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In this study, a green method was applied in order to reduce graphene oxide (GO).
Reduction was carried out at 80 °C in the presence of phenolic compounds from olive
leaf extract (OLE), and olive mill wastewater (OMW) as a reducing agent. Owning to the
natural origin of the reducing agent, this method is environmentally friendly. Reduction
was carried out at pH=7 and pH=10 in the presence of OLE, and at pH=10 in the pres-
ence of OMW. The reduction process was monitored using UV/Vis spectroscopy. The
structural properties of the reduced graphene oxide (rGO) samples were characterized by
Fourier-transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA).
Structural studies demonstrated that a part of the oxygen functionalities in the graphene
oxide structure had been removed, which resulted in increased electrical conductivity as
proved by the four-point probe method. Better reduction efficiency, as well as better ca-
pacitive properties, were obtained at increased pH value. Capacitive properties of rGO
were determined using the cyclic voltammetry technique. The influence of the different
reducing agents, OLE and OMW, on rGO capacitive properties is also shown in this

work.
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Introduction

Graphene' is a two-dimensional nanostructure
with single-layer carbon atoms firmly packed into a
honeycomb crystal lattice.”> Such a structure results
in unique mechanical, thermal, catalytic, electrical,
and optical properties, and has attracted tremendous
attention in recent years. Graphene holds the poten-
tial to be used in a wide range of fields, such as
bio-sensing, drug delivery, catalysis, and energy
storage.> Supercapacitors based on graphene are
promising alternatives for battery systems, owing to
a large surface area of graphene and high electronic
conductivity. These properties enable high power
and energy densities of the supercapacitor.*”’

At present, graphene is being prepared by vari-
ous techniques, such as micromechanical cleavage,
epitaxial growth, chemical vapor deposition, elec-
tric arc discharge, ultrasonic synthesis, chemical re-
duction of graphene oxide, and spray pyrolysis.'” In
general, the production of individual graphene
sheets in bulk quantity proves to be a significant
challenge, which can be solved by the chemical re-
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duction of graphene oxide (GO).* So far, strong
chemical reductants, such as hydrazine (N,H,), ther-
mal reduction, hydrothermal synthesis, microwave
irradiation or electrochemical reduction have been
utilized for reducing the chemically exfoliated GO
sheets.!"1* Recently, there have been reports on
green reduction routes which use reducing agents
such as ascorbic acid,'*'® green tea,'” reducing sug-
ar,'® baker’s yeast!® or amino acids.'®?

In this article, we demonstrate a simple and
green chemistry route for the preparation of reduced
graphene oxide (rGO) through the reduction of GO
using olive leaf extract (OLE) or olive mill waste-
water (OMW). Olives and olive-derived products
are known as a valuable source of natural phenolic
compounds that exhibit antioxidant properties. The
strongest antioxidant activity was noted for hy-
droxytyrosol, oleuropein, pinoresinol, ligstroside,
and tyrosol.?! High amounts of OMW are generated
in the Mediterranean area during the olive oil pro-
duction processes,”? and therefore OMW can be
used as an economically and ecologically sustain-
able and cheap reducing agent.

The goal of this work was to use OLE as a
commercially controlled product and OMW as puri-
fied wastewater released from olive fruit during the
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oil production process. According to authors knowl-
edge, there is only one report where the effect of
OLE on the reduction of GO has been reported.
The reduction process was monitored using UV/Vis
spectroscopy, while the characterization of rGO was
carried out by FTIR, thermogravimetric analysis
(TGA), and four-point probe (FPP). Capacitive
properties of tGO were determined using the cyclic
voltammetry (CV) method.

Experimental procedure

Preparation of reduced graphene oxide

Graphite oxide was prepared and purified ac-
cording to Hoffmann’s method.* Nitric acid, 9 mL
(65 %) and sulfuric acid 17.5 mL (95 — 98 %) were
added and mixed in a reaction flask using a magnet-
ic stirring bar. The reaction flask containing the
mixture was added into an ice bath and cooled
down to temperatures between 0 — 5 °C. Graphite, 1
g (natural flakes, Sigma Aldrich, USA) was then
added to the mixture under vigorous stirring to ob-
tain homogeneous dispersion. Reaction flask was
kept at temperatures lower than 5 °C in the ice bath.
Next, potassium chlorate (11 g) was slowly added
to the mixture over a period of 30 minutes to avoid
increase in temperature.

After complete dissolution of the potassium
chlorate, the mixture was vigorously stirred for 96
hours at room temperature. The product of oxida-
tion, graphite oxide, was then poured into redistilled
water (1000 mL), filtered, redispersed, and washed
repeatedly with HCI solution (5 %) and with redis-
tilled water until a neutral pH of the filtrate was ob-
tained.

Graphene oxide (GO) suspension was obtained
by ultrasonication of the graphite oxide in deionized
water (40 kHz) for 2 hours, and centrifuged at 4000
rpm to remove any non-exfoliated graphite or
graphite oxide particles. Mass concentration of ob-
tained suspension was 8.56 mg mL!'. To remove
any other impurities and residual ions from oxida-
tion step, GO suspension was dialyzed for one week
in redistilled water using Spectra/Por 4 dialysis tub-
ing.

The chemical reduction of GO was carried out
with two different reducing agents, olive leaf ex-
tract (OLE, Magdis d.o.0.) at two different pH val-
ues (7 and 10), and olive mill wastewater (OMW,
oil production plant “Lucija”, island of Pasman,
2015.) at pH value 10. In a procedure for chemical
conversion of GO to graphene, 34 mL of graphene
oxide solution was diluted with 256 mL of OLE or
OMW solution to obtain mass concentration of GO
1 mg mL' and mass concentration of phenolic

compounds 4 mg mL"!'. The mass concentration of
the phenolic compounds was determined using UV/
Vis spectroscopy and calibration curve of caffeic
acid. The mixture was heated at 80 °C during 5
hours with stirring.

After the reduction process, the reduced
graphene oxide (rGO) was filtered and intensively
washed with redistilled water and ethanol. The rGO
obtained using OLE at pH=7 was denoted as
rGO(OLE, pH=7), rGO obtained using OLE at
pH=10 was denoted rGO(OLE, pH=10), and rGO
obtained using OMW at pH=10 was denoted
rGO(OMW, pH=10). After synthesis, the samples
were oven-dried for 24 hours at 60 °C. The rGO
suspension was filtered under vacuum through a
propylene cellulose filter and then air-dried. Separa-
tion from the filter membrane yielded approximate-
ly 1 mm thick rGO papers.

The reduction reaction was monitored by re-
cording the UV/Vis absorption spectra of reaction
mixture as a function of time. Ocean Optics 200
with the radiation source Model D 1000 CE, Ana-
lytical Instrument Systems Inc., USA was used.

Materials characterization

FTIR spectroscopy was applied to identify the
characteristic peaks of oxygen-containing groups in
GO and rGO samples. FTIR spectra were recorded
using a Perkin Elmer Instruments, Spectrum One.
The thermal stability of the rGO samples was deter-
mined by thermogravimetric analysis (TGA) using
TA Instruments Q500. The mass of the samples was
8 to 10 mg. The measurement was conducted in a
nitrogen stream at a flow rate of 60 mL min"' at
heating rate of 10 °C min! in the temperature range
from 25 °C to 700 °C.

Electrical resistance of rGO paper was mea-
sured using Keysight 34461A instrument and four-
point probe method.

Electrical conductivity was determined accord-
ing to equations 1 and 2:

nd-R
- 1
=" (1)
k=t 2
p

where p is resistivity (€2 cm), R is resistance (€2), d
is thickness of the sample (m), and x conductivity
(S cm™).

Electrochemical characterization

Electrochemical properties were determined by
cyclic voltammetry method. Three-electrode system
was connected to the EG&G Princeton Applied Re-
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search, model 273A potentiostat. A working elec-
trode was glassy carbon (GC) disc coated with rGO
active material. In order to prepare working elec-
trode, 2.5 uL of rtGO/NMP suspension (10 mg mL™)
was drop-casted on clean GC disc electrode (4=0.07
cm?), and dried at room temperature for 24 hours.
Saturated calomel electrode was used as a reference
electrode and Pt foil (4=0.5 cm?) as counter elec-
trode. The electrodes were tested in 0.5 mmol mL™!
Na SO, aqueous solution. The total amount of
stored charge or the value of electrode specific ca-
pacitance was calculated according to equation 3:

| :I(E)dE

= 3
' 2mv(E,—E,) ®)
where C is the specific capacitance (F g™),  is the
current, A, E is the initial potential (V), E, is the
final potential (V), v is the scan rate (V s™'), m is the
mass of rGO (g).

The solutions of OLE and OMW in phosphate
buffer of pH=5.5 were tested by cycling voltamme-
try method and three-electrode system. The concen-
tration of phenolic compounds in OLE and OMW
was 4 mg mL". The pH value of the buffer solution
corresponded to pH value of Na, SO, solution. The
working electrode was GC. Prior to measurement,
the surface of the GC electrode was polished on
0.05 mm alumina powder and activated by perform-
ing 10 cycles in phosphate buffer of pH=7 within
potential range —1 V and 1.5 V at scan rate of 50
mV s %

Results and discussion

UV/Vis spectrophotometry

UV/Vis spectroscopy was used to monitor the
GO reduction, at elevated temperature in the pres-
ence of phenolic compound from OLE and OMW,
as a function of time. UV/Vis spectrum (Fig. 1a,b)
shows the absorption maximum at about 230-250
nm corresponding to m-n* transitions of sp2 hybrid-
ized carbon atoms within the graphene oxide struc-
ture. The other absorption maximum appears at
about 270-300 nm, and corresponds to n—m* transi-
tion characteristic for oxygen functionalities. It is
well known that m-m* transition peak moves to
higher wavelengths when GO is transformed to
rGO."” However, in our case, such an effect was not
obtained, but it was noted that the intensity of ab-
sorbance had changed upon reduction. The absor-
bance spectrum of OLE is similar to GO because it
contains phenolic compounds?*?’ that include aro-
matic structure and hydroxyl groups. However, the
intensity and peak position in absorbance spectra is

1.0 s tomin @
I{"_T‘\a. = = 50 min
0.8 SN == - =105 min
o I 1565 min
Ij e =770 = - - =255 min
0.6 ¥ e
X
~
<
0.4+
0.2+
TN,
b/ AN
0.0 v T v T v T g ™ v 1
200 250 300 350 400 450
A lnm
1.0 at the beginning (b)
— — after 90 min
- after 120 min
0.8 1 — - - - after 180 min
S - --- after 240 min
. after 300 min
0.6 "one-
= T
-
<
0.4
0.2 1 A
NS
e NN
0-0 T T T T I' T = T 1
200 225 250 275 300 325 350 375 400
A I'nm
1.2 (©)
—OLE
— OMW
— GO
0.8
B
<
0.4
0.0 T T T T T T T T T 1
200 250 300 350 400 450
Al nm

Fig. 1 — UV/Vis spectrum recorded a) during thermal treat-
ment of GO, and b) during thermal treatment of GO in the pres-
ence of OLE at pH=10. ¢) Comparison of UV/Vis spectrum re-
corded for pure GO, OLE and OMW.

not the same (Fig. 1¢). Therefore, the absorbance in
the case of solution containing OLE and GO is a
result of overlapping peaks corresponding to OLE
and GO. Fig. 1b reflects properties of the mixture at
different times during the reduction process. In the
case of GO without OLE, the intensity gradually in-
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creased up to 255 min (Fig. 1a). On the other hand,
in the presence of OLE, the intensity increased up
to 120 min, after which it started to decrease (Fig.
1b). From the obtained results, two important con-
clusions can be drawn. Firstly, during the reduction
process, transformation of dissolved GO into small
insoluble particles of rGO takes place, and therefore
light scattering in a wide wavelength range appears,
rather than light transmittance through the sample.
The light scattering increases the absorption peak
intensity. The intensity increase in whole spectral
region during successful reduction process was no-
ticed previously, and it was attributed to gas evolu-
tion and the regeneration of sp2 bonds.?®3° Second-
ly, the intensity change is more pronounced in the
presence of OLE, which indicates its good efficien-
cy as a reducing agent. It was also noticed that, af-
ter appropriate reduction time, in the presence of
OLE, absorption intensity decreased again. This ef-
fect is most likely obtained owing to the further ag-
glomeration of rGO that results in decreased light
scattering or owing to the significant decrease in
GO concentration. From the obtained results, it
seems that, although the reduction process was in
progress, as the mixture evidently changed in color
from brown to black,, the redshift of peak at 230
nm was not obtained. However, the absorption in-
tensity change noticed in this work indicated that
reduction took place. Additionally, the difference
obtained in the presence and absence of OLE, points
out that this process is more progressive in the pres-
ence of OLE.

UV/Vis spectroscopy was also used to compare
solutions containing OLE and OMW (Fig. 1c). It is
obvious that intensity of absorbance at 280 nm is
more pronounced for OMW; therefore, different
composition of the phenolic compounds in these
two solutions was expected.

FTIR analysis

FTIR spectrum corresponding to GO (Fig. 2a)
shows broad absorption band in the 3600-2500
cm! region assigned to —OH stretching mode of
mostly water incorporated within GO structure, but
it also indicates alkoxy groups that are incorporated
within the graphene structure. Characteristic ab-
sorption band for GO at 1715 cm™ was assigned to
carbonyl group originating from carboxyl, alde-
hydes or ketones. The band at 1616 cm™' can be as-
signed to one of the following: asymmetric C=C
stretching or —OH bending modes, and water phy-
sisorbed on the GO." Additional band ascribed to
—OH deformation was registered at 1379 cm™,
whilst absorption bands at 1237 cm™ and 1052 cm™
were commonly assigned to epoxy and alkoxy C-O
stretching vibrations, respectively.

After the reduction process, the band at 1616
cm™ shifts to 1638 cm™ while band at 1715 cm™
shifts in the range between 1700-1730 cm™'. In the
case of rGO(OLE pH=10) and rGO(OLE pH=7)
these band partially overlap, and therefore it was
hard to distinguish the band maximum. However,
partial GO reduction was confirmed by changing
the band position and decreasing the ratio between
intensity of peak at 1638 cm™ and peak at 1720—
1730 cm™'. The absorption spectrum of rGO sam-
ples shows additional peak that is not recorded for
GO at 1536 cm™! for rtGO(OMW pH=10), at 1544
cm! for rtGO(OLE pH=10) and at 1540 cm! for
rGO(OLE pH=7) that corresponds to aromatic in
plane skeletal vibration.*'**> The rGO spectrum
peaks in the region 1180-1440 cm™ 3 were less
pronounced compared to the wide band obtained for
GO. The resulting FTIR spectrum shows that the
rGO(OMW pH=10) sample contains phenolic com-
pounds as it is evident by bands at 2852 cm™ and
2918 cm! that were also observed in the spectrum
of OLE or OMW sample (Fig. 2b). This band is
characteristic for aliphatic C—H stretching vibra-
tions***. In the case of rGO(OLE), there were no
typical peaks for OLE at 2852 cm™ and 2953 cm,
therefore it can be concluded that, after reduction,
OLE was completely removed from the sample by
washing.

Finally, it can be concluded that phenolic com-
pounds cannot entirely remove GO oxygen func-
tional groups,’*3° which was further confirmed
with TGA analysis (Fig. 2).

TGA analysis

Thermal stability was used to assess the reduc-
tion degree of rGO samples, since it is well known
that the amount of oxygen decreases by increasing
the degree of reduction due to CO, formation. From
Fig. 3, it is evident that all samples exhibit a loss of
absorbed water molecules around 100 °C. The deg-
radation of oxygenated functional groups starts
above 100 °C with significant weight loss between
250 — 300 °C. Fig. 3 shows that a total weight loss
at 700 °C was 45 — 55 %, depending on the sample.
The result indicated that the greatest mass loss was
obtained for rGO(OLE, pH=7). Therefore, it can be
concluded that the process of removing oxygen
functional groups is more effective at higher pH
values. The results are also in agreement with the
previous studies suggesting that the reduction of
GO is pH-dependent.'> However, the impact of pH
on the activity of phenolic compound should also
be taken into account as it is well known that oxida-
tion potential of phenolic compounds decreases
with a pH increase, and thus, higher reduction ac-
tivity of OLE is expected at elevated pH value.*
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Fig. 2 — FTIR spectra of a) GO and rGO samples, and b) OLE and OMW samples

Four-point probe

Electrical conductivity measurements were car-
ried out in order to confirm that the GO reduction
process was conducted successfully. For this pur-
pose, the four-point probe method was used.

GO shows lower conductivity than that of pris-
tine graphite or rGO owning to the fact that sp2
bonds have been disrupted during oxidation. The
regeneration of sp2 bonds and conductivity increase
is achieved by the reduction process. The conduc-
tivity values obtained in this work, (Table 1), are
significantly higher compared to the value previ-
ously reported for GO (6.8:10°'° S em™),* which is
a good indication of successful reduction. By com-
paring the rGO conductivity in this work with the
values previously reported for rGO, it can be con-
cluded that the obtained values are within the range
that was previously reported.*** Additionally, high-
er conductivity was obtained for the rGO(OLE) pre-
pared at higher pH values, which supports previous
conclusions related to reduction efficiency and pH
value. The conductivity obtained for rGO(OMW,
pH=10) deviated from the values obtained for
rGO(OLE), i.e., higher conductivity was registered.
However, the TGA result indicated no lower con-
tent of oxygen for rGO(OMW, pH=10) sample as it
would be expected for higher conductivity (Fig. 3).
The only explanation for this behavior could be that
the mass decrease recorded for rGO(OMW, pH=10)
included degradation of phenolic compounds that
were evidently present within this sample. There-
fore, greater mass change was registered for
rGO(OMVW, pH=10) that would be obtained for
rGO with the same degree of reduction but without
phenolic compounds. From the obtained conductiv-
ity, it follows that the slightly higher degree of sp2
bond regeneration was achieved for the sample pre-
pared in the presence of OMW.
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Fig. 3 — Thermogravimetry analysis of rGO samples

Table 1 — Resistance and electrical conductivity values for
the different rGO thin films

Sample R/IQ d/um x/S cm™!
rGO(OLE, pH=7) 3050 0.60 1.206
rGO(OLE, pH=10) 1270 0.33 5.265
rGO(OMW, pH=10) 247 0.58 15.403

Electrochemical characteristics

From the cyclic voltammetry responses (Fig.
4), it can be concluded that, for all the electrodes
containing rGO, high currents within the wide po-
tential range were registered, indicating good ca-
pacitive behavior. Such a property opens up the
possibility of using these materials in supercapaci-
tor.*® Higher current values that were obtained for
the rGO electrodes, compared to the GO electrode,
indicated that GO was successfully reduced. The re-
duction process resulted in sp2 bond regeneration,
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Fig. 4 — Cyclic voltammograms for a) different rGO elec-
trodes in 0.5 mol dm> Na,SO, and b) GC electrode in OLE
and OMW buffer solutions of pH=5.5, v=50 mV s

Table 2 — Specific capacitance values for different rGO elec-

trodes

Sample C/F g!
rGO(OLE, pH=7) 16.6
rGO(OLE, pH=10) 34.0
rGO(OMW, pH=10) 323

reduction in oxygen functionalities, and increase in
conductivity (Fig. 5). The increased conductivity
enables double-layer charging/discharging on the
rGO surface, which governs the capacitive behavior
of the material. An additional current peak was re-
corded in the cyclic voltammogram for the
rGO(OMW, pH=10) electrode in the potential range
from 100 mV to 500 mV. It can be assumed that this
peak corresponds to the redox reaction of the resid-
ual phenolic compounds positioned on the top of
rGO sheets. In order to prove such an assumption,
OLE and OMW solutions were tested using GC
electrode and cyclic voltammetry method (Fig. 4b).
As a result of phenolic compound redox reaction,
anodic and cathodic current peaks were registered.
The obtained behavior was similar to the response
of rGO(OMW, pH=10), which confirmed the previ-
ous assumption that phenolic compounds influence
cyclic voltammetry response. Additionally, the peak
potentials for the two different solutions differed in-
significantly, indicating similar antioxidant activity
of phenolic compounds present in OLE and OMW.*

Fig. 4a also shows that the highest capacitive
current was registered for rGO(OLE, pH=10), so it
could be concluded that the highest degree of re-

Fig. 5 — Schematic representation of the reduction process, reactants, and obtained products
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duction was achieved for this sample. The values
obtained for conductivity point to the opposite con-
clusion, since the highest conductivity was regis-
tered for rtGO(OMW, pH=10). Therefore, it is obvi-
ous that the presence of phenolic compounds
reduced the capacitive currents of rGO(OMW,
pH=10).

From the cyclic voltammogram, it is possible
to determine the total amount of stored charge or
the value of electrode specific capacitance (Table 2)
according to equation (3). The highest value of spe-
cific capacitance was obtained for the rGO(OLE,
pH=10) electrode, 34.0 F g”!, and a similar value
was obtained for the rGO(OMW, pH=10) electrode,
32.3 F g''. Although the cyclic voltammogram for
rGO(OMW, pH=10) showed lower capacitive cur-
rent in the wide potential range, compared to
rGO(OLE, pH=10), the similar capacitance was cal-
culated for both layers owning to the contribution
of current peak to overall charge. Since the current
peak was not completely reversible, which is a nec-
essary condition for good pseudocapacitive behav-
ior, it followed that rGO(OLE, pH=10) showed bet-
ter capacitive properties. Please note that nearly
half of this value was obtained for the rGO(OLE,
pH=7) electrode, 16.6 F g!, which was additional
confirmation for the lower degree of reduction at
lower pH value. The results obtained in this work
are comparable with the specific capacitance values
reported previously, which were mostly within the
range of 25-200 F g !.4# Successful reduction of
GO in the presence of OLE and OMW at elevated
temperature opens up the possibility of applying it
as a reducing agent even in other synthesis methods
that result in more porous material and significantly
greater specific capacitance values.

Conclusions

The reduction of GO to rGO was carried out
successfully using OLE and OMW as environmen-
tally friendly reducing agents. In this process, a sig-
nificant reduction in oxygen functional groups and
regeneration of sp2 hybridization was achieved,
which was proven using FTIR, TGA, and by mea-
suring the electrical conductivity of the prepared
samples.

Thermogravimetric analysis indicated that the
highest reduction efficiency was obtained for the
rGO(OLE, pH=10) sample, whereas the lowest effi-
ciency was obtained for rGO(OLE, pH=7). The
electrical conductivity measurements indicated a
similar trend if taking into account the influence of
pH value. However, the highest conductivity was
recorded for rGO(OMW, pH=10). FTIR method in-
dicated that the reduction process induced regenera-

tion of sp2 bonds, but without the complete remov-
al of oxygen functional groups.

Good capacitive behavior of all rGO electrodes
was confirmed using the cyclic voltammetry meth-
od. The obtained results indicated that better capac-
itive properties had been obtained for rGO(OLE,
pH=10), 34.0 F g'!, compared to rtGO(OLE, pH=7),
16.6 F g!. Taking into account the various reducing
agents, it was evident that, although somewhat
higher conductivity was registered for rGO(OMW,
pH=10), better capacitive properties were obtained
for the rGO (OLE, pH=10) electrode. The cyclic
voltammetry and FTIR spectroscopy methods re-
vealed the presence of phenolic compounds within
the rtGO(OMW, pH=10) sample. On the other hand,
such an effect was not registered for rGO(OLE)
samples. Based on the reported results, it was con-
cluded that the phenolic compounds present within
rGO(OMW, pH=10) sample had a significant im-
pact on rGO capacitive properties.
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Abbreviations

CcvV — cyclic voltammetry

FPP — four point probe

FTIR - Fourier-transform infrared spectroscopy
GO — graphene oxide

NMP - N-methyl-2-pyrrolidone

OLE - olive leaf extract
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OMW - olive mill wastewater

rGO(OLE, pH=10) — rGO obtained using OLE at
pH=10

rGO(OLE, pH=7)  — rGO obtained using OLE at
pH=7

rGO(OMW, pH=10) — rGO obtained using OMW at
pH=10

rGO  — reduced graphene oxide

rpm — revolutions per minute

TGA  — thermogravimetric analysis

UV/Vis — ultraviolet-visible spectroscopy
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