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In this work, zinc oxide/reduced graphene oxide (ZnO/rGO) composites with different ratios 

synthesized by a one-pot sol-gel method were tested as photocatalysts for the degradation of 

methylene blue in aqueous solution. The physicochemical properties of the photocatalysts were 

characterised by FTIR and SEM-EDX. FTIR analysis showed the existence of various functional 

groups on the ZnO/rGO surfaces, which indicated strong interactions between the carbonyl, 

carboxylic, and hydroxyl groups on the rGO with ZnO particles. SEM images revealed a nearly 

spherical shape for ZnO which was homogeneously distributed on the rGO sheets, while the 

EDX results confirmed the presence of C, Zn, and O with increasing amounts of rGO. Based on 

a pseudo first-order kinetic model, the highest degradation rate constant, k, of 2.67 × 10–2 min-1 

was obtained with 85% methylene blue degradation using a ZnO/rGO-10 photocatalyst. The 

relationship between the amount of rGO loadings, degradation percentage and rate constant was 

discussed using a fuzzy inference system (FIS). The introduction of a fuzzy logic controller 

(FLC) in this work provides the future direction and prediction for the creation of optimum 

ZnO/rGO photocatalysts for practical water recovery processes. 
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The infiltration of organic dye residues into the 

environment has generated a lot of attention in 

recent decades. It was reported that more than 50% 

of dye effluent was composed of azo dyes, which 

bear nitrogen –bonds. Dyes generally have 

complex molecular structures that are light-stable 

and resistant to biodegradation, making them less 

likely to be easily decomposed [1]. Contamination 

of coloured wastewater not only brings toxic effects 

to humans and animals even at low concentrations, 

but also reduces light transmission in contaminated 

water, which in turn leads to oxygen starvation in 

aquatic life [2]  

 

In a bid to curb the environmental 

accumulation of organic dye residues and their 

toxicity to land and aquatic biodiversity, 

semiconductor photocatalysis has been proposed as 

an efficient technology to combat such pollutants. 

In this regard, ZnO is typically employed for the 

removal of a wide range of organic contaminants as 

it is environmentally friendly, non-toxic, 

chemically stable, has a wide band gap (3.37 eV), 

and a greater quantum efficacy to absorb over a 

large fraction of the light spectrum (UV/solar) [3, 

4]. Nonetheless, ZnO alone suffers from some 

technical aspects that hamper its performance, i.e., 

the inefficient separation of electron-hole pairs and 

a high sensitivity to photo-corrosion [5]. Therefore, 

there is a need to modify the surface properties of 

ZnO to enhance its photocatalytic performance. 

 

Recently, two-dimensional carbon-based 

materials like sp2 hybridized graphene have proved 

to be a good choice to modify ZnO and form 

heterostructures owing to their large surface area, 

outstanding electron mobility, and inhibition of 

direct charge recombination [6]. For instance, 

Ramesh et al. reported the use of reduced graphene 

oxide (rGO)-hybridized ZnO for the visible light 
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photocatalytic degradation of Bisphenol A (BPA) 

[7]. The incorporated rGO significantly improved 

the BPA degradation efficiency by improving 

charge carrier migration and organic pollutant 

adsorption.  Hu et al. studied the preparation of 

rGO-wrapped ZnO with improved degradation 

efficiency towards Rhodamine B dye [8]. Its 

outstanding performance may be attributed to the 

role of rGO, which acts as a charge separation 

enhancer and electron transport shuttle. 

 

The present work investigated the synthesis 

of an ZnO/rGO photocatalyst via a facile one-pot 

sol-gel synthesis. Emphasis was placed on the effect 

of the formulation, physicochemical properties, and 

synergistic interaction between ZnO and rGO to 

facilitate the charge carrier transfer for the removal 

of methylene blue (MB) dye in the aqueous phase. 

A detailed study was also done to predict the 

photocatalytic performance using a fuzzy inference 

system (FIS), as to the best of our knowledge, the 

photocatalytic process of ZnO/rGO has never been 

studied. Thus, it was predicted that incorporating 

the ideal amount of rGO into ZnO, postulated by 

FIS modelling, could generate optimum 

photocatalytic performance for practical water 

recovery processes. 

 

MATERIALS AND METHODS 

 

Materials  

 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), 

methylene blue (C16H18ClN3S, > 96%), sodium 

hydroxide (NaOH, > 97%), hexamethylenetetra-

mine (C6H12N4, > 99%), and reduced graphene 

oxide were supplied by Sigma-Aldrich (Selangor, 

Malaysia). All reagents were used as received, 

without purification. Deionized water was used 

throughout the experiments. 

 

Preparation of ZnO/rGO Photocatalysts 

 

The preparation of the ZnO/rGO photocatalysts was 

carried out by a facile one-pot sol-gel method. Zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O) and 

hexamethylenetetramine (C6H12N4) were dissolved 

in deionized water with continuous stirring at room 

temperature in a 500 mL beaker. The molar ratio of 

zinc nitrate hexahydrate to hexamethylenetetramine 

(Zn2+: HMTA) was 1:1 to yield a 0.01 M slurry 

solution. Different amounts of rGO (7, 10 and 15 

mg) were added to the slurry solutions at pH 10. 

After 1 h of continuous stirring, the resultant 

mixtures were sonicated at 50 °C for 30 min. The 

process was continued by heating the mixtures at 95 

°C for 2 h to ensure homogeneity, before being left 

overnight for ageing. The precipitates were washed 

several times with deionized water and dried in an 

oven at 60 °C for 24 h followed by calcination at 

500 °C for 1 h. For comparison purposes, pure ZnO 

was prepared using the same method but without 

addition of rGO. 

 

Catalyst Characterizations 

 

The functional groups of the prepared ZnO/rGO 

photocatalysts were analysed by Fourier transform 

infrared (FT-IR) between 400 to 4000 cm−1 on a 

Perkin Elmer infrared spectrometer using the 

attenuated total reflection (ATR) accessory. Their 

structural and elemental compositions were 

characterized using a scanning electron microscope 

equipped with an electron dispersive X-ray analyser 

(SEM- EDX, TESCAN VEGA3). 

 

Evaluation of Photocatalytic Activity 

 

The photodegradation of MB was carried out in a 

250 mL beaker as shown in Figure 1. A known 

amount of prepared ZnO/rGO photocatalyst was 

suspended in a beaker containing 100 mL of 5 mg/L 

MB dye solution. The solution was stirred in the 

absence of light for 30 minutes to achieve the 

adsorption-desorption equilibrium. Next, the 

solution was exposed to UV-C light (λ = 254 nm) 

for 60 min with constant stirring. Samples of 5 ml 

were collected at 10 min intervals throughout the 

experiment. The concentration of MB in the 

solution was measured using a UV-vis 

Spectrophotometer (PerkinElmer Lambda 35) at 

λmax = 664 nm, and the photodegradation percentage 

was evaluated using Equation 1.  

 
Degradation percentage (%) = (Co–Ct)/Co ×100 (1) 

 
where Co is the initial concentration of MB prior to 

irradiation and Ct is the concentration of MB after 

degradation at a specified time interval.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Schematic photodegradation 

measurement setup for degradation of methylene 

blue (MB) under UV irradiation 
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Figure 2. FTIR spectra of (a) pure ZnO, (b) rGO, (c) ZnO/rGO (7 mg), (d) ZnO/rGO (10 mg), and (e) ZnO/rGO 

(15 mg) composites 

 

 

 

 
 

Figure 3. SEM images of (a) Pure ZnO, (b) ZnO/rGO (7 mg), (c) ZnO/rGO (10 mg), and (d) ZnO/rGO (15 mg) 

composites at 5000x magnification  

 

 

RESULTS AND DISCUSSION 

 

FTIR Analysis 

 

Figure 2 displays the FTIR spectra of the prepared 

pure ZnO, rGO and ZnO/rGO composites after 

calcination at 500 °C for 1 h. At around 500–600 cm-

1, the peaks appear to be Zn–O stretching vibrations in 

all samples. The broad peak at 1572.40 cm-1 in the 

spectrum of rGO is due to to C=C, while the 

absorption peak at 1176.02 cm-1 is attributed to C-OH. 

In the case of the ZnO/rGO spectra, the peaks between 
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3000–3500 cm-1 and around 1700 cm-1are assigned to 

–OH and C=O groups, the correlation of COOH 

moieties, respectively [9]. The peaks at around 1400, 

1500, 1200, 800–1000 cm-1 correspond to the C–H, 

C=C, C–O–C (epoxy), and C–O (alkoxy) stretching 

vibrations, respectively [10, 11]. 

 

Surface Morphology and Elemental Composition 

 

Figure 3 shows the surface morphology of the 

prepared pure ZnO and ZnO/rGO composites. The 

SEM image indicates that the pure ZnO 

microstructure is mostly spherical although some 

hexagonal shapes can also be seen in the 

micrograph (Figure 3a). All the ZnO/rGO 

composites were observed to have almost similar 

structures as ZnO was randomly dispersed on the 

rGO sheet (Figure 3b, c and d). The combination 

of rGO and ZnO is not clearly displayed in the 

micrographs as ZnO covered the entire rGO sheet. 

There was also no significant change in the 

particle size and shape of the prepared composites, 

and this might be due to the small amount of rGO 

being incorporated in the ZnO lattice. Figure 4 

presents the elemental composition analysis of the 

prepared ZnO/rGO (10 mg) composites. The EDX 

analysis revealed the presence of C, Zn and O with 

no other peaks detected, confirming the purity of 

the samples. The existence of C confirmed that 

rGO was successfully incorporated into the ZnO 

samples. The mapping images show good 

dispersion of the particles. Elements are 

represented by red, green, and blue for Zn, O and 

C, respectively. The atomic percentage of C in the 

EDX analysis was observed to increase in parallel 

with the increase in rGO loading. 

 

Photodegradation Activity of ZnO/rGO 

Photocatalyst 

 

The photodegradation of MB by the prepared 

photocatalysts was measured using a UV-vis 

spectrophotometer and the results are presented 

in Figure 5. In the control experiment, the 

removal of MB was carried out in the dark for 30 

min initially and subsequently for 60 min in the 

presence of photocatalysts and UV light. No 

photodegradation of MB was observed when the 

experiments were conducted under dark 

conditions. The photolysis of MB was also 

negligible, indicating its stability under UV light. 

The degradation percentage and rate increased in 

parallel with the increase in the amount of rGO 

up to 10 mg, which yielded the best degradation 

percentage of 85% (Figure 5a and b). The 

progressive degradation of MB was confirmed by 

the steady increase in the rate constant, k up to 

2.67 x10-2 min–1 before it decreased with the 

highest rGO loading (15 mg) (Figure 5c and d).  

 

 

 
 

Figure 4. EDX analysis of (a) selected image of the ZnO/rGO (10 mg) composite, with corresponding elemental 

mapping images for Zn, O, and C presented in (b), (c), and (d), respectively, and (e) the elemental spectra and 

composition of the sample 
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Figure 5. (a) Degradation percentage, (b) kinetics of the removal of MB by ZnO/GO composites with different 

rGO loadings (7–15 mg), (c) pseudo first-order rate constant, (d) UV-vis absorption spectra for ZnO/rGO (10 

mg) composite 

 

 

The photocatalytic enhancement is attributed 

to the strong and synergistic interaction between 

ZnO and rGO in which the rGO acts as an electron 

trapping site [12]. When ZnO receives the photon 

energy, the electrons (e–) are excited from the 

valence band (VB) to the conduction band (CB), 

leaving positive holes (h+) behind. These excited 

electrons then migrate from the CB of ZnO to the 

rGO sheet, subsequently avoiding recombination 

behaviour through effective separation of electron-

hole pairs [13]. Thus, more charge carriers are 

produced with subsequent reactive oxidative 

species (•OH and •O2
–) for efficient MB 

degradation (Figure 6). These radical species may 

be responsible for the degradation of MB. The holes 

can also degrade the MO molecules by directly 

reacting with them. However, both the degradation 

percentage and rate decrease significantly at a 

higher rGO loading (15 mg) due to particle 

agglomeration in the catalyst matrix, which reduces 

the surface area and light absorption capacity of the 

photocatalyst. This data shows that there is a limit 

to the amount of rGO that should be incorporated 

into the ZnO lattice (Table 1). 

 

 

 
 

Figure 6. Plausible mechanism for the photodegradation of MB in the presence of ZnO/rGO composite 

photocatalysts under UV irradiation 
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Table 1. Photodegradation of MB using pure ZnO and ZnO/rGO composites with different rGO loadings 

 

Sample Degradation percentage (%) Rate constant, k (min-1) R2 Value 

Pure ZnO 61.60 1.09 x10-2 0.9021 

ZnO/rGO (7 mg) 69.60 1.73 x10-2 0.9423 

ZnO/rGO (10 mg) 85.86 2.67 x10-2 0.9890 

ZnO/rGO (15 mg) 77.33 2.03 x10-2 0.9581 

 

 

 

Table 2. Previous studies on photocatalytic degradation of MB using ZnO-graphene oxide 

 

Composite Degradation percentage (%) Reaction time (min) Reference 

ZnO/GO ~98 90 [15] 

ZnO/GO 99 140 [16] 

ZnO/rGO/CNT 96 

260 [17] 

ZnO/rGO 88 

ZnO/rGO 85 60 This study 

 

 

 

Table 2 lists previous reports on the 

photocatalytic reaction that employs ZnO-graphene 

oxide composites under UV light. This study 

showed that the synthesized composite with the 

optimum amount of rGO loading (10 mg) exhibited 

comparable photocatalytic degradation activity in 

comparison with previous research. 

 

The Langmuir-Hinshelwood (L-H) kinetic 

model was used to examine the rate of MB 

degradation (Figure 5b), as expressed in the 

following equation [14].   

 

r  =  (
dC

dt
) =kobs   (2) 

 

 

which can be rewritten as  
 

 

ln (
C0

Ct
) =kobst    (3) 

 

where kobs represents the apparent pseudo-first-

order rate constant obtained from the slope of the 

plot of ln (Co/Ct) vs. irradiation time. Co is the initial 

concentration, and Ct the concentration at a 

specified time interval (t). 

PREDICTION USING A FUZZY INFERENCE 

SYSTEM 

 

Fuzzy Inference System (FIS) 

 

A fuzzy inference system (FIS) consists of a 

fuzzifier, an inference engine and a defuzzifier [18]. 

The fuzzifier converts data into fuzzy numbers, 

which are described in linguistic terms. Many types 

of fuzzy numbers have been used in the FIS, 

including triangular fuzzy numbers, trapezoidal 

fuzzy numbers, and Gaussian fuzzy numbers [19]. 

Each fuzzy number is characterized by a 

membership function, which represents the degree 

of belonging of the elements to the fuzzy set. 

Although any fuzzy number shape can be chosen to 

make up the FIS, Gaussian fuzzy numbers have 

shown applicability and adequacy in representing 

the uncertainty [20-22]. The Gaussian membership 

function is defined as follows: 
 

( )
2

2

1
( ) exp

22




 −
 = −
 
 

x m
x  (4) 

 

where m and  are the mean and standard deviation, 

respectively. 
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The inference engine consists of several 

rules in the form of “IF-THEN” to relate the 

fuzzified inputs with the corresponding outputs. 

Usually, experts in the field are required to create a 

set of IF-THEN rules to be used in the FIS. The 

defuzzifier converts the fuzzified outputs into crisp 

values. The FIS has been used in many applications 

such as hydrogen production activity [23], 

degradation of chlorhexidine digluconate [24] and 

degradation of tetracycline [25]. 

 

Prediction of Photocatalytic Activity 

 

Predictions of the photocatalytic activity of pure 

ZnO and ZnO/rGO were made using the fuzzy 

command in MATLAB software. For this reason, a 

Mamdani fuzzy inference system was used with two 

input variables and two output variables, as shown 

in Figure 7.  

 

The first input variable was doping with 

two linguistic terms: undoped ZnO and doped 

ZnO. The second input variable was the mass of 

rGO with five linguistic terms: very low, low, 

medium, high and very high. The membership 

functions of the input variables are presented in 

Figure 8 below. 

 

To determine the performance of the 

photocatalytic activity, the percentage of 

degradation and the rate constant were considered 

as the output variables, as shown in Figure 9, in 

which five linguistic terms were used: very low, 

low, moderate, high and very high. 

 

 

 
 

Figure 7. A Mamdani inference system for predicting photocatalytic activity 
 

 

 

       
 

Figure 8. Membership functions of input variables: (a) doping, (b) mass of Rgo 
 

 

 

 
 

Figure 9. Membership functions of output variables: (a) degradation percentage, (b) rate constant 

 

(a) (b)

(a) (b)
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In relating the input and output variables, six 

IF-THEN rules were defined as follows: 

 

1. If (Doping is Undoped ZnO), then 

(Degradation Percentage is Moderate) (Rate 

Constant is Low). 

2. If (Doping is Doped ZnO) and (Mass of rGO 

is Very Low), then (Degradation Percentage 

is Moderate)(Rate Constant is Low). 

3. If (Doping is Doped ZnO) and (Mass of rGO 

is Low), then (Degradation Percentage is 

Moderate)(Rate Constant is Low). 

4. If (Doping is Doped ZnO) and (Mass of rGO 

is Medium), then (Degradation Percentage is 

Moderate) (Rate Constant is Moderate). 

5. If (Doping is Doped ZnO) and (Mass of rGO 

is High), then (Degradation Percentage is 

Very High) (Rate Constant is Very High). 

6. If (Doping is Doped ZnO) and (Mass of rGO 

is Very High), then (Degradation Percentage 

is High)(Rate Constant is High). 

 

Figure 10 shows the curves obtained with the 

proposed FIS model, which defined the relations 

between the input variables and each of the output 

variables. The graphs relate the mass of rGO with the 

percentage of degradation and rate constant. The 

degradation percentage was low in parallel with the 

low mass of rGO, but then increased when the mass of 

rGO was greater than 5.2 mg. The highest degradation 

percentage was obtained when the mass of rGO 

reached 10.7 mg; however, the percentage 

performance dropped when the mass of rGO exceeded 

10.9 mg. The rate constant increased with the 

increasing mass of rGO. The maximum rate constant 

was obtained when 10.7 to 11.0 mg of rGO was used. 

The rate constant dropped when the mass exceeded 

11.0 mg, showing a similar pattern to the degradation 

percentage. After analysing the graphs, the ideal mass 

of rGO for optimal photocatalytic activity was found 

to be in the range of 10.7 mg to 10.9 mg. 

 

CONCLUSION 

 

ZnO/rGO composite photocatalysts were successfully 

prepared by incorporating rGO at different loadings 

via a simple one-pot sol-gel method. FTIR analysis 

indicated the presence of several functional groups 

which were assigned to their respective stretching 

vibrations, namely Zn–O (500–600 cm-1), –OH 

(3000–3500 cm-1), and C=O (1700 cm-1) in relation to 

the COOH moieties. The highest degradation 

percentage of 85% was obtained using ZnO/rGO (10 

mg) to degrade 5 mg/L of MB solution, which 

outperformed pure ZnO and its counterparts. The 

degradation rate, k, reached the highest at 2.67 × 10-2 

within 60 min of reaction time. This can be explained 

in terms of improving the lifetime of the electron-hole 

pairs due to the trapping of electrons promoted by the 

presence of rGO, which provided electron trapping 

sites to avoid recombination. The use of a fuzzy 

inference system (FIS) was able to determine the ideal 

mass of rGO needed for optimal photocatalytic 

activity. In this study, the limitation on the number of  
 

 
 

 
 

Figure 10. Curves obtained using the proposed FIS model, (a) & (c): prediction of degradation 

percentage, (b) & (d): prediction of rate constant 

 

(a) (b)

(c) (d)
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input variables caused fewer IF-THEN rules to be 

generated in the FIS. In future, other input variables 

such as initial dye concentration, catalyst loading, 

irritation time, and different types of irradiation may 

also be considered. 
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