ReseArcH ARTICLE S.A. Hosseini, S. Mashaykhi and S. Babaei, 105

S. Afr. J. Chem., 2016, 69, 105112,
<http://journals.sabinet.co.za/sajchem/>.

Graphene Oxide/Zinc Oxide Nanocomposite: A Superior
Adsorbent for Removal of Methylene Blue - Statistical
Analysis by Response Surface Methodology (RSM)

Seyed A. Hosseini*, Sepideh Mashaykhi and Shabnam Babaei
Department of Applied Chemistry, Faculty of Chemistry, Urmia University, Urmia, Iran.

Received 27 May 2016, revised 27 March 2016, accepted 8 April 2016.

ABSTRACT

Graphene oxide (GO) was synthesized from natural graphite using the Hummers method. Graphene oxide/zinc oxide nano
composite were synthesized by mixing of GO and ZnO solutions and then freeze drying. The adsorptive performance of the nano
composite was investigated in the removal of methylene blue. The statistical study of the adsorption process was carried out
by response surface methodology (RSM). Experimental variables such as sample pH, adsorption time, dye concentration and
adsorbent dosage were considered for the optimization process. The process was optimized by response surface methodology
(RSM) through Box-Benhken method. The optimum conditions, predicted by the RSM were obtained at pH, contact time, initial
dye concentration and adsorbent dosage of 6, 8.5 min, 5 ppm, 0.02 g, respectively. The removal of methylene blue under optimum
conditions was predicted to be 98.17 % and resulted in 97 % in practice. The Pareto analysis suggested that order of relative impor-
tance of the factors were as follows: adsorbent dosage > dye concentration > adsorption time > pH. Under optimized conditions,
GO/ZnO nano composite showed a higher capacity than GO, carbon nanotube (CNT), ZnO and ZnO/CNT for adsorption of
methylene blue. The study revealed that GO/ZnO could be a promising adsorbent for removal of industrial dyes from

wastewaters.
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1. Introduction

The problem of water pollution becomes even more serious
with the development of industry and population expansion.'”
It is estimated that the amount of dyes produced annually
exceeds 700 000 tons, and that 10-15 % are being discharged
through wastewater.*” Dyes are widely used in textile, paper,
rubber, plastic, leather, cosmetic, pharmaceutical and food
industries. Most of the used dyes are toxic, some of them are
even carcinogenic, and so their discharge into the water could
cause environmental pollution.® Physical, chemical and biological
processes are the principle methods used in treating dyes in
effluent wastewater” However, these technologies generally
have the same disadvantages towards dye removal, such as
expense, secondary pollution, unrecoverable and less adaptable
to a wide range of dye wastewater.'"" Adsorption is the most
versatile and widely used method of water treatment because of
its low cost, ease of operation and relative efficiency in treat-
ment.”? Up to now, various adsorbents have been tested for
removal of methylene blue by researchers; such as, bentonite,”
cedar sawdust, rushed brick," Platanus orientalis leaf powder®,
Date palm leaves," spinel magnesium aluminate nanoparticles”
and many other materials. Graphene, a new class of carbon
nanomaterial, has recently sparked much interest due to its
unique strict two-dimensional nanostructure.”*® Graphene
possesses extraordinary electronic, thermal and mechanical
properties, such as ultrahigh specific surface area, good thermal
conductivity, fast mobility of charge carriers, high values of
Young’s modulus and fracture strength.?* Graphene oxide

* To whom correspondence should be addressed. E-mail: s_ali_hosseini @ yahoo.com

(GO), a precursor of chemically converted graphene, has many
oxygen atoms in the basal plane and the edge of the sheetsin the
form of epoxy, hydroxyl, and carboxyl groups.” These oxygen
groups can bind metal ions,** and positively charged organic
compounds,® through coordination and electrostatic interac-
tion. ZnO semiconductor with different morphologies has sev-
eral favourable properties, including good transparency, high
electron mobility, wide band gap, and room-temperature lumi-
nescence. Loading of the ZnO nanoparticles on the graphene
oxide sheets can consequently provide a higher available surface
area and enhancement of adsorption capacity.

The aim of this work was to synthesize and study the adsorp-
tive performance of GO/ZnO in the removal of dye from water.
In order to save time and costs with the study, the minimum
number of experiments were designed by response surface
methodology (RSM). A mathematical model was developed and
the optimum conditions were predicted. Under optimum condi-
tions, the performance of GO/ZnO nano composite was tested
and compared with that of GO, carbon nanotube (CNT), ZnO
and ZnO/CNT in the removal of methylene blue (MB) from
wastewaters.

2. Experimental

2.1. Materials

The natural mineral graphite powder was obtained from the
brain of old batteries. All the materials were purchased from
the Merck Company (Germany). The chemical structure and
characteristics of methylene blue (MB) are given in Table 1.
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Table 1 Chemical structure and characteristics of methylene blue.

Chemical structure Molecular formula

Molecular weight/g mol™  Chemistry class ~ Max/nm

C,oH,,N,SCl

N
L
HBC\N S N,CH3

(I:Ha CI- éHa

319.86 Cationic 664

2.2. Preparation of Graphene Oxide (GO)

The graphene oxide was prepared from graphite powder by a
modified Hummers method.” Briefly, 1 g graphite powder, 6 g
KMnO, and 1 g NaNO, were mixed with 46 mL concentrated
sulphuric acid (97 %). The mixture was stirred for 3 h within an
ice-bath. After having been removed from the ice-bath, 280 mL
deionized water was added and stirred at room temperature for
2h. Then the sample was stirred at 89 °C for 2 h, followed by 6 mL
H,0, which was added dropwise until the colour of the solution
turned from dark brown to yellow. The solid product was sepa-
rated by centrifugation and washed several times with distilled
water until the pH of the solution became neutral. The residue
was dried at 60 °C overnight. The resulting graphene oxide was
suspended in water and exfoliated through sonication for 3 h to
obtain GO nano sheets.

2.3. Preparation of Zinc Oxide

For the ZnO, 2g ZnSO, was dissolved in sodium hydroxide
solution and stirred for 12 h. The obtained white product was
washed several times with distilled water and was collected by
filtration. Finally, it was dried under vacuum to get zinc nano oxide.

2.4. Preparation of GO/ZnO Hybrid

For the composite, 5g graphene oxide was dissolved in 20 mL
ethanol and kept under ultrasonication for 2 h; it was denoted as
GO solution. The as-prepared ZnO nanoparticles (5 g) were
dissolved into the mixture of 18 mL methanol and 2mL chloro-
form and kept under ultrasonication for 2 h; it was denoted as
ZnO solution. The GO solution and the ZnO solution were
mixed and kept under constant stirring for 24 h. The collected
precipitate was obtained by centrifugation and washed with
methanol several times. The product was freeze-dried overnight
and denoted as GO-ZnO nano composites. The ZnO/CNT
composite was synthesized in the same way in order to compare
its adsorption performs with GO/ZnO composite.

2.5. Characterization of the Nano Composite

The structure and crystal phase of adsorbent was investigated
by a powder X-ray diffraction system (XRD6000, Shimadzu)
equipped with Cu Ko radiation with a 26 scanning range of
5-40°. Fourier transform infrared (FT-IR) spectra of samples
were recorded by Bruker 27 in the range 4004000 cm™. The
morphology of the adsorbents was investigated with a scanning
electron microscope (model EQ-C1-1).

2.6. Determination of pH,,. of the Adsorbents

The point of zero charge (pH,,. values) is the point at which
the net charge on the adsorbent surface is zero. The pH,, values
of GO and GO/ZnO was determined by pH drift method.”
Briefly, several solutions containing 0.01 M NaCl were supplied.
The initial pH (pH,) of the solutions was adjusted to a value
between 2 and 11 using 0.1 M HCl or 0.1 M NaOH. 0.02 g adsor-
bent was added to the solution. The electrolyte solution with
adsorbent was equilibrated for 24 h. After equilibrium, the final

pH (pH,) was recorded. The pH, was plotted against the initial
pH (pH,) values. The pH at which pH; crossovered the (pH,) was
referred to as the pH,,.. The pH,,. of GO and GO/ZnO was
determined 7.5 and 8.2, respectively.

2.7. Adsorption Experiments

Asstock solution of dye was prepared by dissolving 0.03 g of MB
in distilled water to obtain a concentration of 30 mg L™ (main
solution). Different concentrations of MB were obtained by
diluting the main solution. The pH of the dye solution was
adjusted with 0.1 M HCl or 0.1 M NaOH. Experiments were
performed according to RSM design matrix given in Table 2. The
range of pH, time, dye concentration and adsorbent dosage
were 3.5-8.5, 2-15 min, 5-15 ppm and 0.002-0.02 g, respectively.
Dye concentration was determined using UV-Vis spectro-
photometer (Shimadzu UV 1600, Japan) at4,, = 665 nm. In the
range of dye concentration, there was a linear relationship between
absorbance and concentrations according to Beer-Lambert law.
The response (MB removal percentage) was expressed as per-
centage of MB removal calculated by Equation 1:

A, -A

Removal% = x100 1)

0
where Ay and A are the absorbencies of MB in the absence and
presence of the adsorbent, respectively.

2.8. Experimental Design, Statistical Analysis and
Optimization by RSM

Response surface methodology (RSM) is essentially a particular
set of mathematical and statistical tools for designing experi-
ments, building models, evaluating the effects of the operating
conditions, and most importantly, for researching the optimal
values of factor to predict target responses.”** We considered
the most important factors in the removal of MB including: pH
(X)), contact time (X,), initial dye concentration (X,) and adsor-
bent dosage (X,) to investigate their effect on dye removal.
Tewntyseven-experiments were designed and optimized based
on Box-Behnken method of RSM. Each experiment was tested
twice and the average response was considered. The removal
percentage for each experiment was reported with a precision of
+1 %. The following second-order polynomial response model
was used to explain the behaviour of the system (Equation 2).

n n n-1 n
Y=b,+ Y bX,+ > b,X? +Y > bXY, )
i=1 i=1 i=1 j=i+1
where Yis the dye removal, X; and X; are coded factors (terms of
the model), and B, B, Bi and Bj; represent, the constant term,
linear, quadratic and interaction effect. Results were interpreted
by the analysis of variance (ANOVA) using Minitab version 16
software.

3. Results and Discussion

3.1. Characterization of the Hybrids
The FTIR spectra of GO, ZnO, and GO/ZnO are shown in



ResearcH ARTICLE

S.A. Hosseini, S. Mashaykhi and S. Babaei,

107

S. Afr. J. Chem., 2016, 69, 105-112,
<http://journals.sabinet.co.za/sajchem/>.

Table 2 RSM design matrix and response values.

Run pH Time [Dye]  Adsorbentdosage  Experimental values  Predicted values
/min /ppm /g /% /%

1 3.5 8.30 5 0.011 88.33 86.92
2 6 15 15 0.011 61.38 67.58
3 6 15 10 0.002 39.73 39.73
4 6 8.30 10 0.011 83.60 81.73
5 35 8.30 10 0.002 25.83 30.39
6 8.5 2 10 0.011 71.81 66.96
7 6 15 10 0.02 97.29 103.61
8 6 8.30 15 0.002 13.58 10.82
9 85 8.30 15 0.011 60.44 65.31
10 6 8.30 5 0.02 98.17 94.24
11 6 15 5 0.011 96.42 95.77
12 6 2 10 0.002 32.12 26.71
13 6 2 15 0.011 36.11 42

14 3.5 8.30 15 0.011 62.81 56.77
15 6 2 10 0.02 68.46 69.38
16 6 8.30 15 0.02 95.02 86.53
17 3.5 2 10 0.011 53.15 56.15
18 6 8.30 10 0.011 82.19 81.73
19 8.5 8.30 5 0.011 94.07 97.73
20 85 8.30 10 0.02 93.28 94.48
21 3.5 15 10 0.011 82.28 79.77
22 6 8.30 5 0.002 61.59 63.40
23 3.5 8.30 10 0.02 91.28 95.25
24 6 2 5 0.011 71.70 72.15
25 85 8.30 10 0.002 50.99 52.78
26 85 15 10 0.011 98.09 90.58
27 6 8.30 10 0.011 81.79 81.73

Fig. 1a. In the FTIR spectrum of GO, the peaks at 1054.10 and
1315.99 cm™ are assigned to the C-O stretching vibration and
C-O-H deformation vibration, respectively. The peaks at
1627.10 and 3430.85 cm™ correspond to the stretching vibrations
of C=0 and hydroxyl groups, respectively.

In the spectrum of ZnO, the strong peak at 425.93 cm™is due to
stretching vibrations of Zn-O. The peak around 3432.49 cm™
corresponds to stretching vibrations of hydroxyl groups. The
FT-IR spectrum of the GO/ZnO shows all of peaks appeared at
the spectra of ZnO and GO, just the intensity of peaks was rela-
tively low. The results are in agreement with the results of Wang
etal®

Figure 1b shows the FTIR spectrum of ZnO/CNT. The peaks at
1457 and 1640.37 cm™ are attributed to CNT vibrational modes.
The peaks between 2851-2925 cm™ are consistent with C-H,
stretching vibrations of chemisorbed hydrogen of various types
presentsin all carbon films. The peaks around 3438.97 cm™ corre-
spond to O-H groups.

The XRD patterns of ZnO are shown in Fig. 2a. The diffraction
peakslocated at31.84 °,34.52 °and 36.33 ° have beenindexed as a
hexagonal Wurtzite phase of ZnO according to the standardized
JPCDS card number: 36-1451.>**In the XRD pattern of GO/ZnO,
arelatively low peak at 2 6 = 10.5 corresponds to the diffraction
of the (0 0 2) graphite oxide plane. The peaks of ZnO appear in
the XRD pattern of GO/ZnO. The average crystallite size of ZnO
and GO/ZnO samples were calculated from the Debye-Scherrer
equation (Equation 3).

0892
B cos6

where A = 0.15418 nm, f§ is the full width at half-maximum
(FWHM) of the sharpest diffraction peak and 0 is the diffraction
angle.

According to Scherrer equation the mean crystallite size of
ZnO and GO/ZnO were estimated to be 50 and 70 nm, respectively.

®)

The morphology and particle size of ZnO, GO, and GO/ZnO
nano composite were investigated by SEM. Fig. 3 shows the SEM
images of ZnO, GO, and ZnO/GO samples. Fig. 3a shows the

100
98
9%
94
Se
$ 90f
=
Ew
£ 5
=
S
[
82
80
-
78 S
76 g
4000 3500 3000 2500 2000
(a) Wavenumber / cm’!
v
Y e
: Vi
b
23 ~
& = ha
o S =
= 5 g "
874 o8
864 2
85 r v T v T
(b) 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)
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Figure 2 XRD patterns of pure ZnO (a) and GO/ZnO (b).

SEM image of ZnO. The ZnO sample comprised of particles in
the range 30-90 nm, whereas Fig. 3b shows the sandwich-
structure stacks of GO. In Fig. 3c, the white particles dispersed
on the GO sheets are ascribed to ZnO nanoparticles. The images
indicate the nanostructure of the ZnO, GO, and GO/ZnO
composite.

3.2. Results of Response Surface Methodology (RSM)

Response surface methodology (RSM) was applied to design
the experiment and statistical analysis of the process. Following
quadratic response surface model (Equation 4), the best fit of the
experimental results among different evaluated models was as
follows:

Y = 8173+ 540X, +11.8X, —15.07X, + 26.64X, — (4)
8.37X2 —4.48X% —1351X? - 579X, X, +
5305X, X, +11.21X.X,

Among terms of singular factor, X, X, and X, have a synergistic
effect on the response, whereas X, (MB concentration) has an
antagonistic effect on the response, meaning that an increase in
MB concentration decreases the removal percentage of methy-
lene blue. Among singular terms, X, (pH) with the smallest coef-
ficient has the minimum impact on the response (methylene
blue removal).

The results of analysis of variance (ANOVA) for the model are
presented in Table 3. ANOVA is a statistical technique that subdi-
vides the total variation in a set of data into component parts
associated with specific sources of variation for the purpose of

Signol A= QBSD  Date :16 Feb 20
EHT = 1500V WD+ Smm PhotoNo. = 1979 Tume 21502

Figure 3 SEM of ZnO (a), GO (b), and GO/ZnO composite (c).

testing hypotheses on the parameters of the model.*

The Fisher’s F-test was used to verify the statistical significance
of the model. It is concluded from the results of F-test that the
established model is statistically significant (i.e. ratio of mean
square regression to mean square residual) with F-value of 52.89.
In addition, the significance of the model was evaluated by the
determination coefficient (R*). The R* value means an acceptable
agreement between the experimental and predicted values of
the fitted data. Fig. 4 shows the predicted response by the model
versus experimental responses. Close fit of the data and high
value of the determination coefficient (R* = 0.97) shows the
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Table 3 Analysis of variance (ANOVA) for the quadratic response surface model.

Source of variation Sum of squares Degree of freedom  Adjusted mean square ~ F-value
Regression 15269.8 10 1526.98 52.89
Residuals 462.0 16 462.0

Total 15731.8 26

R?=97.06 % , R%yeq = 89.53 %, R%q; = 95.23 %.
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Figure 4 Plot of the predicted and experimental values.

validity of the model. This means that model predicted values
are in good agreement with the experimental values. The pre-
dicted determination coefficient of the model (R’,,.,) was 0.8953,
indicating that 89.53 % of the response variation is attributed to
the fourindependent factors. The adjusted R* (R, ) = 0.9523 was
also of statistical significance and dictates the correlation appli-
cability of the model. The difference of R’ ;and R?,, value was
less than 0.2 (20 %), indicating the significance of the model.

Moreover, the adequacy and the significance of the model
were evaluated by the residuals (difference between the experi-
mental and the predicted response value). The residuals can be
considered as the variation unexplained by the fitted model and
it is expected that they have a normal distribution.” Normal
probability plots are a suitable graphical method for judging the
normality of the residuals. The Normal probability plotin Fig. 5a
shows the values of predicted response against the residual
values, given by a normal distribution. A graph of the residual
versus the predicted response shows random behaviour without
a tendency towards residuals for experimental values (Fig. 5b).
Fig. 5c shows the plot of residuals versus order of data and shows
random scattering and consequently the residual plots prove
the adequacy of the model.

On the other hand, the significance of the regression coeffi-
cient of the model terms was investigated by P-value. In addi-
tion, the Student’s t-test was used to determine the significance
of the regression coefficient of the model terms, testing whether
the true parameter is zero or not. The P-value and t-value of each
term of the model are presented in Table 4.

Conventionally, the larger the t-value and smaller the P-value
(P < 0.05) indicate the higher significance of the corresponding
coefficient. The coefficients of the linear effect of time, dye con-
centration, adsorbent dosage with P-value of zero were signifi-
cant. In the case of quadratic effects of (X;%), all effects except
those of pH-pH (X,?) were significant at the confidence level of
95 % and the term X,*> was removed from the model. In the case
of binary terms, the interactions of X X,, X,X, and X,X, were
significant at a confidence level of 95 % (P-value < 0.05), just the

R*=10.9706

60 80
Experimental Response

100

interaction of pH and dye concentration (X,X,) was not signifi-

cant and thus the term X X, was removed from the model.
Pareto analysis is applied to determine the relative importance

of each term of the model. Pareto analysis calculates the percent-
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Figure 5 Residual plots for predicted response by the model and experi-
mental response.
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Table 4 Estimated regression coefficient and corresponding t- and
P-value.

Term Coefficient t-value P-value
Constant 81.73 35.35 0.00
X, (pH) 5.40 3.48 0.00
X, (time) 11.81 7.62 0.00
X, (dye concentration) -15.07 -9.72 0.00
X, (adsorbent dosage) 26.64 17.17 0.00
X,*X, -8.37 -3.81 0.00
XX, -4.48 -2.04 0.05
XX, -13.51 -6.16 0.00
X *X, -5.79 -2.16 0.04
XX, 5.305 1.97 0.05
XX, 11.21 417 0.00

age effect of each term on the response, according to Equation 5
and gives some information on the interpretation of the results.

b?

The results of Pareto analysis are shown in Fig. 6. The results
suggest that the adsorbent dosage (X,) with relative importance
of 42.48 % has the most important impact amongst the various
factors in the removal of methylene blue. The Pareto analysis
suggested that the order of relative importance of the factorsis as
follows: adsorbent dosage > dye concentration > adsorption
time > pH.

According to the above regression model equation and Pareto
chart (Fig. 6), it was found that the adsorbent dosage and con-
centration of methylene blue have maximum impact on the
response (MB removal percentage) whereas the pH exhibit the
leastimpact on the response. Itis pointed out that the concentra-
tion has a negative effect on the response. Deng and co-workers
reported that the pH of aqueous solutions had little effect on the
adsorption capacity of sulphuric acid treated cotton stalk (SCS)
in the removal of methylene blue.*

The three-dimensional (3D) response surface plots as presented
in Fig. 7 are graphical representations of the established regres-
sion equation (Equation 4). These are used to achieve a better
understanding of the interactions between factors, and to deter-
mine the optimum level of each factor for maximum removal of
methylene blue. The three-dimensional (3D) surface plots of the

J x100 (i #0) 6)

dependent factor (response of the model) as a function of two
independent factors, and maintaining all other factors at fixed
levels can provide information on their relationships. This can be
helpful in understanding both the main and the other interac-
tion effects of these two independent factors.**’ 2D contour plot
is the projection of 3D surface plot on a two-dimensional page.
Fig. 7 illustrates 3D surface and 2D contour plots for the com-
bined interaction of adsorbent dosage and dye concentration on
the adsorption capacity of methylene blue. From this figure, it is
evident that MB concentration has positive synergistic effects
when coupled with adsorbent dosage (X,). This was evidenced
from the positive terms in Equation 4 and also the convex
response surfaces that indicate well-defined optimum variables.
However, it must be emphasized that the singular effect of MB
concentration on its removal percentage has a negative impact
as observed in Equation 4. The increase of the adsorbent dosage
and the decrease of dye concentration lead to a decrease in the
formation of a boundary layer around the adsorbent, so the rate
of dye removal increases rapidly. The statistical results are
consistent with the literature and demonstrate the ability of the
response surface methodology at prediction of the experimental
results.*”*!

Figure 8 shows the surface and contour plots for the combined
interaction of pH and adsorbent dosage on the MB removal
percentage. The contour and surface plots in Fig. 8 indicate that
atboth lower and higher pH, relatively high removal of MB was
achieved. According to Equation 4, the combined interaction of
pH and adsorbent dosage (X,X,) has a negative impact on MB
removal. So we expected the decrease of the MB removal
percentage at higher pH. Because the surface area of the adsor-
bent should be more protonated and competitive adsorption
occurred between H™ and MB anions and OH™ towards the fixa-
tion sites. Therefore, H* ions react with anionic functional
groups on the surface of the adsorbent and results in restriction
of the number of binding sites favourable for the removal of MB.
But this expectation did not occur. The higher removal percent-
age of methylene blue at both low and high pH can be explained
by pH,,. of the GO/ZnO nano composite. The pH,,. of the
GO/ZnO was determined to be 8.2.

According to Al-Degs et al.*, pH,, can be used as an index of
the ability of the surface to become either positively or nega-
tively charged. At pH below pH,,., the adsorbent has a posi-
tively charged surface and at pH above pH,,., the surface is
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Figure 6 Pareto chart analysis.
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Figure 7 Response surface plot and contour plot of the decolorization
efficiency as the function of dye concentration and adsorbent dosage.

negative. Thus at the pH range under study, the surface charge
of GO/ZnO nano composite is positive and the electrostatic
attraction between the positive charge of the GO/ZnO nano
composite and negative charge of methylene blue led to an
increase in the adsorption rate of the methylene blue. The result
is in agreement with that reported in the literature.”*

Furthermore, the optimal conditions for the process of removal
of methylene blue by GO/ZnO nanocomposite were predicted
by RSM. The optimum conditions of the adsorption process
were predicted to be at pH, time, dye concentration and adsor-
bent dosage of 6, 8.5 min, 5 ppm and 0.02 g, respectively. Under
these conditions, the removal percentage of methylene blue was
predicted to be 98.17 %. The running of the process, under
predicted optimum conditions resulted in 97 % removal of
methylene blue. Using the same conditions, the removal per-
centage of methylene blue by ZnO, GO, pure CNT, ZnO/CNT
and GO/ZnO nano composite was 5.165, 78.82, 95.42, 17.13 and
97 %, respectively. The study revealed higher adsorptive perfor-
mance of GO/ZnO nano composite.

4. Conclusions

The GO/ZnO was successfully synthesized and its perfor-
mance in the adsorption of methylene blue was studied. Response
surface methodology allowed for the study of the adsorption
process with a minimum number of experiments and savings on
the overall cost and time. In addition, it provided for the devel-
opment of amodel for the process in order to predict the removal
percentage of methylene blue at different values of pH, time,
adsorbent dosage and dye concentration. Analysis of variance of
the model showed a high value for the determination coefficient
(R* = 0.97), thus ensuring a satisfactory adjustment of the
second-order regression model with the experimental data. The
Pareto analysis suggested that order of relative importance of
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Figure 8 Response surface plot and contour plot of the decolorization
efficiency as the function of adsorbent dosage and pH.

the factors were as follows: adsorbent dosage > dye concentra-
tion > adsorption time > pH. Under optimum conditions,
GO/ZnO nano composite exhibited superior adsorption activity,
which was even better than CNT and ZnO/CNT. The study
revealed that GO/ZnO nano composite could be a promising
adsorbent for removal of industrial dyes from wastewaters.
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