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Abstract

The stability of the graphene oxide dispersions is an important
issue in the preparation of medicine, printed flexible electron-
ics, 3D printers and conductive inks. In order to improve the
stability; mean and standard deviation of particle size, polydis-
persity index, zeta potential and conductivity of graphene oxide
dispersion were selected as the main stability properties. The
improvement rate between the estimate and the optimal condi-

tions were calculated for the mean and standard deviation of

particle size, polydispersity index, zeta potential and conduc-
tivity as 264.0%, 1875.0%, 583.3%, 5.0% and 50.0%, respec-
tively in terms of the GO quality characteristics. The improve-
ment rate between the estimate and the optimal conditions were
calculated for the mean and standard deviation of particle size,
polydispersity index, zeta potential and conductivity as 42.7%,
79.7%, -5.0%, 9.9% and -86.7%, respectively in terms of the
GO quality characteristics. The result show that TOPSIS based
Taguchi optimization in this study is effective to improve the
graphene oxide dispersion stability.
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1 Introduction

Graphene oxide (GO), which has the supreme physical and
chemical properties, is one of the most promising additive in
terms of excellent dispersion stability, cost-effective poten-
tial, large-scale production of graphene-based materials [1-3].
By means of these features; GO has a wide range of applications
such as functional fluids [4], solar cells [5-6], polymer com-
posites [7], cement composites [8], drug delivery systems [9],
conductive films [10], biosensors [11], transistors [12], super
capacitors [13], nano composites [14], bio-materials [15], lith-
ium ion battery [16], water treatment process [17], conductive
polymers [18-19] and conductive inks [20]. In many industrial
applications, the stability of graphene oxide dispersions plays a
crucial role for the proper solvent preparation. Therefore, many
researchers have done the studies to understand the disper-
sion behavior and to improve the dispersion stability. Konios
et al. [21] prepared GO and reduced graphene oxide (rGO)
dispersions with the different solvents and they showed that
the GO and rGO samples forms a stable dispersion with the
deionized-water, ethylene glycol and N-methyl-2-pyrrolidone
(NMP). Taha-Tijerina et al. [22] prepared a dispersion with
the deionized-water, ethylene glycol, ethanol and mineral oil
and they illustrated that the GO samples forms a strong sta-
ble dispersion with the deionized-water and ethylene glycol.
Graphene oxide-deionized water nano-fluids are more attrac-
tive options because of the formation of fairly strong stable
dispersions with graphene oxide in the deionized water and the
elimination of toxic solvents such as NMP.

The quality of the dispersions including “strong stability”
can be represented with some criteria such as zeta potential
value, thermal and electrical conductivity, pH, and particle size.
Therefore, many studies have been done to analyze the GO dis-
persion properties. The average particle size and zeta poten-
tial value [22], viscosity [23], pH [24], shear rheology [25],
specific surface area [26] and thermal conductivity [3; 27]were
analyzed and the dispersion stability [22], the thermal conduc-
tivity [28], thermal performance [29] were analyzed without
using any systematic analyzing such an experimental design
approach. It has been determined that oxidants and pH of the
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solution were effective on the graphene oxide stability [22].
The effect of the components of the graphene oxide samples
on the stability criteria has not been systematically analyzed
with the use of experimental design approach. However, the
systematical methods especially experimental design approach
may be useful to understand the dispersion behavior.

The studies related to the graphene oxide dispersions have
focused generally on one or two criteria. For example; Obreja
et al. [30] prepared the graphene oxide dispersion in the deion-
ized water and determined the size of particle on average as 102
nm and the standard deviation of particle’s size as 29.1 nm with
the device of particle size analyzer. Taha-Tijerina et al. [22]
determined one of the most stable graphene oxide dispersions
as the deionized water and they determined the size of particle
on average as 110 nm and the zeta potential as -113.77 mV
with the use of acoustic spectrometer. Konios et al. [21] ana-
lyzed the maximum solubility of graphene oxide and reduced
graphene oxide in an inorganic solvent with the distilled water.
Zhang et al. [27] prepared the dispersion of reduced graphene
oxide which was synthesized by Hummers method with the
ionized water and they determined the dispersion zeta poten-
tial’s value as -50.9 mV and the thermal conductivity value as
0.86 W/m*K of the dispersion. The following manner restricts
the industrial use of graphene oxide dispersions that their one
or two properties are separately improved as the zeta potential
or particle’s size. Thus, the simultaneous optimization of these
two values with the multi-response optimizing techniques may
help in obtaining more stable and useful graphene oxide disper-
sions and increase its usage rate in the manufacturing industry.

Aqueous graphene oxide applications such as 3D printing
technology, nano composites manufacturing or thin film tech-
nology require the stable and homogeneous dispersions. So the
factor effects on the product stability must be understood and
the mixture ratios should be optimized to minimize the product
variance. The goals for the optimization of the mixture pro-
portions in this study can be summarized as follows: Firstly,
it is aimed to determine if the factors, mixture proportions and
experimental conditions are effective or not on GO and rGO
dispersion properties, secondly to improve the quality of the
suspensions by decreasing the variability of the stability with
the use of multi-response optimization methodology.

This study recommends a novel approach which aims the
improvement of graphene oxide and the reduced graphene
oxide dispersions’ quality criteria with the use of multi-re-
sponse optimization techniques. The main contribution of
study is to optimize the particle’s size, zeta potential, polydis-
persity index graphene oxide properties and also the standard
deviation of particle’s size with the method of TOPSIS-based
(Technique for Order Preference by Similarity to an Ideal
Solution) Taguchi. Thus, it would be possible to produce the
homogeneous graphene oxide dispersion at the large scales,

to minimize the standard deviation and to improve the prod-
uct quality. Another goal of this study aims to determine on
the mixture ratios which optimize the stability properties of
graphene oxide dispersions.

2 Experimental
2.1 Graphene oxide synthesis

Graphite (<20pm from Sigma Aldrich and <50pm from
Merck), sulphuric acid (95-97%, Merck) and sodium nitrate
(99.99% extra pure, Merck) has been stirred at 5°C for a sev-
eral hours and then the potassium permanganate (pH 7-9,
Merck) has been added the mixture with regard to Hummers
and improved Hummers method [2, 31-33]. The deionized
water has been added to the suspension and the reaction tem-
perature has been raised to 98°C as a result of the hydration
heat. The oxidation process has been terminated with the addi-
tion of deionized water and hydrogen peroxide (30% v/v, 10
ml). The graphene oxide powders have been purified via wash-
ing with hydrochloric acid solution and centrifuge application.
GO has been obtained by drying wet solid product in oven
for 12 hours. The reducing agent has been added while the
graphene oxide suspension has been stirred and the suspension
has been heated under the atmospheric pressure or pressurized
reactor (under 6 bar pressure) for several hours. The reduced
graphene oxide samples have been separated by the centrifu-
gation and filtration, have been washed with the use of acetone
and have been dried in the non-vacuum or under the vacuum
containers for 24 hours. The experimental details for each runs
have been added to Table 2.

2.2 Graphene oxide characterization

Raman spectroscopy analyses were carried out by the Thermo
DXR Raman device in Namik Kemal University Central
Research Laboratory. Fourier Transform Infrared Spectroscopy
(FTIR) analyses were implemented in the Cankir1 Karatekin
University with the use of Bruker Tensor II brand device. The
Malvern zeta sizer was used to determine the average particle
size of the GO and rGO samples.

2.3 Dispersions of GO and rGO

GO and rGO dispersions have been prepared as the follow-
ing. 3mg GO has been weighed and distributed in 4mL water
using ultrasonic probe. This suspension has been put into the
zeta sizer tub. Zeta potential of GO dispersions has been mea-
sured by potential dip cell. 30mg RGO has been weighed and
dispersed in SmL water with the use of Ultrasonic Probe (60%
amplitude, on ice, 10min). 50 pl of this suspension has been
taken, placed in a zeta sizer tub and completed with water
(about 3.5 ml). Zeta potential of rGO dispersions has been
measured by the potential dip cell after the Vortex mixing.
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2.4 A general outlook on the issue of TOPSIS based
Taguchi optimization

The Taguchi method is one of the most effective methods
to keep the quality criteria at demanded value and is used to
determine the optimal mixture ratios to minimize the raw mate-
rial utilization. Its most important advantage is to decrease the
number of experiments as possible as with the use of orthogo-
nal arrays [34]. The orthogonal array is expressed as L_(b¢), a
where is the number of factor combination in the experiment,
b is the number of level for factors and ¢ shows the number of
factors which are used in the experiments [34]. Taguchi method
proposed that the signal to noise ratio (S/N) can be used to
measure the quality characteristic deviates from the desired
value [35-36]. These quality characteristics are defined for the
stable dispersions as smaller the better (average particle size),
the higher the better that should be maximized (electrical con-
ductivity) or the nominal the better that should be kept a target
value [37]. The variability degree of factors’ effect on the qual-
ity characteristics could be analyzed efficiently by the regres-
sion analysis [38]. Moreover, S/N ratios can be used in the
multi-criteria decision matrix for TOPSIS application. As it is
known, the Taguchi method is used only in the improvement of
single performance response on its own. The TOPSIS methods
which are mostly preferred with the method of Taguchi are the
multi-criteria decision which takes the methods for the solution
of multi-response optimization problems.

The S/N ratio which can be the-smaller-the-better (Eq. (1))
or the-larger-the-better (Eq. (2)) for responses, () is a useful
tool to obtain significant factors by evaluating the minimum
variance [39].

—[ STEP 1 (OBJECTIVES)

+0Obtaining stable GO dispersion

sUnderstanding the effects of factors on GO
dispersion stability

1 n
p =—1010g1{—zy§k} (1)
[
n, =—10log liL (2)
! “In k=1 J/;k

n; is the S/N ratio for the response j of experimental num-
ber i, and Vi is the experiment result for the response j of the
experiment 7, in the & th replication; n is the total number of
replications [39]. The multiple-response problem can be eas-
ily converted to a single-response problem with the TOPSIS
methodology steps such as the determination of the decision
matrix, calculation of normalized ratings, identification of
positive ideal and negative ideal solutions (A* and A"), cal-
culation of the separation measures and the calculation of the
ranking scores (C,") [39]. The main concept of TOPSIS method
is to choose the alternative solution which is at the closest dis-
tance to the ideal solution and at the farthest distance from the
negative-ideal solution in the sense of geometry. The imple-
mentation of the TOPSIS-based Taguchi method does not need
complex mathematical calculation with non-linear object and
constraint functions. The details of the TOPSIS based Taguchi
application steps can be found in Simsek et al. [40].

3 Proposed Methodology

An 8-step methodology has been followed to improve the
dispersions of the GO and rGO stability (Fig. 1). L , (2'*37)
orthogonal array has been selected to improve graphene oxide
dispersion properties such as the average particle size, stan-
dard deviation of the particle size, polydispersity index, zeta
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Fig. 1 Proposed

methodology
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Table 1 Quality characteristic and their weights

Quality o . Target values Target values . Normalized
o Symbol  Description Information Weights .
Criteria for GO for rtGO weights
1 APS Average particle size (nm) Industrial usage Smaller is better ~ Smaller is better 1 0.20
Standard deviation e . .
2 SPS . . Stability improvement Smaller is better ~ Smaller is better 1 0.20
of the particle size (nm)
3 PDI Average polydispersity index =~ Monodispersity criterion ~ Smaller is better ~ Smaller is better 1 0.20
4 zp Zeta-potential values (mV) Dispersion stability Smaller is better ~ Smaller is better 1 0.20
5 CcO Conductivity (mS/cm) Industrial usage Larger is better Larger is better 1 0.20
Total 4 1.0

potential value and conductivity. The factors and their levels
have been determined in consideration with the preliminary
test results and usage rates in the literature [2, 32].

The TOPSIS-based Taguchi method has been used to improve
the stability of both graphene oxide and reduced graphene oxide
dispersions. Lastly; the improvement rate of the GO and rGO
dispersion properties has been calculated and these results have
been compared with the other studies in the literature.

4 ldentifying Conditions of Dispersions
4.1 Determination criteria and constraints of GO and
rGO dispersions

Dispersion properties of GO and rGO have been selected
as the average particle size, standard deviation of the parti-
cle size, polydispersity index, zeta potential and conductivity
value. For the GO and rGO dispersions; the smaller average
particle size and standard deviation of the particle size have
been selected as target value to use in the ink jet printing,
super capacitor [41] and lithium ion battery technology [42].
Polydispersity index is requires to be minimized and provides
an information that this dispersion is monodisperse or not [43].
Zeta potential values which should be minimized are critical
parameter that shows the dispersion stability [26, 44]. The dis-
persions with a zeta potential value of less than -30 mV are
considered strongly as stable [45]. When the conductive ink
production is considered, the conductivity value which should
be maximized [46]. The factor levels that affect on the disper-
sion properties have been selected with regard to the prelim-
inary test results and GO and rGO synthesis procedure in the
literature [1-2, 32, 47-53].

4.2 Determination of factors and their levels

One factor that each has two control levels and seven factors
that each has three control levels affects the GO and rGO sta-
bility. The factors’ effect on GO dispersion stability has been
selected as the graphite size (A), graphite (B), sodium nitrate
amount (C), sulfuric acid (D), phosphoric acid (E), potassium
permanganate amount (F), oven temperature (G) and mixing
rate (H) (Table 2). The factors’ effect on rGO dispersion stabil-
ity has been also selected as the drying process (X)), reaction

temperature (X,), residence time in ultrasonic bath (X,), reaction
time (X,), the amount of GO (X), the amount of reducer (X)),
the type of reducer (X,) and solution amount (X,) (Table 2).

4.3 Selecting the experimental design

In this study a Taguchi orthogonal array (L ) has been
selected to record the experiment results. In Table 3, columns
2-9 and 10-17 represent the eight control factors and their
uncoded levels for GO and rGO, respectively. This model has
provided the eight performance measures simultaneously in
order to analyze the factor effects.

In all experiments, average particle size which is calculated,
standard deviation of the particle size, polydispersity index,
zeta potential and conductivity value of GO and rGO disper-
sions have been transferred to Table 4.

5 Characterization of GO and rGO

FTIR spectroscopy has been used to characterize the syn-
thesized graphene oxide in Fig. 2. The absorption band at
3364 cm’! is indicates that the presence of oxygen contain-
ing groups (O-H stretching vibrations) [54]. The absorption
peak at 1714 cm™ and 1618 cm™ can be designated to C=0
stretching of carboxylic and/or carbonyl moiety functional
groups [55]. The last absorption peaks at about 1222 cm™,
1046 cm™ and 579 cm™ are designated to the C-O hydroxyl
and epoxy groups stretching vibrations and the epoxy (C-O-C)
stretching mode, respectively [2; 55]. FTIR depicts show that
the synthesis of graphene oxide by Hummers method has been
successfully done for the each experimental runs.

After the reducing agent addition, H,O molecules and much of
the groups which contains oxide (Carbonyl C=0, hydroxyl O-H)
of GO are removed with the regard to FTIR spectra (Fig. 3) [56].

The Raman spectrum of GO and rGO samples synthesized
by Taguchi orthogonal arrays illustrates a G-band at 1590 cm™,
D band at 1350 cm™, 2D and D+D’ band at 2700 c¢cm'and
2930 m’!, respectively [57] (Fig. 4 and 5). The excitation wave-
length and the excitation leaser energy have been selected as
780 nm and 10 mV, respectively. Raman results also demon-
strate that the synthesis of graphene oxide by Hummers method
has been succeeded for the each experimental runs (Fig. 4).
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Table 2 Factors and their levels

Levels
Symbol  Factor
1 2 3
A Graphite size, <pm 20 50 N/A
B Graphite amount, g 2.5 5.0 7.5
C NaNO, amount (g) 0 5 10
D H,SO, amount (ml) 57.5 115.0 172.5
o0 E H,PO, amount (ml) 5.75 11.5 17.25
F KMnO, amount (g) 7.5 15.0 22.5
G Oven temperature, °C 40 60 80
H Mixing rate, rpm 200 400 600
X, Drying process at 50°C Vacuumed  Non-vacuumed N/A
X, Reaction temperature, °C 70 95 120
X, Residen?e time in ) " p
ultrasonic bath, h
Go X, Reaction time, h 8 24 48
X, Graphene oxide amount, g 1 2 3
X, The amount of reducer, g 3 6 9
X, The type of reducer NaHB, D-fructose Ascorbic acid
X, Solution amount, ml 200 400 600
Table 3 L, Taguchi design for GO and rGO dispersions
GO rGO
No. Uncoded levels Uncoded levels
A B C D E F G H X X X X X X X X,
1 20 25 0 57.5 5.5 7.5 40 200 V* 70 2 8 1 3 NaBH, 200
2 20 25 5 1150 11.50 15 60 400 V 70 4 24 2 6 D-fructose 400
3 20 25 10 172.5 1725 225 80 600 V 70 6 48 3 9 Ascorbic acid 600
4 20 50 O 575 11.50 15 80 600 V 95 2 8 2 6 Ascorbic acid 600
5 20 50 5 1150 1725 225 40 200 V 95 4 24 3 9 NaBH, 200
6 20 50 10 172.5 5.75 7.5 60 400 V 95 6 48 1 3 D-fructose 400
7 20 75 0 115.0 5.75 225 60 600 V 120 2 24 1 9 D-fructose 600
8 20 75 5 172.5 11.50 7.5 80 200 V 120 4 48 2 3 Ascorbic acid 200
9 20 75 10 57.5 1725 15 40 400 V 120 6 8 3 6 NaBH, 400
10 50 25 0 172.5 1725 15 60 200 NV™ 70 2 48 3 6 D-fructose 200
1m 50 25 5 575 5.5 225 80 400 NV 70 4 8 1 9 Ascorbic acid 400
12 50 25 10 1150 11.50 7.5 40 600 NV 70 6 24 2 3 NaBH, 600
13 50 50 0 115.0 1725 75 80 400 NV 95 2 24 3 3 Ascorbic acid 400
14 50 50 5 172.5 5.75 15 40 600 NV 95 4 48 1 6 NaBH, 600
15 50 50 10 57.5 11.50 225 60 2000 NV 95 6 8 2 9 D-fructose 200
16 50 75 0 172.5 11.50 225 40 400 NV 120 2 48 2 9 NaBH, 400
17 50 75 5 575 1725 175 60 600 NV 120 4 8 3 3 D-fructose 600
18 50 75 10 115.0 5.75 15 80 2000 NV 120 6 24 1 6 Ascorbic acid 200
“Vacuumed
“Non-vacuumed
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Table 4 Experimental results

Exp. Exp.
N APS SPS PDI zp CcO N APS SPS PDI VA4 co
0. 0.
GO1 997.2 262.9 0.72 -27.93 0.01 rGO1 903.2 37.0 0.40 -37.90 0.0015
GO2 1753.0 265.0 0.45 -35.83 0.01 rGO2 456.9 10.7 0.44 -26.73 0.0004
GO3 309.6 51.6 0.43 -36.70 0.07 rGO3 496.5 41.2 0.53 -27.70 0.0008
GO4 1314.7 6.8 0.60 -26.77 0.15 rGO4 419.2 15.6 0.45 -40.20 0.0005
GOS5S 578.5 14.8 0.12 -41.80 0.02 rGO5 775.8 353 0.66 -1.90 0.4710
GO6 2106.0 292.3 0.82 -39.73 0.01 rGO6 517.2 7.5 0.42 -41.67 0.0002
GO7 2391.0 244.6 0.52 -23.70 0.18 rGO7 655.1 41.0 0.56 -24.20 0.0004
GOS8 2030.0 157.7 0.95 -41.43 0.02 rGO8 1378.0 33.1 0.57 -24.87 0.0019
GO9 2919.7 338.2 1.00 -30.27 0.04 rGO9 1245.0 96.9 0.66 -33.83 0.0040
GO10 538.6 17.6 0.56 -30.87 0.05 rGO10 5254 243 0.53 -42.70 0.0003
GO11 595.9 14.7 0.73 -23.37 0.10 rGO11  524.1 11.0 0.53 -35.90 0.0006
GO12 849.9 80.9 0.68 -28.97 0.06 rGO12 7215 23.7 0.47 -41.27 0.0008
GO13 571.0 43.1 0.52 -42.83 0.04 rGO13  1025.1 50.9 0.55 -41.63 0.0003
GO14 1387.7 216.9 0.90 -33.53 0.03 rGO14 6339 24.9 0.52 -35.97 0.0020
GO15 1057.9 97.0 1.00 -31.20 0.02 rGO15  686.9 42.5 0.53 -37.00 0.0005
GO16 1016.8 68.1 0.77 -31.67 0.01 rGO16 1003.4 253 0.56 -1.93 0.0345
GO17 620.0 44.9 0.56 -39.43 0.05 rGO17 6213 39.0 0.53 -42.67 0.0004
GO18 743.9 64.7 0.67 -39.70 0.01 rGO18 4227 25.6 0.50 -39.47 0.0005
1.0 1.04 _—
= ==
0.8 \
A Jeon 034 1 oo HH
s . . |H= B
2 064 2 |co+ N g 4 |cos
i (e e =
= ME=E |
= 8 |cos M OH cC.o-C = 0842 |oo: W
| . o Yo eor o o
11 |Go-11 | :? 2t -0
32 |Goaz : C-OH I\z_x-nz :
13_|co-13 [ B |so
024 14 _|co-14 [ c-0 M |cor:
Heee 5§ 6% Egz ¢ ofEfer & 3 g 28 BE g
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000 0 =50 T 4000 3000 2000 1000
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Fig. 2 FTIR spectra of GO samples prepared by L, Taguchi design
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Fig. 4 Raman spectra of GO samples prepared by L, Taguchi design
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Fig. 5 Raman spectra of rGO samples prepared by L, Taguchi design
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As it is expected, ID/IG values of GO are larger than the 1D/
IG values of rGO as a result of reduction process by means of
the formation of some new and smaller sp* domains [58-59].

6 Optimization
6.1 TOPSIS based Taguchi Optimization of the
synthesized graphene oxide

TOPSIS based Taguchi method provides the five perfor-
mance measures (responses) simultaneously in order to solve
the multi-response-optimization problem. The S/N ratios, as
the smaller and larger is better, are calculated with the use of
Eq. (1) and (2) for each response. The experimental design and
the S/N ratios as the decision matrix are given in Table 5, col-
umns 2-6. The TOPSIS method converts the multi-response
optimization problem into a single response problem [60].
The final results are illustrated in Table 5, last column [61].

The normalization method is one of the last stages of the
TOPSIS method that led to the final optimal design of GOS5
(Table 5) through the surrogate responses, C.*.

6.2 Optimum graphene oxide

The quality contributions of S/N ratios for these five
responses have been predicted with the use of an optimal mix-
ture level to predict the improvement rate under the selected
optimum conditions between the estimated mixture levels. The
significant improvement rate which is obtained by TOPSIS-
Taguchi method is given in Table 6.

6.3 TOPSIS based Taguchi Optimization of the
synthesized reduced graphene oxide

TOPSIS based Taguchi method provides the five perfor-
mance measures (responses) simultaneously in order to solve
the multi-response-optimization problem (in Table 7, col-
umns 2-6). The S/N ratios, for the smaller and larger is bet-
ter, are calculated with the use of Eq. (1) and (2) for each
response. The weighted decision matrix is given in Table 7,
columns 7-11. The positive ideal solution (4*), the negative
ideal solution (4—) and the similarity of the ideal solutions in
each scenario, Sc, (C,*) have been given in Table 7 [61].

Table 5 S/N ratios calculated by Minitab®, and TOPSIS method implementation for GO dispersions

Decision Matrix (S/N Ratios) Weighted Normalized Decision Matrix S’ S; C’
Response  APS SPS PDI p (6(0]
Weight ~ 0.200° 0.200  0.200 0.200  0.200 K Ve e Ve Vi
GO1 -59.98  -4840 2.85 28.92  -40.00 -0.05 -0.06 0.02 0.04 -0.06 0.14 0.02 0.15
GO2 -64.88  -48.46  6.94 31.08 -40.00 -0.05 -0.06 0.06 0.05 -0.06  0.11 0.06 0.34
GO3 -49.82  -3425 733 3129 -23.10 -0.04 -0.04 0.06 0.05 -0.04  0.09 0.07 043
GO4 -62.38  -16.65 4.44 28.55 -1648 -0.05 -0.02 0.04 0.04 -0.03  0.11 0.07 0.37
°GOS -55.25> -23.41 18.42  32.42 -33.98 -0.04*> -0.03 0.15 0.05 -0.05 0.03¢ 0.15* 0.83¢
GO6 -66.47  -4932  1.72 3198 -40.00 -0.05 -0.06 0.01 0.05 -0.06  0.15 0.02 0.10
GO7 -67.57  -47.77  5.68 2749  -1489 -0.05 -0.06 0.05 0.04 -0.02  0.11 0.06 0.35
GOS8 -66.15  -43.96  0.45 3235 -3398 -0.05 -0.05 0.00 0.05 -0.05  0.15 0.02  0.09
GO9 -69.31  -50.58  0.00 29.62 2796 -0.05 -0.06 0.00 0.05 -0.04 0.16 0.02 0.11
GO10 -54.63 2491 5.04 29.79  -26.02 -0.04 -0.03 0.04 0.05 -0.04  0.11 0.06 034
GO11 -55.50  -2335 273 2737  -20.00 -0.04 -0.03 0.02 0.04 -0.03  0.13 0.05 029
GO12 -58.59  -38.16 335 2924 2444 -005 -0.05 0.03 0.05 -0.04  0.12 0.04 0.24
GO13 -55.13  -32.69  5.68 3263 -2796 -0.04 -0.04 0.05 0.05 -0.04  0.11 0.06 034
GO14 -62.85  -46.73  0.92 30.51  -3046 -0.05 -0.06 0.01 0.05 -0.05  0.15 0.02 0.11
GO15 -60.49  -39.74  0.00 29.88  -3398 -0.05 -0.05 0.00 0.05 -0.05  0.15 0.02 0.10
GO16 -60.14  -36.66  2.27 30.01 -40.00 -0.05 -0.04 0.02 0.05 -0.06 0.14 0.03 0.16
GO17 -55.85  -33.04 5.04 3192 -26.02 -0.04 -0.04 0.04 0.05 -0.04  0.11 0.05 032
GO18 -5743  -36.22 348 31.98 -40.00 -0.04 -0.04 0.03 0.05 -0.06 0.13 0.03 021
256.07* 164.6 2498  129.13 131.7
A*= -0.04  -0.02 0.15 0.05 -0.02
A-= -0.05 -0.06 0.00 0.04 -0.06
“The square root of sum of squares of each element in the columns
°From [31] : 0.200*[(-55.25)/(256.07)]=-0.04;
‘From[31]: {[(-0.04)-(-0.04)]*+ ...... + [-(0.05)-(-0.02)]*} *=0.03
YFrom([31]: {[(-0.04)-(-0.05)]......... + [-(0.05)-(-0.06)]*} *=0.15
*From[31] : 0.03/(0.03+0.15)=0.83
°GOS: Optimum experiment
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Table 6 Improvement ratio between optimum and reference GO dispersion

Responses Definition °GO6 *GOS5 Improvement rate' (%)
1 Average particle size (nm) 2106.0 578.5  264.0

2 Standard deviation of the particle size (nm) 292.3 14.8 1875.0

3 Average polydispersity index 0.82 0.12 583.3

4 Zeta-potential values (mV) -39.73  -41.80 5.0

5 Conductivity (mS/cm) 0.01 0.02 50.0

°Predicted levels before the experimental design (reference GO dispersion)

“Experiment results with the highest grading score (optimum GO dispersion)

1 {(21060—5785

578.5

)*100} =264.0

Table 7 S/N ratios calculated by Minitab®, and TOPSIS method implementation for rGO dispersions

Decision Matrix (S/N Ratios) Weighted Normalized Decision Matrix S’ S; C’
Response  APS SPS  PDI Zp Cco
VAI sz ij VM VL5
Weight — 0.200°  0.200 0.200  0.200  0.200
rGO1 5912 3136 796 3157  -5648  -0.05 005 006 005 -0.04 005 006 055
rGO2 25320 2059 7.13 2854  -67.96  -0.04 -0.03 006 005 -0.05 005 006 054
rGO3 -53.92 23230 5.51 2885  -61.94  -0.04 -005 0.04 0.05 -0.05 005 0.04 045
rGO4 25245 -23.86  6.94 32.08 -66.02  -0.04 -0.04 0.06 0.5 -0.05 0.05 0.06  0.55
rGO5 -57.79  -30.96  3.61 5.58 -6.54 -0.05 -0.05 0.03 0.01 -0.01 0.06 0.05 047
rGO6 5427 -17.50 7.54 3240  -73.98  -0.05" -0.03  0.06 0.05 -0.06 0.05c 0.06° 0.55°
rGo7 25633 -32.26 5.04 27.68  -67.96  -0.05 -0.05 0.04 0.04 -005 0.06 004 040
rGos 6278 -30.40 4.88 2791  -5442 005 -0.05 004 004 -0.04 005 004 046
rGO9 6190  -39.73 3.6l 3059 4796  -0.05 -0.06  0.03 0.05 -0.04 0.06 005 043
rGO10 5441 2771 5.51 3261  -70.46  -0.05 -0.04  0.04 0.05 -0.05 006 005 048
rGO11 5439 2083 5.51 31.10  -6444  -0.05 -0.03  0.04 0.05 -0.05 0.05 0.05 0.2
rGO12 5716 -2749 6.56 3231 -61.94  -0.05 -0.04 0.05 0.05 -0.05 0.05 0.05 053
rGO13 6022  -34.13 5.19 3239 27046 -0.05 -0.06  0.04 0.05 -0.05 0.06 0.05 043
rGO14 5604 -27.92 5.68 3112 -53.98  -0.05 -0.05 0.05 0.05 -0.04 0.04 005 0.53
rGO15 5674 3257 5.51 3136 -66.02  -0.05 -0.05  0.04 0.05 -005 0.06 005 045
rGO16  _.60.03  -28.06 5.04 5.71 2924 -0.05 -0.05 0.04 0.01 -002 006 004 043
rGO17 5587  -31.82 551 3260 -67.96  -0.05 -0.05  0.04 0.05 -0.05 006 005 046
rGO18 5252 2816 6.02 31.93 -66.02  -0.04 -005  0.05 0.5 -0.05 0.05 0.05 050
240.6"  124.03 2470 12420 257.72
A*= -0.04 -0.03 006 005 -0.01
4-= -0.05 -0.06 0.03 001 -0.06

“The square root of sum of squares of each element in the columns
°From [31] : 0.200*[(-54.27)/(240.6)]=-0.05;

“From[31]: {[(-0.05)-(-0.04)]>+
9From[31]: {[(-0.05)-(-0.05)]

‘From[31] : 0.06/(0.06+0.05)=0.55
°rGO6: Optimum experiment

+[-(0.06)-(-0.01)]}*=0.05
+[-(0.06)-(-0.06) ]} *=0.06
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The normalization methods have led to the final opti-
mum design of rGO6 (Table 7) with the use of the surrogate
responses, C*.

6.4 Optimum rGO

The quality contributions of S/N ratios for five of eight
responses have been predicted with the use of an optimal mix-
ture level to predict the improvement rate under the selected
optimum conditions between the estimated mixture levels. The
significant improvement rate which is obtained by TOPSIS-
Taguchi method is given in Table 8.

7 Discussion
7.1 Analysis of the factor effects

When the results of regression analysis (Table 9) are eval-
uated, it can be seen that the smaller graphite size causes the
smaller graphene oxide particle size (with the 0.027 p-value).
The average particle size has increased with the increasing
amount of graphite. The variability in the product has been
decreased with the increasing amount of H,PO,. The regres-
sion analysis results show that higher graphite size causes less
product variance, with the 0.030 p-value. The zeta potential
of graphene oxide dispersions has decreased with the increas-
ing amount of H,PO, and H,SO,, with the 0.077 and 0.084
p-values, respectively. The conductivity of graphene oxide
samples has been decreased with the usage of sodium nitrate
and increased significantly with the high mixture rate, with the
0.008 p-values. The amount of reducer causes a significantly
higher variance on zeta potential and polydispersity index,
with the 0.037 and 0.012 p-values. The polydispersity index
of rGO dispersions has been increased with increasing amount
of graphene oxide, with the 0.015 p-values. The low reaction
temperature has been preferred in order to obtain graphene
oxide samples which have the low polydispersity index. The
standard deviation of the rGO dispersions is significantly
influenced by the synergetic impact of graphene oxide amount.

7.2 Statistical comparison

The paired-t test has been used to compare classical
Hummers method (GO14) and the improved Hummers method
(GO4) in order to prepare the graphene oxide dispersions,
statistically. Similarly, the paired-t test has been also used to
determine whether there was a statistically significant differ-
ence in the preparing stable dispersion between the ascorbic
acid and sodium borohydride as the most preferred chemical
GO reducing agents [62]. There is no statistically significant
difference has been found between the improved Hummers and
the classical Hummers method and ascorbic acid and sodium
borohydride on product stability (Table 10).

7.3 The effectiveness of experimental design study
The findings which have been obtained by this study have
been compared with the other studies in the literature to deter-
mine the effectiveness of variance reduction study [30]. The
studies related to the standard deviation of graphene oxide
dispersions’ particle size in the literature differ in the device
that the measurement is done. For example, while the stan-
dard deviation of particle’s size was obtained as 200 nm for the
graphene oxide and 1180 nm for the reduced graphene oxide in
the studies which were done with the use of Transition Electron
Microscopy (TEM) or Scanning Electron Microscopy (SEM)
[63-64] the values of standard deviation which were obtained
with the acoustic spectrometer decreased to 10 nm [22]. Thus,
the values which were obtained in the study were compared with
the measurements which were done with the particle size ana-
lyzer in order to determine the efficacy of optimization study.
Obreja et al. [30] determined the standard deviation of particle
size as 29.1 nm as the graphene oxide which was obtained with
Hummers method in their study. While the optimum particle
size which was obtained for the graphene oxide in this study
was found as 14.8 nm, it was found as 7.5 nm for the reduced
graphene oxide. Moreover, when the reference experiment was
obtained, the improvement ratio was found as 1875.0% for the

Table 8 Improvement ratio between optimum and reference rGO dispersion

Responses Definition °rGO1  *rGO6 Improvement rate' (%)

1 Average particle size (nm) 903.2 517.2 42.7

2 Standard deviation of the particle size (hnm) 37 ¢ 75 797

3 Average polydispersity index 0.40 0.42 5.0

4 Zeta-potential values (mV) 3790 -41.67 9.9

5 Conductivity (mS/cm) 0.0015  0.0002 -86.7
‘Predicted levels before the experimental design (reference rGO dispersion)

"Experiment results with the highest grading score (optimum rGO dispersion)

l {(7903'521’7.5217'2]*100} =427
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Table 9 Factor effects and associated p-values of GO and rGO dispersions

Responses
Source
APS (nm) SPS (nm) PDI ZP (mV) CO (S/m)
(Factors)
T-value p-value T-value p-value T-value p-value T-value p-value T-value p-value
Graphite size, <pm -2.65 0.027*  -2.58 0.030*  0.76 0.468 0.12 0.906 -0.95 0.367
Graphite amount, g 2.16 0.059*  0.72 0.488 1.07 0312 -1.29 0.230 0.08 0.936
NaNO3 amount (g) 0.54 0.606 0.90 0.390 1.08 0.307 -1.30 0.225 -1.91 0.088*
H2S04 amount (ml) -0.05 0.958 0.13 0.901 -0.21 0.835 -2.00 0.077*  -1.50 0.169
GO
H3PO4 amount (ml) -1.24 0.247 -1.88 0.093* -1.39 0.198 -1.94 0.084*  -0.58 0.574
KMnO4 amount (g) -0.57 0.585 -1.25 0.241 -0.81 0.439 1.82 0.102 1.75 0.115
Oven temperature, °C -1.01 0.339 -2.06 0.069* -0.35 0.798 -0.95 0.366 1.83 0.101
Mixing rate, rpm 0.43 0.679 0.10 0.923 -0.39 0.703 1.36 0.206 3.41 0.008*
Drying process at 50°C -0.58 0.578 -0.66 0.525 0.14 0.893 -1.50 0.168 -0.91 0.386
Reaction temperature, °C  1.76 0.112 1.79 0.107 2.72 0.024 1.40 0.196 0.09 0.927
Residence time in ultra-
. -0.46 0.658 0.69 0.510 0.34 0.741 -1.00 0.344 -0.08 0.940
sonic bath, h
rGO Residence time in ultra-
. 0.22 0.833 -1.32 0.218 0.12 0.907 1.51 0.166 -0.07 0.946
sonic bath, h
Reaction time, h 1.07 0.312 2.23 0.053* 3.01 0.015%  0.76 0.466 1.19 0.264
The amount of reducer, g  -1.06 0.316 0.08 0.937 2.44 0.037*  3.13 0.012*  1.27 0.236
The type of reducer -1.05 0.319 -1.04 0.325 -0.79 0.448 -1.76 0.113 -1.29 0.230
Solution .
Solution amount, ml -1.19 0.266 -0.20 0.849 -0.74 0.480 -0.87 0.407 -1.19 0.264
amount, ml
“significant at 10% (p-value) has been shown in bold. (+) Synergistic effect; (-) Antagonistic effect
Table 10.t-test results for statistical comparison
. . T-test
No. Definition Number of experiments . p-value*
Statistics
GO4* GO14# rGO1l¢ rGO4!
1 Average particle size (nm) 13147 1387.7 903.2 419.2  -0.15 0.8881%
2 Standard deviation of the particle size (nm) 6.8 216.9 37.0 15.6 -0.512 0.634°
3 Average polydispersity index 0.6 0.90 0.40 0.45
4 Zeta-potential values (mV) -26.77  -33.53 -37.90  -40.20
5 Conductivity (mS/cm) 0.15 0.03 0.0015  0.005

graphene oxide nanofluid at the same concentration and 79.7%
for the reduced graphene oxide nanofluid. If it is considered
that the factor which affects mostly on the particle size is the
graphene oxide concentration [23], these improvement ratios
indicate that the mixture design in the production of stable dis-
persion is indispensable.

8 Conclusions

The subject on the stability of graphene oxide dispersions is
very important to expand its usage fields. The graphene oxide
in solution has a wide usage field from the drug industry to the
multi-purpose 3D ink production. The following manners will

increase the graphene oxide’s usage ratio in the sectors that its
stability properties are understood. Moreover, the carbon-based
products will increase their superior properties better with the
increase in stability.

In this study, the criteria that represent the stability of the
graphene oxide and reduced graphene oxide dispersions are
identified as the average particle size, standard deviation of
the particle size, polydispersity index, zeta potential and con-
ductivity. A TOPSIS based Taguchi optimization method have
been used in this study to obtain the best possible mix propor-
tions, which improve the stability, of the graphene oxide and
reduced graphene oxide. The results show that the graphite size
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and the amount of reducer are the most influential factors on
graphene oxide and reduced graphene oxide with the 0.027 and
0.012 p-values. The oxidants amount and reaction temperature
have been also found as effective on the graphene oxide and
reduced graphene oxide stability, respectively.

Moreover, the study indicates that the use of sodium nitrate
statistically has no contribution to the stability of graphene
oxide dispersion statistically. There was no statistical difference
which was found in terms of the dispersion’s stability between
the improved Hummers method which doesn’t give an oppor-
tunity to the release of NOx gases environmentally with the
classical Hummers method which include the sodium nitrate.
The improved Hummers method is an important option espe-
cially in order that NOx gases don’t release to the environment.
Especially, this subject will gain much more importance in the
large-scaled industrial generations. It is an important reason
that the experiment-friendly improved method is chosen from
the methods which don’t have the statistical difference in terms
of the dispersion stability. Moreover, the phosphoric acid is a
more-easily accessible and cheaper material than the sodium
nitrate when the production cost is considered. The method’s
advantage has been added to the article in consideration with
the reviewer’s comment.

Thus, the improved Hummers method should be used in
order to obtain the graphene oxide dispersions (for the more
stable dispersions) in the demanded properties. The reduction
performance of sodium borohydride and ascorbic acid was
tested statistically with the same mixture ratios. There was no
statistical difference which was found in terms of the disper-
sion stability between these two reducers. Thus, it was con-
cluded that the ascorbic acid may be preferred the in the phase
of reduction for more environmentally friendly production.

The improvement rate of the quality characteristic between
the estimate and the optimal conditions were calculated for GO
dispersions as the following; average particle size, 264.0%, the
standard deviation of particle size, 1875.0%, the polydispersity
index, 583.3%, the zeta potential, 5.0% and the conductivity,
50.0%. Also, it can be seen from the results of the produced
graphene oxide dispersions that they satisfied the expected
properties. The improvement rate of the quality characteristic
between the estimate and the optimal conditions were calcu-
lated for rGO dispersions as the following; average particle
size, 42.7%, the standard deviation of particle size, 79.7%, the
polydispersity index, -5.0%, the zeta potential, 9.9% and the
conductivity, -86.7%. Also, it can be seen from the results of
the produced reduced graphene oxide samples that they satis-
fied the expected properties.

The results show that the proposed methodology in this study
is effective to improve graphene oxide dispersion stability. Also,
this methodology is easy to adaptable the other graphene based
material synthesis process such as Brodie, improved Hummers
methodology or chemical vapor deposition method.
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