parameters, such as initial solution pH, time and catalyst amount. But, this
approach does not determine the combined effect of all the process parameters. For scale-up
studies, conventional batch process is time consuming and to determine the optimum levels (which
may be unreliable) requires a large number of experiments and thereby, increase the overall cost of
the process. Thereupon, The main aim of the present study is to consider a novel system for
catalytic and photocatalytic properties by using nickel acetate, immobilized over graphene oxide
modified with polyethylene glycol as natural molecule. The advantage of this catalyst is that we
combine the high surface area of the graphene oxide support for immobilization of catalytic active
metal ions as heterogenous catalyst with the polyethylene glycol as a carrier of functional and
oxygen groups for link to metal ions and create the active sites.In addition, we describe the
photocatalytic activity of the catalyst and photodegradation by visible light irradiation of dyes as

pollutants using a synthesized photocatalyst with two components, GO and PEG as environmentally
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friendly and nickel acetate as owing to have vacant d orbitals forexciting the electron for electron

transfer reactions.

Materials and methods

Solvents, reagents and chemicals were obtained from Merck, Fluka or Aldrich chemical
companies.The samples were ground into a fine powder for characterization. FT-IR spectra were
obtained as potassium bromide pellets in the range of 400-4000 cm-! with a Nicollet-Impact 400D
instrument. Field emmision scanning electron microscopy (FESEM) of the catalysts and supports
were taken on SEM Philips XL 30 instrument. Diffuse reflactant spectroscopy (DRS) UV were
recorded on a 160 Shimadzu spectrophotometer. X-ray diffraction (XRD) patterns were recorded

with a Philips X-ray diffractometer (Model PW1840).

Preparation of graphene oxide (denoted as GO)

For the improved method, a 9:1 mixture of concentrated H,SO4/H3P04 (360:40 mL) was added to a
mixture of graphite powder (3.0 g, 1 wt equiv) and then KMnO,4 (18.0 g, 6 wt equiv) was added
slowly to the resultant mixture, producinga slight exotherm to 35-40 °C. The reaction was then
heated to 50 °C and stirred for 12 h. The reaction was cooled to room temperature and poured onto
ice (400 mL) with 30% H;0: (3 mL). The mixture was centrifuged (4000 rpm for4 h), and the
supernatant was decanted away. The remaining solid material was then washed with 200 mL of
water, 200 mL of 30% HCI, and 200 mL of ethanol and centrifuged under 4000 rpm for 4 h and the
supernatant decanted away. The material remaining after this extended, multiple-wash process
was coagulated with 200 ml of ether and the resulting suspension was filtered over a PTFE
membrane with a 0.45 pore size. The solid obtained on the filter was vacuum-dried overnight at
room temperature, obtaining 5.8 g of product [17]. Scheme 1 shows the structure of the resultant

graphene oxide.

improved method

Graphite

Scheme 1.Structure of synthesized graphene oxide.
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Preparation of polyethylene glycol-grafted graphene oxide (denoted as PEG-GO)

The PEG-modified GO polymeric nanocomposite was prepared through a covalent bondformation
between a polymeric chain of polyethylene glycol and graphene oxide whichwas called PEGylation.
Accordingly, 0.05g graphene oxide was dissolved inthe minimum possible amount of deionized
distilled water and then was exposed toultrasonic for 5 min. After removing the solution from the
ultrasonic bath, 2 ml ofsolution was immediately added to 1g polyethylene glycol 600. The mixture
was stirred under 300 rpm for 24 h at 25 °C. After a certain time, the obtained modified graphene
oxide wascompletely dissolved in the hydrophilic polymer. Scheme 2 shows the structure of the

resultant composite [30].

Scheme 2.Structure of synthesized PEG grafted graphene oxide.

Preparation of supported catalyst with nickel acetate salt (denoted as NiOAC@PEG-GO)

The supported catalyst was synthesized by ultrasonic irradiation method, in this way 0.1g PEG-GO
was disperse in ethanol under ultrasonic irradiation for 30 min (solution 1) after that we prepared
solution of nickel acetate in ethanol by dispersion of 0.05 g simple nickel salt (solution 2), then
added solution 2 tothe solution 1 under ultrasonic irradiation for 30 min. The obtained mixture,
stirring for 12 h at 60 °C under magnetic stirring after that centrifuged and dried in air.Scheme 3.

Structure of synthesized graphene oxide.
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Scheme 3.Proposed scheme for the structure of supported catalyst.

Result and discussion

Sample characterization

Figure 1 shows the FT-IR spectra ofprepared materials and the following functional groups were
identified in all samples: (3300-3400 cm-1) related toO-H stretching vibrations,(1720-1740 cm-1)
subjected to C=0 stretching vibration, characteristics band for C=C from unoxidized sp? C-C bonds
appeared in (1590-1628 cm-1), and C-O vibrations appeared at1228 cm-! and for Epoxidegroupsat
(849, 1048 cm-!) ranges. A band at 1114 cm-lcorresponds to the stretching vibration of 0-C-O
group, which is a characteristic peak for polyethylene glycol skeleton (as shown in figurelc). The
pristine graphite typify the characteristic band at 3430 cm-! for O-H stretching andat 1610 cm-! for
skeletal vibrations from graphitic domains of adsorbed water and aromatic domain (C=C),
respectively (Figure 1a). Some new peaks at 1726 cm-! for C-O stretching appeared for graphene
oxide,3447 cm-! for O-H stretching, and 1048cm-! and for C-O stretching from that of pristine
graphite. The C-C aromatic peak shows characteristic peak at 1621 cm-! GO due to the presence of
some electron-withdrawing oxygen-containing functional groups [17]. the case of functionalization
of GO with PEG the -OH stretching peaks (3447 cm-!) of GO are shifted to lower energy vibration at

3443 cm-! for GO-PEGnanocomposite (containing 3 wt% GO) suggesting the H-bonding interactions



Abbas Teimouri et al. Page |55

between PEG and GO sheets. The 1726 cm-! peak of C-O group shows a shift to 1649 cm-! and the
epoxide stretching vibration of GO at 1048 cm-! has shifted to 1114 cm-! indicating H-bonding
between PEG and epoxy group of GO. The increased frequency of vibration is due to the ring
structure of H-bonded epoxy group of GO in the GO-PEGnanocomposites [17-30]. After
immobilization of acetate nickel on PEG-GO the broad new peak appear at 1557 cm-! was related to
acetate group and confirmed the simple salt of nickel was supported on PEG(Fig.3d). the peak

related to Ni-O bond was observed below 1000 cm-! ranges.
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Figure 1. FTIR spectrum of a) graphite b) GO, c¢) PEG-GO, d) NiOAC@ PEG-GO.

Diffuse reflectance (DR) Uv spectra of GO, PEG-GO and NiOAC@PEG-GOwas studied. Figuren 2a

shows DR Uv spectrum of graphene oxide. The UV spectra of GO showed absorption bands in the
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227-231 nm rigions as previously reported for GO due to The m—7* transitions [17]. For PEG-GO
the peak related to GO was observed and confirmed that GO was present in PEG-GO, in addition the
peak subjected to C-O band for polyethylene glycol was observed at 380-400 nm regions(Figure
2b).For supported catalyst the bands for nickel acetat (due to d—d transitions)were observed with
the shift due to supported nickel acetate salts on polyethylene glycol grafted graphene oxide(Figure
2¢c).
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Figure 2. DR Uv-vis spectra of a) GO, b) PEG-GO, c) NiOAC@ PEG-GO

To investigate the effect of the modification procedure on the surface morphology, the surface
FESEM images were prepared and then were compared together in Figure 3.To investigate the
effect of the modification procedure on the surface morphology, the surface FESEM images were
prepared and then were compared together in Figure 3. The FESEM images of GO are also shown in
Figure 3a. In Figure 3a the morphology of GO was shown layers with about 100 nm thickness. PEG
supported on the surface of graphene oxide and formed polymer thin layer on the top of the GO
(Figure 3b). As can be seen, the surface morphology was changed by supporting the PEG which led
to the creation of a smoother and more compressed surface than that of unmodified GO.Figure 3c
shows that the surface morphology was changed by supporting the nickel acetate which led to the
disappear smoother and compressed surface than that of unmodified graphene oxide grafted

polyethylene glycol.
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Figure 3. FESEM images of a) GO, b) PEG-GO, ) NiOAC@ PEG-GO.

Figure 4 was shown XRD patterns of NiOAC, GO, PEG-GO and NiOAC@ PEG-GO. XRD pattern for
nickel acetate hydrate shows monoclinic structure with campare to XRD laboratory [31].The two-
theta position of the (001) GO diffraction peak can show a range of ~7-12° two theta (Cu Ka
radiation) depending on the amount of residual water intercalated between basal planes in a GO
film. In addition, there is a broad peak at ~19° two theta due to a unoxidized component(s)
generated during the chemical processing of bulk graphite powder to make graphene oxide
nanosheets [14]. After modification of GO with PEG the XRD pattern of GO-PEG was shown two
characteristic peaks of PEG according to previous reportedandconfirmingthe immobilization of PEG
on GO nanosheets. Immobilization of nickel acetate on the surface of GO-PEG led to change in the
powder XRD pattern when compared with that for GO-PEG is confirming the formation of a new
material and a possible change in crystallinity and interplanar space. From XRD images for the
supported catalyst, the caracteristics peaks for the monoclinic structure of nickel acetate was
maintained after immobilization of nickel acetate and the peaks at 26=13.2 and 28.5 for monoclinic

structure of nickel acetate was observed for XRD pattern of the catalyst.
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Figure 4. XRD images of a) NiOAC b) GO, c) PEG-GO, d) NiOAC@ PEG-GO.

Degradation of methylene blue (MB)

Methylene blue was selected as model dye for investigation of photocatalytic degradation of dyes as
pollutants. Methylene blue is a heterocyclic aromatic chemical compound with the molecular
formula C16H1sN3SCl. At room temperature it appears as an odourless green powder, which yields a
blue solution when dissolved in water and gives characteristic spectrophotometric absorbance at
663 nm. It has many applications in the various fields. Methylene Blue (MB) is a cationic dye,
extensively used in variety of industrial application with main applications in coir and textile
industries. It is most commonly used dye for coloring cotton, wood, paper stocks, and silk. It is also

utilized in the field of medicine [25]. Scheme 1 shows the structure and spectrum of MB.

200 300 400 500 600 700
Wavelenght(am)

Scheme 4. Structure and UV-vis spectrum of methylene blue.
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The photocatalytic reactions were performed for 20 ppm initial concentration of MB under
different experimental conditions, using different amounts of catalyst, time and various pH for
degradation of methylene blue; this was done without irradiation, and the pH conditions were
changed from acidic to basic. For consideration of effect of immobilization of supporting procedure
on photocatalytic activity the experiments under same conditions was performed with NiOAC as
catalyst. The results showed even up to 1h the degradation of methylene blue was trace in the
presence of NiOAC and PEG as catalyst, so the influences of supporting NiOACon the surface of

graphene oxide and on the photocatalytic degradation of MB were obvious (Figure 5, Figure 6).
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Figure 5. Degradation of methylene blue with NiOAC as catalyst, Co=20 ppm.
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Figure 6. Degradation of methylene blue with PEG as catalyst, Co=20 ppm.
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The design expert 7.0.0 software was used for regression analysis of the data obtained and to
estimate the coefficient of the regression equation. The equations were validated by the statistical
tests called the ANOVA, to determine the significance of each term in the equations fitted and to
estimate the goodness of fit in each case. Response surfaces were drawn for the experimental
results, obtained from the effect of different variables on the percentage removal of dye, in order to
determine the individual and cumulative effects of these variables and the mutual interactions
between them. The small values of coefficient of variation (C. V. %) and standard deviation (Std.
Dev.) indicated reliability. The small anticipated residual sum of squares (PRESS) is a criterion of
how good the model fits each point in the model. The small the PRESS statistic, the better the model
fits the data points. The above results indicating that, the proposed quadratic model guarantees a
precise demonstration of the experimental data as well as indicated high validity and adequacy of
model in predicting the degradation percentage of methylene blue. The Fisher’s F value with a low
probability (p < 0.0001) showed that the model was significant. The multiple correlation coefficient
(R?) demonstrated the goodness of the model. Moreover, R2 value is 0.938 could be explained by the
developed quadratic model, and the predicted R2 values were in agreement with adjusted R, which
means all the terms depicted in the model were significant. In this case, the non-significant lack-of-

fit (0.07) confirmed the quadratic model was valid for this process.

Comparison between theoretical and experimental data

The CCD equation of actual factors was solved by partial differential calculus for obtaining the
optimum value of A, B, C. The optimized value showed below and Table 1 shows optimized data was
obtained for this study. A (pH)=7.6, B (catalyat amount)=24.6 mg, C (time)=23.3 min for initial
concentration 20 ppm. For optimized condition, the experimental percentage of degradation was

92.9%.

Table 1. Constraints applied for optimization process for initial concentration 60 ppm.

CATALYST AMOUNT TIME PH REMOVAL%
24.6 MG 23.3 MIN 7.6 92.9

The regression plot of the trained network was shown in Figure 7. The trained network gave a
correlation coefficient of 0.938. A high correlation coefficient of this plot signified the reliability of

the neural model with the experimental data.
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Figure 7. Regression plot (experimentally vs. predicted).

The model summary Statistics results was showed in Table 2. The predicted R-squared of 0.892 is
as close to the adjusted R-squared of 0.796. This confirmed your model is acceptable.

Table 2. Model Summary Statistics.
Source R-Squared Adjusted R-Squared Predicted R-Squared
Quadratic 0.938 0.796 0.892Suggested

The combined effect of different levels of initial solution pH and time on MB degradation using the
keggin polyoxometal supported on modified graphene oxide can be predicted from the contour plot
as shown in Figure 8a. From the contour plot, it can be observed that MB degradation percentage
increased with increase of time and pH. Solution pH affected the chemistry of the degradation of
MB, the activity of pH the adsorbent surface, as well as competition degradation of MB for the
binding sites. The optimized pH and time were 7.6, 23.3 min. The combined effect of catalyst
amount and contact time on dye degradation was shown in the contour plot of Figure 8c. The
percentage of MB degradation increased by increased with catalyst amount. The rate of dye
degradation was increased with enhancing the amount of catalyst. This could be due to the increase
in the exposed surface area of the catalyst. However, it must be noted that after a certain limit (24.6
mg), if the amount of catalyst had been increased further, there would have been a saturation point.
Both the number of active sites on photocatalyst and the penetration of light through the
suspension are influence by the amount of photocatalyst. The increase in the loading of
photocatalyst can increase the rate of the deactivation of activated molecules by collision with the
ground state photocatalyst.From the results it was observed that a maximal degradation efficiency

of 92.9% was achieved at 24.6 mg catalyst amount and 23.3 min of time. The combined effect of
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catalyst amount and pH on MB degradation was shown in Figure 8e. The percentage of MB
degradation increased by increased with catalyst amount. Higher catalyst amount enhanced the
catalytic active sites force and increased the MB adsorption. From the results it was observed that a
maximal degradation efficiency of 92.9% was achieved at optimized pH and catalyst amount were

7.6, 24.6 mg.
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Figure 8. Three dimensional response surface graph for the degradation of MB wastewater (a) % MB
degradation versus time and pH (b) counter plots for pH and time, c) MB degradation versus catalyst amount
and time, d) counter plots for catalyst amount and time, e) MB degradation versus the catalyst amount and
pH, f) counter plots for pH and catalyst amount, all experiments were performed for initial conc=20 ppm.

Catalytic behavior, separation and recyclability

The stability of the supported catalyst was monitored using multiple sequential degradation of MB

with synthesized catalyst under visible light irradiation. For each of the repeated reactions, the

catalyst was recovered, washed thoroughly with water and dried before being used with fresh

methylene blue solution. Figure 9 shows that the catalysts were consecutively reused five times.

The catalyst was recovered for five runs without the loss of activity.
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Figure 9. Reusability of catalyst in degradation of MB with synthesized catalyst
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For considering the effect of methylene blue concentration on the photocatalytic activity, the
experiments were performed under optimized conditions which obtained from CCD experiments at
7 different dye concentrations (20, 30, 50, 60, 80, 100, 150). Figure 10 shows that percentage
degradation by catalyst is decreased by increasing the initial dye concentration from 20 to 150
mg/L and pH=7.6. The reduction of degradation by raising the dye concentration can be explained
by the decrease in active sites on the adsorbent surface due to aggregation of particles. In addition,
after 150 ppm the degradation was nearly constant. The effect of initial dye concentration on

degradation showed in Figure 10.
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Figure 10. Effect of initial concentration of dye on the photocatalytic degradation of methylene blue under
optimized condition, Co=X ppm.

For investigation of the catalyst was intact after photo catalytic reaction the FT-IR spectrum of
catalyst after reused was taken and the results showed the peaks at 1105 cm -1, 1569 cm -1, 1720
cm -1, 2924 cm -1, 1444 cm -1 and 3400 cm ! corresponding to the supported catalyst was remained
after reused with shift due to degradation procedure (Figure 11).Many investigators have
suggested various mechanisms for the degradation of dyes as pollutants. To exposure to visible
light irradiation, the metal salts excited by light to give exited electron. This excited state will
provide an electron in the conduction band leaving a hole in the valance band. This electron is then
trapped by molecular O; forming O~ ions. The valance band hole generates hydroxyl radical from
hydroxyl ions which can easily attack the adsorbed dye, thus leading finally to their complete

mineralization. Scheme 4 suggests the photocatalytic degradation pathways.
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Figure 11. FT-IR spectrum of reused catalyst after degradation of MB
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Scheme 4.Proposed mechanism for excitation of electron in degradation of dyes by supported catalyst

Table 3. compares the photocatalytic activity of the supported catalyst with those of other reported

catalysts for the degradation of dyes.
Table 3. Comparison of reaction data for the present method in degradation of dyes and other reported

methods.

CATALYST DYES REF
NIOAC@ PEG-GO METHYLENE BLUE THIS WORK
Cu0@GO METHYL ORANGE 32
AG3;P0,.@GO METHYLENE BLUE 13
TiIO,@RGO ORGANIC DYES 14
Ti0O, @GO METHYLENE BLUE 15

FE304 @RGO@TI0: ORGANIC DYES 16
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Conclusions

NiOAC-supportedmodified graphene oxide (denoted as NiOAC@ PEG-GO) was prepared by
anchoring NiOAC on the surfaces of PEG-coated GO nanoparticles. This catalyst showed excellent
photocatalytic activity and high performances in degradation of methylene blue under visible light
irradiation and could, therefore, be reused at least five times, with only a slight decrease in
photocatalytic activity. In addition, this catalyst could be easily separated at the end of the reaction
using centrifuging. The results showed that supported catalyst could accelerate electron transfer in
photocatalytic procedures due to good dispersion of NiOAC on the surface of modified graphene

nanosheets.
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