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Introduction 
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•  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 substantial amount of 
dyes. In order to reduce the negative effects of dye 
wastewater on humans and the environment, the 
wastewater must be treated carefully before 
discharge into main streams . 
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•  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. 
However, various physical, chemical, and biological 
processes have been used over the past several 
decades for dyes treatment  

•  These techniques can, however, only transfer the 
contaminants from one phase to another, thus 
generating secondary pollution.  
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•  Recently, destructive processes such as advanced 
ox idat ion processes (AOPs) based on a 
semiconductor metal oxide photo catalyst have been 
effectively applied as an alternative for the 
decolonization and degradation of dyes in 
wastewater effluent. 
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•  Among semiconductor metal oxides, TiO2 and ZnO, 

are two of the most promising nano-crystalline 

materials used as a photocatalyst in the degradation 

of organic pollutants due to their excellent 

photocatalytic activity, low cost, chemical stability, 

and non-toxicity. 
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•   However, dealing only with one factor at a time 

while holding other parameters constant 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. 
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•  This obstacle can be judiciously bypassed through 
the deployment of response surface methodology. 

•  RSM is a combination of statistical and mathematical 
methods for optimization study in a complicated 
process .  

•  RSM gives a lot of information from a small number 
of experiments 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.  
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Experimental 
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•   All materials were in analytical grade and used 
without any further purification.  

•  All  The used mono azo Reactive Red198 dye with 
95% purity, TiO2 P25 nanoparticles, Hydrochloric 
acid (HCl) and Sodium hydroxide (NaOH) were 
purchased from Merck, Germany. 

•   While the ZnO-graphene nanocomposite was 
prepared according to our previous report. 
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Fig.. FESEM images of (a,b) ZnO-1, (c,d) ZnO-6, (e,f) ZnO-7, (g,h) ZnO-8, and (i,j) ZnO-9. 

Fig. XRD patterns of (a) ZnO-1, ZnO-6, ZnO-7, ZnO-8, and ZnO-9; (b) ZnO, G50ZnO, 
and G75ZnO 

Fig.. SEM images of the optimal ZnO 
nanocrystals. 

Fig.. HRTEM images of (a) ZnO and (b,c) G75ZnO hybrid, and EDS pattern of (d) 
G75ZnO hybrid. 
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Photocatalytic Degradation Studies 

•  The photocatalytic studies were 
carr i ed out in a typ ica l 
experiment , 0 .1 g of the 
photocatalyst was suspended in 
0.4 L of RR198 solution at 
pristine pH (~5.5) and stirred in 
the dark for 60 min to attain the 
adsorption equilibrium before 
irradiation.  
•  Afterwards, photocatalytic reactions were initiated by the 
irradiation with a 10 W UV-C lamp with maximum 
wavelength of 254 nm placed in a quartz lamp holder 
immersed in the photoreactor cell.  
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•   The whole reactor was cooled with passing water 
current in the jacket between the outer wall of reactor 
and the solution wall where the temperature kept at 
around 25 °C. 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 were taken out, centrifuged and then 
filtered with a 0.025 µm Nylon filter to remove the 
catalysts particles.  

•   The absorbance of RR198 was determined at 
λmax=520 nm using UV-Vis spectrophotometer.  
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•   Subsequently, the degradation rate was calculated 
according to the following expression: 
 
D %=[(Ce-C)/Ce]×100=[(Ae-A)/Ae]×100   (1) 
 
Where Ae and Ce are the absorbance and concentration of RR198 at 
equilibrium, A and C are the same after a certain time of irradiation. 

After electing the ZnO-G:TiO2 weight ratio with the best 
catalytic activity, the influence of experimental parameters 
such as concentration of the dye, catalyst amount, and the 
solution initial pH was explored and established. 

  (2) 
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Experimental design 

In the optimization study, 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 (photocatalyst dosage, initial 
pH, and initial dye concentration), respectively.  

 
Data analysis, experimental design, and regression 
modelling were achieved using the statistical software R 
(R Core Team).  
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Experimental Range and Levels of the Independent Variables for 
degradation of RR198 

Variables	 Unit	 Symbol	
Range	

-α	 -1	 0	 1	 +α	

Photocatalyst amount	 g	 X1	 0.101018	 0.025	 0.215	 0.4	 0.339882	

pH	 -	 X2	 4.621586	 3	 7	 11	 9.378414	

RR198 concentration	 mg/L	 X3	 7.026982	 5	 10	 15	 12.97308	
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Results and Discussion 
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Concentrations changes of RR198 in the presence of ZnO-G and 
TiO2 nanoparticles with different mixing weight percentages under 
UV light 

Influence of the photocatalyst composition 
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The linear plots of ln(C/C0) for the photodegradation of RR198 with 
physical mixtures of ZnO-G and TiO2 under UV light after 180 min 
of illumination 



ZnO-

G:TiO2 

(wt%) 

(100:0) (80:20) )75:25( (66:34) (50:50) (34:66) )25:75( (20:80) (0:100) 

R2 0.958 0.957 0.920 0.938 0.970 0.936 0.896 0.951 0.843 

k 0.00244 0.0028 0.0050 0.0063 0.0029 0.0032 0.0031 0.0057 0.0028 
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Kinetic data of RR198 in the presence of ZnO-G and TiO2 mixtures 
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Photodegrada
tion profiles 
of RR198 by 
ZnO-G, 
TiO2, and the 
ideal mixture 

The half-life value of 
R R 1 9 8 d r o p p e d 
dramatically to 15 min 
for the mixture while 
it was 30 min for 
ZnO-G and 75 min for 
TiO2	
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The photocatalytic activity 
of ZnO-G and TiO2 
nanoparticles is strongly 
related to their band gap.  
 
TiO2 has been reported with 
band gap energy of around 
3.2 eV, while ZnO-G had a 
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. 



 	 Independent variables	 RR198 degradation (%)	

Run	
Photocatalyst 

amount (g) 
 	

Initial PH	 Initial RR198 
concentration (mg/L)	 Experimental	 Predictive	 Residual	

1	 0.1010	 9.4	 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	 9.4	 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	 -2.419	

10	 0.3239	 9.4	 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	 48.924	 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	

Model fitting and statistically analysis 
Central composite design with predictive values and their experimental results 



Experimental values plotted against the predicted values for photodegradation 
of RR198 

The accuracy of the model displays the experimental and predictive 
values for the degradation of RR198. It clearly shows the high 
correlation between the experimental 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 <2.2×10-16 Sig. 

X1-catalyst amount 15.169 1.032 14.699 4.900×10-9 Sig. 

X2-pH -12.891 1.032 -12.491 3.089×10-8 Sig. 

X3-initial 

concentration 
-6.101 1.032 -5.912 7.119×10-5 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 1.971 0.0859378 . 

X12 -5.556 1.629 -3.409 0.0051806 Sig. 

X22 32.944 1.629 20.216 1.230×10-10 Sig. 

X32 1.444 1.629 0.886 0.3928765 Non-Sig. 

Coefficient of regression model and their significance 
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Normal probability plots of the residuals (a) and plot of the residuals against 
the predicted response (b) 

The other confirmation was by the plot of the residuals vs. the 
predicted response. where the response indicated the model is 
satisfactory. 



Source Degree of 
freedom 

Sum of 
squares 

Mean 
squares F Value P value Sig. 

First-order response 

(x1, x2, x3) 
3 2093.19 697.73 135.677 1.598 × 10-9  Sig. 

Two way interactions 

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

Pure quadratic response 

(x1, x2, x3) 
3 2186.91 728.97 141.752 1.238 × 10-9 Sig. 

Residuals 12 61.71 5.14 - - - 

Lack of fit 5 35.84 7.17 1.939 0.209 
Non-

Sig. 

Pure error 7 25.88 3.70 - - - 

ANOVA for the response surface for RR198 degradation 

The non-significant ″lack-of-fit value″ of 0.205845 confirms the good predictability of 
the model.  
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Response surface analysis (contour plots) 

Using of 3D surface 
is popular to attain a 
clearer view of the 
interactions between 
variables within the 
range studied  



Variable Optimum 
value 

Reactive Red 198 
degradation (%) 

Predictive Experimental 

Catalyst dosage (g) 0.4 

99% 96% 
Initial pH 3.8 

Initial dye concentration (mg/L) 5 

Optimization of the influencing variables 
Optimum conditions for degradation of R198 and their predictive and 
experimental degradation percentages by the physical mixture of (64%:
34%) ZnO-G nanocomposite:TiO2 nanoparticles under UVC irradiation 
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