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ABSTRACT

The photo catalytic activity of ZnO-graphene (ZnO-G) nanocomposite and TiO, nanoparticles phys-
ical mixtures for the enhanced degradation of reactive red dye 198 (RR198) under UVC light was
evaluated and established. The photo catalytic results revealed that the RR198 was degraded at
around 34.4% and 37.7% after 180 min of irradiation, respectively, in the presence of ZnO-G nano-
composite and TiO, nanoparticles, solely. Interestingly, physical mixtures of both catalysts induced
an enhanced catalytic activity comparing to the bare ones. The ideal mixing ratio was found to be
66:34 wt% (ZnO-G:TiO,) with 71.8% degradation performance after 180 min of irradiation. Moreover,
the response surface methodology using the best mixture was employed to optimize and determine
the interaction effects between three independent operational parameters which are photo catalyst
dosage (0.4 — 0.025 mg), initial pH (3-11), and initial dye concentration (5 — 15 mg/L). Based on the
results obtained, it was found that a maximum predicted degradation efficiency of RR 198 reached
99% was in agreement with the average of three experimental values (96%) under the following
optimal conditions: 0.4 g mixture dose, initial pH of 3.8, and 5 mg/L initial dye concentration. This
convergence between the predicted and experimental results indicates the validity of the model for
predicting the maximum percentage degradation of RR198 under the above-mentioned optimum
conditions. The ANOVA result indicated that the model is significant with the P value of 8.683 x
10 is less than 0.0001, which implies that the model terms are highly significant. Regression anal-
ysis with an R? value of 0.986 indicated a satisfactory correlation between the experimental data
and predicted values. Additionally, non-toxic metabolites with respect to Daphnia Magna and high
total organic carbon reduction after treatment with the mixture evidenced that this process can sig-
nificantly decrease toxicity and mineralize the dye. Finally, the universal degradation ability of the
photo catalysts mixture was evaluated and proven towards many model substrates.
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1. Introduction

Dyes are organic pollutants that are well known for
their serious hazard on the whole ecosystem in general
and aquatic life in particular. Textile, paper, tannery, and
similar industries wastewater effluents contain a substan-
tial amount of dyes. In order to reduce the negative effects
of dye wastewater on humans and the environment, the
wastewater must be treated efficiently before discharge into
mainstreams [1,2]. It is worth mentioning that treatment of
dye wastewater is highly complex due to the presence of
color, toxicity, BOD, COD, turbidity, TDS, TSS, etc. How-
ever, various physical, chemical, and biological processes
have been used over the past several decades for dyes treat-
ment [3-9]. These techniques can, however, only transfer
the contaminants from one phase to another, thus generat-
ing secondary pollution. In addition, conventional biolog-
ical treatment methods are ineffective for decolorization
and degradation because of the high stability of these dyes
[10-12]. Consequently, traditional treatment methods are
usually ineffectual in removing dyes. Hence, attention must
be focused on treatment methods that can lead to the com-
plete degradation of the dye molecules.

Recently, destructive processes such as advanced oxida-
tion processes (AOPs) based on a semiconductor metal oxide
photo catalyst have been effectively applied as an alternative
for the decolorization and degradation of dyes in wastewater
effluent [13,14]. During the AOP, a semiconductor material
absorbs light of energy greater than or equal to its band gap,
causing excitations of valence band electrons in the conduc-
tion band. Such charge separation leads to the formation of
electron-hole pairs which can further generate free radicals in
the system for redox of the substrate. The resulting free-rad-
icals such as hydroxyl ("“OH) are very efficient oxidizers of
organic materials and can degrade pollutants [15-18]. There-
fore, photo catalytic degradation using nanostructures is one
of the most promising techniques to tackle the water contam-
ination problem effectively in order to diminish the potential
risks of such pollutants on human and the environment. The
pros of such technologies include the use of environmen-
tally friendly oxidants, complete mineralization of pollutants
under mild temperature and pressure conditions, and the
absence of waste disposal problem [19].

Among semiconductor metal oxides, TiO, and ZnQO, are
two of the most promising nano-crystalline materials used
as photo catalysts in the degradation of organic pollutants
due to their excellent photo catalytic activity,low cost, chem-
ical stability, and non-toxicity [20-23]. However, the recom-
bination of the photo excited electron-hole pairs, which in
turn decreases the quantum yield and catalytic efficiency,
is still a major hurdle of the applicability of such materials.
Up to now, a variety of modifications have been proposed
to overcome the limitations of TiO, by controlling the tex-
tural design, doping with metal or non-metal portions, and
compositing with narrower band gap semiconductors and
carbonaceous materials [24].

A considerable number of scientific reports have
appeared on structuring TiO,-ZnO, TiO,-graphene, and
ZnO-graphene nanocomposites for the efficient degrada-
tion of organic pollutants.

For instance, Topkaya et al. prepared b are ZnO and com-
posite TiO,-ZnO catalyst plates for the photo catalytic degra-

dations of reactive red 180, pesticide (2,4-D), and enrofloxacin
antibiotic under UVA and UVC irradiations. The plates were
found to be more effective for the consecutive degradation
tests which indicated their potentiality in extended applica-
tions [25]. Xie et al. prepared a series of TiO,/ZnO composites
with different content of TiO,. Photo catalytic activity of the
samples for the degradation of pentachlorophenol indicated
that the optimal mole ratio of TiO, to ZnO was 0.75:1. How-
ever, they found that all the as-prepared TiO,/ZnO com-
posites not only had good catalytic activity under UV light
irradiation but also have excellent circulation stability [26].

Liu et al. synthesized TiO,-graphene nanocompos-
ites are synthesized with tunable TiO, crystal facets ({100},
{101}, and {001} facets) through an anion-assisted method.
TiO2-100-G showed the fastest charge-transfer rate, leading
to higher activity in photo catalytic H, production from a
methanol solution. TiO,-101-G with more reductive elec-
trons and medium inter facial charge-transfer rate also
showed good H, evolution rate. Only TiO,-001-G showed
the lowest H, evolution rate [27].

Besides the importance of developing efficient photo
catalysts structures, optimization of the catalytic reactions
parameters is a crucial issue to be addressed in order to
realize the desired feasibility. However, dealing only with
one factor at a time while holding other parameters con-
stant is unsatisfactory due to the multilateral effect of the
parameters. Moreover, the process is time-consuming and
the true optimum conditions are hard to predict [28]. This
will indirectly increase the cost of the overall process [29].
This obstacle can be judiciously bypassed through the
application of response surface methodology (RSM). RSM
is a combination of the statistical and mathematical method
for optimization study in a complicated process [30]. RSM
gives a lot of information from a small number of experi-
ments compared to conventional methods. In addition, this
statistical design of experiments taking into account the
interaction effects between the studied parameters and can
determine the combination of levels in order to optimize the
process more accurately [31,32]. A central composite design
(CCD) based on RSM was successfully applied in the opti-
mization of photo degradation of various organics [33,34].

To the best of our knowledge, the literature regarding
the photo catalytic oxidation of RR198 using TiO, physi-
cally mixed with ZnO-G is not available yet. Therefore, a
well-designed and parametric controlled heterogeneous
photo catalysis system has been developed using a simple
RSM in order to maximize reactive red 198 removals bene-
fiting the ideal mixing ratio of both catalysts.

2. Experimental
2.1. Materials and reagents

All materials were in analytical grade and used without
any further purification. The used mono azo Reactive Red
198 dye with 95% purity was purchased from Alvan Sabet
Company, Hamedan, Iran. The TiO, P25 nanoparticles were
obtained from Evonik Degussa GmbH, Germany, while the
ZnO-graphene nanocomposite was prepared according
to our previous report [21]. Hydrochloric acid (HCI) and
sodium hydroxide (NaOH) were obtained from Merck,
Germany.
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2.2. Photo catalytic degradation studies

The photo catalytic studies were carried out in a photo
reactor with a cylindrical Pyrex-glass cell of a 1.0 L capac-
ity (Fig. 1). In a typical experiment, 0.1 g of the photo cata-
lyst (bare or mixed) was suspended in 0.4 L of the RR 198
solution at pristine pH (~5.5) and stirred in the dark for
60 min to attain the adsorption equilibrium before irradia-
tion. For this purpose, a preliminary study was conducted
to determine the state of adsorption equilibrium, where
the solution was stirred without illumination and samples
were taken every 10 min, eventually, the equilibrium was
achieved so that there was no difference in the readings
between the 50" and 60" min. The photo catalytic reactions
were initiated by the irradiation with a 10 W UV-C lamp
with a maximum wavelength of 254 nm placed in a quartz
lamp holder immersed in the photo reactor cell. The whole
reactor was cooled with passing water current in the jacket
between the outer wall of the reactor and the solution wall.
The flowed water temperature was kept at 25°C in order to
adjust the effect of daily fluctuations of water temperature
on photo catalytic degradation rates. Water tank inside the
laboratory was designated for that mission.

All reactants in the reaction cell were stirred using
a magnetic stirrer to ensure the complete suspension of
catalyst particles. At 30 min irradiation intervals, 4 mL
of the suspension was taken out, centrifuged and then
filtered with a 0.025 pm Nylon filter to remove the cata-
lysts particles. The absorbance of RR198 was determined
at A__ = 520 nm using UV-Vis spectrophotometer (Per-
kin Elmer UV-Vis spectrophotometer). Subsequently, the
degradation rate was calculated according to the follow-
ing expression:

D%:{—Q "C)}xmo:[—mf "A)} )
C A

e e

where A and C, are the absorbance and concentration of RR
198 at equilibrium, A and C are the same after a certain time
of irradiation.

After electing the ZnO-G:TiO, weight ratio with the best
catalytic activity, the influence of experimental parameters
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Fig. 1. Schematic diagram of the photo catalytic reactor system.

such as the concentration of the dye, catalyst amount, and
the solution initial pH was explored and established.

Furthermore, the photo catalytic degradation kinetic
has been considered with the Langmuir-Hinshelwood
model (L-H). The reaction rate constant (k) was calculated
using plots of In (C/C) versus illumination time according
to the following formula:

Ln [CEJ = —kt @)

e

2.3. Experimental design

The optimal parameters of the experiment for desirable
were determined according to the related literature [35,36].
RSM was used to optimize the three parameters, X1 (0.4
0.025 mg), X2 (3-11), and X3 (5-15 mg/L) which represent
(photo catalyst dosage, initial pH, and initial dye concen-
tration), respectively. The three parameters were selected as
independent variables while the degradation percentage of
RR198 was the output response variable. Other factors such
as stirring rate, temperature, and light intensity were held
constant.

Data analysis, experimental design, and regression mod-
eling were achieved using the statistical software R (R Core
Team). In order to check the accuracy of the fitted model, a
series of statistical analysis such as the normal plot, the resid-
ual analysis, the main and interaction effects, the contour
plot, and analysis of variance (ANOVA) were examined.

Table 1 shows the ranges and levels of independent
variables. Central composite design (CCD) was chosen to
investigate the combined effect of the three independent
variables by 22 sets of experiments, including eight replica-
tions at the center points with rota table alpha. The coded
value of the parameters was computed using the following
equation:

X, = [M] 3)

AX

where X is a coded value of the independent variables, X,
X, and AX are the uncoded values at the center point of the
variables, respectively.

2.4. Acute toxicity test and TOC reduction

After treatment with ideal ZnO-G:TiO, mixture under
optimum conditions, The acute toxicity tests with Daph-

Table 1
Experimental range and levels of the independent variables for
degradation of RR198

Variables Symbols Range

—a -1 0 1 +0.

Photo catalyst X, 0.1010 0.025 0.2125 04 0.3239
amount, g

pH X, 4.6 3 7 11 94
RR198 X, 7 5 10 15 1238
concentration,

mg/L
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nia Magna were carried out according to the ABNT meth-
odology as described by previous works [37,38]. The
sensitivity tests were carried out with neonates (6-24 h of
life), which were not fed during the test period. For each
sample concentration, 10 organisms were used in a 5 mL
flask in duplicates, along with the controls. The acute
toxicity tests were conducted within 24-96 h of exposure
and thereafter, the number of immobile organisms was
observed and noted. The organisms were considered to
be immobile if they did not show any mobility during
20 s of observation.

Also, as degradation might not be a veracious descrip-
tion of the photo catalytic process and the photo degrada-
tion might be a discolor process only, the change in organic
carbon of the treated samples under the optimum condi-
tions was monitored by measuring the total organic carbon
(TOC) using a TOC analyzer type (TOC-V, Shimadzu,).

3. Results and discussion
3.1. Influence of the photo catalyst composition

Obtaining the photo catalyst composition with the
highest catalytic efficiency is the ultimate goal of our study.
Hence, the catalytic performance of our samples (bare and
mixed) was evaluated for the photo degradation of RR 198
under UVC light irradiation for 360 min in order to explore
the correlation between the mixing ratio and photo degra-
dation efficiency. The higher performance was taken as the
decisive factor for selecting the sample that will be used for
the experimental design study.

The normalized concentration changes of RR198 using
the different photo catalysts under similar conditions are
illustrated in Fig. 2. Looking at the dark phase, one can
see an overall adsorption 25-45% for all samples which
is considered a good adsorption under the conditions of
our study (400 mL of 10 mg/L RR 198). The more ZnO-G
existed, the more adsorption achieved, reasonably due
to the fast conjugation between RR 198 and the aromatic

1 1 1 1
-60 -30 0 30 60 90 120 150 180
Time (min)

Fig. 2. Concentrations changes of RR198 in the presence of
ZnO-G and TiO, nanoparticles with different mixing weight
percentages under UV light.

regions of graphene by n-n stacking interactions added to
the hydrogen bonding and/or electrostatic interactions of
RR198 and photo catalysts surface. However, the removal
efficiency has not followed the adsorption order in all cases.
The maximum removal reached ~77% and ~82% with the
samples (75:25) and (66:34), respectively.

As shown in Fig. 3, the degradation percentages allow
the activity of the photo catalysts to be ranked as 66:34 >
75:25 > 20:80 > 25:75 > 34:66 > 80:20 > 50:50 > 0:100 > 100:0
for ZnO-G:TiO,wt%. Obviously, all mixtures surpassed the
bare samples in RR198 photo degradation ability emphasiz-
ing that the expected enhancement in catalytic activity com-
pared to the individual photo catalysts has been fulfilled
.The improved adsorbency and carriers recombination sup-
pression are believed to have triggered the higher activities
of mixtures. However, the absence of a specific pattern in
Fig. 3 makes it very hard to give a correct description of the
differences among the mixtures.

Fig. 4 shows the linear plots of [n(C/C,) apparent first-or-
der rate constants k for the photo degradation of RR 198
with physical mixtures of ZnO-G and TiO, under UV light
after 180 min of illumination. The slopes of the plots which
represent the photo catalyst reaction rate constants were
calculated and listed in Table 2. It can be seen from this
table that the reaction rate of 66:34 physical mixture was
relatively high and almost three folds of the bare photo cat-
alysts.

Based on the obtained results, 66:34 wt% ratio for
ZnO-G:TiO, was considered for the further studies. The
intersection of the two curves (C/C, and 1-C/C)) shows the
half-life of RR198, which is the time needed for the concen-
tration of RR198 to decrease by half. From Fig. 5 it can be
seen that the concentrations of RR 198 diminished gradu-
ally as the exposure time increased. The bare ZnO-G and
TiO, have shown approximate profiles whereas concentra-
tion decrease was more pronounced in the mixture case.
Furthermore, the half-life value of RR 198 dropped dra-
matically to 15 min for the mixture while it was 30 min for
ZnO-G and 75 min for TiO,.
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Fig. 3. Photo degradation of RR 198 over 180 min by excluding
adsorption effect.
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Fig. 4. The linear plots of In(C/C)) for the photo degradation of
RR 198 with physical mixtures of ZnO-G and TiO, under UV
light after 180 min of illumination.

Table 2
Kinetic data of RR198 in the presence of ZnO-G and TiO,
mixtures

ZnO-G:TiO, (wt%) R k

(100:0) 0992 0.00230
(80:20) 0989 0.00341
(75:25) 0975 0.00521
(66:34) 0966 0.00648
(50:50) 0974 0.00282
(34:66) 0973 0.00346
(25:75) 0995 0.00384
(20:80) 0970 0.00503
(0:100) 0947 0.00246

3.2. Mechanism of photo catalytic activity

Prior proposing the mechanism of enhanced photo
catalytic activity over ZnO-G:TiO, mixture, a transmis-
sion electron microscopy (TEM, 300 kV Philips CM30)
was employed to observe the morphology of ZnO-G:TiO,
(66:34). The obtained image (Fig. 6a) shows that in addition
to the presence of graphene nanosheet-uniformly distrib-
uted hexagonal ZnO nanoparticles, few clusters of spherical
shaped TiO, nanoparticles appeared. The TiO, clusters are
observed inside the graphene nanosheets which ascertains
an attachment to ZnO-G surface mostly via hydrogen bond-
ing. Furthermore, the energy-dispersive spectrum (EDS,
Mira 3-XMU Simaging Detectors) analysis confirmed the
chemical composition of the product. The EDS spectra of
ZnO-G:TiO, is shown in Fig. 6b. The mixture is free from
elemental impurities and consists of Ti, Zn, O and C.

The presence of both C and O, as major elements, with
strong Zn peaks implies that the graphene sheet is firmly
coated with ZnO. The content of C, O, Zn, and Ti in the mix-
ture is 16.37, 10.66, 55.14 and 17.46% weight, respectively.
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Fig. 5. Photo degradation profiles of RR198 by ZnO-G, TiO,, and
the ideal mixture.

Now that we have confirmed the composite-like struc-
ture of the physical mixture, control experiment to identify
the contribution of reactive species was employing. In this
experiment, isopropanol (IP) and benzoquinone (BQ) at (0.1
x 10 mol-L™') were used as scavengers for HO® and O,*,
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Fig. 6. TEM image (a) and EDS pattern (b) of the ideal ZnO-G:TiO, sample; Control experiment (c).

respectively. Degradation percentages depicted in Fig. 6c
revealed that RR198 degradation was almost affected
equally by quenching HO*® or O, which indicates an
almost equivalent contribution of both HO* and O,* medi-
ated mechanisms for RR 198 elimination.

The photo catalytic activity of ZnO-G and TiO,
nanoparticles is strongly related to their band gap. TiO,
has been reported with band gap energy of around 3.2 eV,
while ZnO-G had an adsorption edge of around 371 nm
corresponding to band gap energy of 3.3 eV. Although the
band gap energies are similar to each other, nevertheless,
the potential of the conduction band (CB) and the valence
band (VB) of ZnO is charged a bit more negative. Post-ir-
radiation, the mixture works as a heterostructure (Fig. 7)
and the electrons are injected from the CB of ZnO to CB
of TiO,. These electrons in CB of TiO, can be subsequently
transported to the graphene nanosheet that offers a high
aptitude to accept and transfer the electrons. In addi-
tion, the holes are transferred from the VB of TiO, to VB
of ZnO. As a result, recombination of the photo gener-
ated electron-hole charge carriers is markedly reduced.
Then, the dissolved molecular oxygen reacts with elec-
trons to yield super oxide radical anions. The holes are
ultimately trapped by surface hydroxyl groups (or H,0)
on the surface of the photo catalyst to yield hydroxyl rad-
icals. These reactive oxygen species contribute equally

and efficiently to the redox reactions mediated decompo-
sition of RR198.

3.3. Model fitting and statistically analysis

The response surface modeling based on experiments
proposed by CCD with a total number of 22 experiments
was applied in order to optimize the reaction conditions of
RR 198 degradation. The experimental and predicted val-
ues under the various conditions are shown in Table 3.

Fig. 7. Proposed charge transfer and the separation process on
ZnO-G and TiO, mixture under UV-C.
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Central composite design with predictive values and their experimental results

Independent variables

RR198 degradation (%)

Run X1 Photo catalyst X2 Initial PH X3 Initial RR198 Experimental Predictive Residual
amount (g) concentration (mg/L)
1 0.1010 94 13 44 41.962 —-2.037
2 0.1010 4.6 13 64 62.292 -1.707
3 0.2125 7 10 53 53.581 0.581
4 0.3239 4.6 7 82 82.587 0.587
5 0.3239 94 13 65 66.002 1.002
6 0.1010 4.6 7 73 70.548 —2.452
7 0.3239 4.6 12.8 72 70.332 -1.668
8 0.1010 9.4 7 44 44.218 0.218
9 0.2125 7 10 56 53.581 2419
10 0.3239 94 7 72 72.257 0.257
11 0.2125 7 10 50 53.581 3.581
12 0.2125 7 10 54 53.581 -0.419
13 0.2125 7 5 61 61.126 0.126
14 0.2125 7 10 53 53.581 0.581
15 0.2125 11 10 74 73.634 -0.366
16 0.2125 7 10 54 53.581 -0.419
17 0.2125 7 15 47 48924 1.924
18 0.2125 7 10 56 53.581 -2.419
19 0.025 7 10 30 32.856 2.856
20 0.2125 3 10 97 99.416 2.416
21 0.4 7 10 64 63.194 -0.8054
22 0.2125 7 10 53 53.581 0.581

On the other hand, ANOVA for response surface of
triplet model was applied to evaluate the adequacy of the
model. Table 4 shows the coefficient of the regression model
and their significance while Table 5 shows the ANOVA for
response surface of triplet model. In Table 5, the ANOVA
indicated that the model is significant with the P value of
8.683 x 10" s less than 0.0001, which implies that the model
terms are highly significant. Noteworthy, the values greater
than 0.0001 designate that the model terms are not signifi-

Table 4
Coefficient of regression model and their significance

cant [39]. The non-significant “lack-of-fit value” of 0.205845
confirms the good predictability of the model [30]. Also,
the “predicted R*” of 0.986 is in reasonable agreement with
the “adjusted R*” of 0.976, which highlights the respectable
predictability of the model [40]. The accuracy of the model
is demonstrated in Fig. 8, which displays the experimen-
tal and predictive values for the degradation of RR 198. It
clearly shows the high correlation between the experimen-
tal data and predicted values in the range studied.

Factor Coefficient estimate Standard error F Value P Value Explanation
Intercept 53.581 0.801 66.878 <2.2 x 107 Sig.
Xl-catalyst amount 15.169 1.032 14.699 4900 x 107 Sig.
X2-pH -12.891 1.032 -12.491 3.089 x 10°® Sig.
X3-initial concentration -6.101 1.032 -5.912 7119 x 107 Sig.
X1:X2 11.314 2.268 4.989 0.0003151 Sig.
X1X3 -2.828 2.268 -1.247 0.2360978 Non-Sig.
X2:X3 4.242 2.268 1971 0.0859378 .

X1? -5.556 1.629 -3.409 0.0051806 Sig.

X2? 32.944 1.629 20.216 1.230 x 1071 Sig.

X3? 1.444 1.629 0.886 0.3928765 Non-Sig.
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Table 5
ANOVA for the response surface for RR198 degradation

Source Degree of ~ Sum of Mean squares  F Value P value Suggestion

freedom squares

First-order response (x1, x2, x3) 3 2093.19 697.73 135.677 1.598 x 10~° Sig.

Two way interactions (x1, x2, x3) 3 154.00 51.33 9.982 0.001396 Sig.

Pure quadratic response (x1, x2, x3) 3 2186.91 72897 141.752 1.238 x 10~ Sig.

Residuals 12 61.71 5.14 - - -

Lack of fit 5 35.84 717 1.939 0.209 Non-Sig.

Pure error 7 25.88 3.70 - - -

Multiple R-squared: 0.9863, Adjusted R-squared: 0.976, F-statistic: 95.8 on 9 and 12 DF, p-value: 8.68310~°

100 —
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Fig. 8. Experimental values plotted against the predicted values
for photo degradation of RR198.

An empirical second-order polynomial equation was
realized and was written in terms of the independent fac-
tors based on Table 4 as follows:

D% = 53.581 + 15.169(X1) — 12.891(X2) — 6.101
(X3) + 11.313(X1X2) — 2.828(X1X3) + 4.242(X2X3) - 5.555
(X1)?+ 32.944(X2)? + 1.444(X3)? (4)

The effect of the three independent variables and their
second-orders except initial concentration was significant
with p<0.0001. Based on the monomial coefficient values of
regression model, P (X1-catalyst amount) = 4.900 x 107, P
(X2-pH) = 3.089 x 107, and P (X3-initial concentration) =
7.119 x 107, consequently the order of significance among
the three independent variables was (X1-catalyst amount)
> (X2-pH) > (X3-initial concentration). Similarly, the effect
of the first order response [12], two-way interactions (TWI),
and pure quadratic response (PQ) of (X1-catalyst amount,
X2-pH, and X3-initial concentration) was significant with p
< 0.05 since their P values were (1.598 x 10-%, 0.001396, and
1.238 x 107), respectively, which is attributed to the experi-
mental range of independent variables chosen in this study.
In addition, residuals analysis was conducted in order to
check the suitability of the model. This was achieved by

observing the normal probability plot of the residuals (Fig.
9a) where the residuals cloud narrowly distributed around
a straight line proposing that the errors were distributed
normally [41]. The other confirmation was by the plot of
the residuals vs. the predicted response (Fig. 9b) where the
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Fig. 9. Normal probability plots of the residuals (a) and plot of
the residuals against the predicted response (b).
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random pattern in the plot of residuals vs. the predicted
response indicated the model is satisfactory and also the
model does not interfere the independence or constant vari-
ance assumption [42].

3.4. Response surface analysis

Using of the three dimensions surface is popular to
attain a clearer view of the interactions between variables
within the range studied and can be provided as a graphical
illustration of the regression equation adopted to determine
the optimum values of variables [43]. The obtained results
of the interactions between the three independent variables
and the output response are depicted in Fig. 10. Fig. 10a dis-
plays that the high degradation efficiency is more obvious
at lower levels of initial dye concentration and lower values
of pH as observed in the contour plots. The RR 198 deg-
radation efficiency had a maximum value at pH = 3. With
increasing pH value to the neutral value, the degradation
percentage collapsed to around 50%. Thereafter, at the basic
medium showed a fair degradation but enhanced in com-
parison with the neutral medium. This can be attributed to
the surface charge properties of the photo catalysts and ion-
ization status of RR 198. The zero-point charge of TiO, and
ZnO are at about (6.8 and 9, respectively) [44,45].

Below pH 6.8 a strong adsorption of dye on the photo
catalyst surfaces as a result of the electrostatic attraction of
the positively charged photo catalysts with the ionized dye.
On the other hand, at neutral pHs, a decrease in the reac-
tion rate has been observed reflecting the difficulty of an
anionic dye in approaching the negatively charged ZnO-G
surface due to electrostatic repulsion. At the basic medium,
the degradation may be imputed to the abundant hydroxyl
ions that would give a rise to the destructive hydroxyl radi-
cals which in turn facilitate the dye decomposition.

Unsurprisingly, increasing the initial dye concentration
induced a decrease in degradation performance. When
the RR 198 concentration is increased, the production of
hydroxyl radicals will slow down as fewer water molecules
are adsorbed on the surface of the catalyst due to the compe-
tition by the excess dye molecules. Furthermore, increased
pollutant concentration will hinder photon penetration into
the solution and consequently, the photo degradation rate
is decreased [46].

The effects of photo catalyst amount and the solution
pH on RR198 degradation efficiency are shown in Fig. 10b.
Itis clear that the degradation efficiency markedly increases
with increasing photo catalysts amount. This behavior can
be related to the increased active sites on the surfaces of the
abundant catalyst to harvest more photons which in turn
increases the number of hydroxyl and super oxide radicals,
and adsorb more pollutant molecules [47]. Thus, the over-
all activity is improved. Besides, degradation behavior as a
function of pH replicated the results as in Fig. 10b, i.e. the
preferred media can be ranged acidic > basic > neutral.

Fig. 10c depicts the influence of catalyst amount and
initial RR198 concentration on the degradation efficiency
while keeping pH at a pristine value (5.5). As presented on
the surface, the degradation performance increased with
increasing catalyst dosage in the studied range. Other than
that, further enhancement in the dye concentration resulted
in a lower percentage of degradation as interpreted above.
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Fig. 10. Variables effect on the degradation efficiency of RR 198:
(a) initial pH and initial dye concentration, catalyst amount was
kept constant at 0.1 g; (b) catalyst amount and pH, initial dye
concentration was kept constant at 10 mg/L; (c) catalyst amount
and initial dye concentration, pH was kept constant at 5.5.
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3.5. Optimization of the influencing variables

The goal of the optimization process is to achieve opti-
mal conditions for degradation of R198 by the physical mix-
ture of (64:34) ZnO-G nanocomposite: TiO, nanoparticles
under UVC irradiation. RSM package in R software was
utilized to determine the optimal values that maximize the
intended functionality. The program uses five possibilities
as a goal to construct desirability indices: none, maximum,
minimum, target, and within range.

The criteria for all variables in correspondence with the
predictive study are shown in Table 6. Under the optimum
conditions for maximum RR198 degradation efficiency, pH
value of 3.8, initial, dye concentration of 5 mg/L, and photo
catalyst dosage of 0.4 g, a verification experiment was con-
ducted for 180 min from three runs. The adequately approx-
imate values between the predicted (99%) and the average
experimental (96%) results demonstrate the validity of the
model for predicting the maximum percentage degradation
of RR 198.

3.6. Toxicity test and TOC reduction

The results for Daphnia Magna toxicity tests are
expressed as the percentage of immobilization in the
presence of treated samples (initial dye concentration of
5-15 mg/L) compared to the controls composed of the
dye media without photo catalytic treatment. The controls
displayed mortality between 33 to 41% at concentrations
between 5-15 mg/L. 180 min photo degraded samples of
all concentrations had almost no detectable toxicity sug-
gesting that application of this process to detoxify RR180
significantly decreased the toxicity of solution. The TOC of
the control medium (optimum conditions) was 1.72 mg/L.
After decolorization for 180 min, around 62.8% of the initial
TOC was abated (0.64 mg/L of TOC remained). This extent
of TOC reduction demonstrates the high efficiency of the
photo catalyst in degradation and further mineralization of
RR 198.The Acute toxicity and TOC tests imply that the syn-
ergy between the catalytic compounds is not only demon-
strated in terms of diminishing the amount of the RR 198
but also after decomposition more toxic compounds do not
form and high extent of mineralization is obtained.

3.7. Universal activity of the mixture

In order to confirm the universal synergic degradation
ability of the ideal mixture, photo catalytic activities were
evaluated toward tetracycline (TC, the typical antibiotic),
methylene blue (MB) and colorless phenol as typical organic
compounds in water bodies. The degradation experiment
of the three compounds was conducted by their solutions
with a concentration of 10 mg/L under the same setup of
RR198. The degradation behaviors against irradiation time
are shown in Fig. 11.

We observed the degradation of around 98% of TC, 92%
of MB and 92% of phenol molecules after 90 min, 120 min,
and 180 min, respectively. At the same time, the removal
yields of pure TiO, and ZnO-G were 58%, 53%, and 34%
for TiO, and 66%, 78%, and 42% for ZnO-G toward TC,
MB, and phenol, respectively. All the above proves that
the ZnO-G:TiO, mixture enhances photo catalytic activity

Table 6
Optimum conditions for degradation of R198 and their
predictive and experimental degradation percentages

Variable Optimum  Reactive Red 198
value degradation (%)
Predictive ~ Experimental
(X1) Catalyst 0.4 99% 96%
dosage (g)

(X2) initial pH 3.8
(X3) initial dye 5
concentration

(mg/L)

g
%
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Fig. 11. The degradation behaviors against irradiation time for
TC, MB, and phenol (10 mg/L) under the same other experimen-
tal conditions of RR198.

universally, which may represent a promising candidate for
real application due to its high ability to decompose various
contaminants in water.

4. Conclusions

In this work, enhancement of reactive red dye 198
(RR198) photo degradation under UVC light established
by following a simple physical mixture of ZnO-graphene
(ZnO-G) nanocomposite and TiO2 nanoparticles. The
results indicated that the RR198 was degraded at around
34.4% and 37.7% after 180 min of irradiation, respectively, in
the presence of ZnO-G nanocomposite and TiO, nanoparti-
cles, solely. Interestingly, physical mixtures of both catalysts
induced an enhanced catalytic activity comparing to the
bare ones. The ideal mixing ratio was found to be 66:34 wt%
(ZnO-G:TiO,) with 71.8% degradation performance. More-
over, a multivariate experimental design was applied
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to develop a triplet model as the functional relationship
between the three independent variables: the mixture dos-
age (0.4-0.025 mg), pH (3-11) and initial concentration of RR
198 (5-15 mg/L), to determine the optimum degradation
percentage of RR198. The removal of RR 198 achieved 96%
under optimal conditions: 0.4 g mixture dose, pH 3.8 and at
5 mg/L initial RR 198 concentration, which was in parallel
with the maximum predicted degradation efficiency (99%).
Regression analysis with an R* value of 0.986 indicated a
satisfactory correlation between the experimental data and
predicted values. Toxicity test with Daphnia Magna showed
almost no toxicity of the by-products after the photo cat-
alytic treatment. TOC reduction was 62.8% in the mixture
stage demonstrating the high mineralization ability.
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