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Abstract 

Photodegradation of organic pollutants depends significantly on the structure of metal 

oxide-based semiconductor photocatalysts. ZnO/ZSM-5 has shown the potential to 

significantly improve its photocatalytic efficiency for removing waterborne pollutants. 

ZnO/ZSM-5 has been reported to be an active catalyst for degrading methylene blue. 

These methods commonly involve various catalytic reactions, with the Langmuir-

Hinshelwood process being used to describe the reaction kinetics. A kinetic study on the 

photocatalytic degradation of methylene blue using ZnO/ZSM-5 was conducted under 

UV-LED lamp irradiation. ZnO/ZSM-5 was characterized using XRD, SEM, and N2 

adsorption-desorption, and it was prepared via the impregnation method. The interaction 

between ZnO/ZSM-5 and methylene blue solutions over a period of 30 to 180 minutes 

was monitored using a UV-Vis spectrophotometer. The photocatalytic degradation of 

methylene blue followed first-order rate kinetics. The Langmuir-Hinshelwood (L-H) 

kinetic analysis revealed that the photocatalytic reaction constant (kc) was 4.207 L.mg-1. 

menit-1, and the Langmuir-Hinshelwood constant (K) was 261.509 L.mg-1.  

   

Keywords: Photodegradation, semiconductor, kinetic study, methylene blue, 

photocatalytic, ZnO/ZSM-5 
 

 

INTRODUCTION 

The textile industry in Indonesia is rapidly 

developing and expanding. This development has both 

positive and negative environmental consequences and 

can cause genetic alterations and interfere with the 

reproduction of living creatures. Methylene blue (MB) 

has the chemical formula C16H18ClN3S which is 

classified as a toxic aromatic hydrocarbon chemical 

and cationic dyes with a high adsorption capability. 

This substance is a dark green crystal that creates a blue 

solution when dissolved in water or alcohol, with a 

molecular weight of 319.86 g/mol, a melting point of 

180 °C, and a water solubility of 35.5 g/L (Miclescu & 

Wiklund, 2010, Susanti et al., 2022). The use of MB 

can cause various side effects, including digestive 

system irritation and skin irritation if breathed 

(Moghazy, 2019, Baunsele et al., 2022). MB pollutants 

not only degrade water quality, but also have a 

significant impact on human health due to their 

toxicity, carcinogenic, mutagenic, or teratogenic 

properties (Bhatti et al., 2012, Ngapa & Ika, 2020). 

There are various methods to overcome the 

environmental problems caused by waste, especially 

waste containing synthetic dyes, one of which is the 

photocatalyst method. Light is used to activate the 

catalyst, which then reacts with chemical molecules in 

the photocatalytic process. ZnO is the most commonly 

used semiconductor because compared to TiO2, the 

ZnO particle preparation technique is easier to do. 

(Chen et al., 2017, Pirhashemi et al., 2018, 

Kusumawati et al., 2017), TiO2 (Wang et al., 2018), 

WO3 (Song et al., 2017), (Zhang et al., 2017), Fe2O3 

(Dutta et al., 2014, Tian et al., 2014), and CdS (Heiba 

et al., 2015). Different materials based on ZnO have 

been used for the degradation of MB photocatalysts 

using Ag-ZnO/graphene (Ahmad et al., 2013). 

ZnO/Clay (Akkari et al., 2016), ZnO/Carbon Nano 
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(Micheal et al., 2020), and ZnO/Carbon Fiber (Luo et 

al., 2020). 

Subagyo et al., (2022) studied the synthesis of 

ZSM-5 material from red mud (RM) impregnated with 

TiO2. In this work, it was found that the use of ZSM-5 

as a supporting material can reduce the color of MB by 

90%. RM was used as a catalyst to produce ZnO/ZSM-

5 composites, which were used in the kinetics analysis 

of methylene blue photocatalysis. The previous studies 

have carried out pH studies with removal at pH 11 of 

98.38 %. The aim of this study is to develop a kinetic 

model of MB photocatalysis using UV-LED lamps and 

ZnO/ZSM-5 composites. 

 

METHODOLOGY 

Materials and Instrumentals 

All reagents bought from Merck. Deionized water 

was used for all solutions. The reagents used on this 

observe are zinc (II) acetate dihydrate 

(Zn(CH3COO)2·2H2O merck), ethanol (C2H5OH, 99.5 

%) 0.1 M HCl . The elements used are sodium 

hydroxide (NaOH 99%, Merck), colloidal silica 

(Ludox 30%, Aldrich), tetrapropylammonium 

hydroxide (TPAOH, 40 % w/v solution in water, 

Merck), cetyltrimethylammonium bromide 

(C19H42BrN, Aldrich) and methylene blue 

(C16H18ClN3S, Merck Millipore). The red mud from 

Bintan Island, Indonesia. The intstrumen used are X-

ray diffraction (XRD, X-pert Philips) with Cu Kα 

radiation, Scanning electron microscope (SEM, 

Flexsem 1000 Hitachi), N2 adsorption-desorption 

(Quantachrome Nova), UV-Vis spectrophotometer 

(GENESYSTM 10S UV-Vis), UV-LED (EPILEDS, 

12 Watt) 

 

Synthesis of ZSM-5 

ZSM-5 was synthesized using red mud (RM) as 

silica and alumina source with a hydrothermal method. 

Alkaline fusion method was used to mixed RM and 

NaOH in the initial stage at 450 °C for 2 h, observed 

with the continuous distilled water addition and stirring 

for 24 h. The filtrate was separated and dried at 105 °C 

for 24 h. The molar composition of SiO2: Al2O3: TPA 

and H2O ratio was 0.2:0.004:0.04:3.6 respectively. 

Ludox was added to the solution and stirred for 8 h. 

TPAOH was added to the mixture and heated at 80 °C 

for 6 h. After finishing the 6 h reaction, CTAB 

(SiO2/CTAB = 3.85) was added and stirred for 1 h. The 

resulting gel was then heated in an autoclave at 150 °C 

for 24 h. The white gel was filtered, washed with 

distilled water till the pH became neutral, and then 

dried. The end product of white ZSM-5 powder was 

used as a support catalyst for ZnO impregnation. The 

ZSM-5 was characterized using X-ray diffraction. 

 

Synthesis of ZnO/ZSM-5 

The moist impregnation method was used to 

synthesize ZnO/ZSM-5 (Akkari et al., 2016). In 10 mL 

of aqua demineralized, Zn(CH3COO)2H2O (10% w/w) 

and ZSM-5 (0.3424 g) have been introduced. The 

aggregate was then stirred for 3 h at 90 °C with a 

magnetic stirrer, dried for 3 h at 110 °C, and calcined 

for 6 h at 550 °C (heating rate 2 °C/min) for 1 h in N2 

surroundings and endured for 6 h in air surroundings. 

The ZnO/ZSM-5 have been characterized using X-ray 

diffraction, SEM and N2 adsorption-desorption. 

 

Photocatalytic Activity Test  

The photocatalytic activity test of ZnO/ZSM-5 

was investigated with the aid of using photocatalytic of 

methylene blue with the usage of UV-LED as an 

irradiation supply with a wavelength of 365 nm. The 

UV-LED mild was located within the middle of the 

reactor, 20 cm away from the sample. Photocatalysis 

was accomplished with a variation of time from 30 to 

180 min. The concentrations of methylene blue used 

have been 80, 90, and 100 mg/L. The concentrations of 

methylene blue used have been 80, 90, and 100 mg/L. 

The filtrate was separated with the aid of centrifugation 

and analyzed the usage of a UV-Vis 

spectrophotometer. The variation of pH and initial 

concentration of methylene blue have been additionally 

evaluated. 

 

RESULTS AND DISCUSSION 

Characterization and Properties ZnO/ZSM-5 

The results of the ZnO/ZSM-5 synthesis were 

characterized using X-ray diffraction, emission 

scanning electron microscope, and N2 adsorption-

desorption to determine the crystal structure, 

morphology, and textural properties of ZnO/ZSM-5. 

XRD was used to determine the crystal structure of 

ZSM-5 and ZnO/ZSM-5 composites. The 

diffractogram patterns of ZSM-5 and ZnO/ZSM-5 

composites are shown in Figure 1. According to 

JCPDS data no. 36-1451, ZnO peaks with wurtzite 

ZnO structure appear at 2q = 31.75, 34.41, 36.24, and 

47.52°. 

The surface morphology of ZnO and ZnO/ZSM-5 

was determined using SEM. The SEM analysis of ZnO 

and ZnO/ZSM-5 is shown in Figure 2. Cube-like 

objects with irregular sizes indicate that ZnO is well 

deposited on the surface of ZSM-5 and the morphology 

of ZSM-5 is not affected. 
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The specific surface area of ZnO/ZSM-5 was 

determined directly by the adsorption-desorption N2, 

the pore volume of ZnO and that of ZnO/ZSM-5 was 

measured by the BJH (Barrett-Joiner-Halenda) 

method. Figure 3 shows the N2 adsorption-desorption 

isotherm of the ZnO and ZnO/ZSM-5. Zinc oxide 

(ZnO) follows a type III isothermal curve, which means 

that zinc oxide (ZnO) undergoes multilayer adsorption.  

 

The figure shows that the synthesized zinc oxide 

(ZnO) has mesopores (Prasetyoko et al., 2023) . The 

increase in N2 adsorption ZnO/ZSM-5 at relatively high 

pressures (P/Po) = 0.3 – 0.5 and the formation of 

hysteresis loop at relatively high pressures (P/Po) = 0.9 

-1.0 are correlated with the characteristics of 

mesoporous materials (Type-IV isotherm). The 

specific surface area of ZnO/ZSM-5 is 277.55 m2/g. 

 

Photocatalytic Activity Test 

Photocatalytic activity tests were performed at 

different concentrations of methylene blue solution. 

Figure 4 shows the photocatalytic activity of 

ZnO/ZSM-5 at MB concentrations of 80, 90, and 100 

mg/L with UV-LED lamps. The comparison of the 

concentrations of MB at 90 mg/L and 100 mg/L, the 

concentration of MB at 100 mg/L have a good 

photocatalytic activity as shown in Figure 4. The 

results show that the higher the amount of MB, the 

lower the photocatalytic activity (Sacco et al., 2018). 

Also, increasing the amount of MB is sensitive to UV 

light in ZnO/ZSM-5 because if less UV light is 

absorbed in the sample, the photon energy in the 

sample decreases, which may result in a lower ability 

of electrons to excite.  

 

Figure 5 illustrates the impact of pH on the 

removal percentage efficiency of the methylene blue 

solution. The adsorption of methylene blue increased 

with increasing pH, reaching a maximum of 98.38% at 

pH 11 solution. 

Figure 1. Diffraction pattern of (a) ZnO/ZSM-5, 

(b) ZSM-5, (c) JCPDS No. 36-1451 

  
               (a)   (b)  

Figure 2. SEM image of (a) ZnO, (b) ZnO/ZSM-5 

 
Figure 3. N2 adsorption desorption isotherm of  

(a) ZnO and (b) ZnO/ZSM-5 

 
Figure 4. Photocatalytic activity of ZnO/ZSM-5 

for degradation of MB using varying MB 

concentration (a) 80 mg/L; (b) 90 mg/L; (c) 

100 mg/L in photocatalytic activity 
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This is because methylene blue is a cationic dye 

(positively charged). This means that under alkaline pH 

conditions, there is an enhancement in photocatalysis, 

which can be attributed to the electrostatic interactions 

between the negatively charged catalyst surface and the 

cationic species of methylene blue (Abdollahi et al., 

2012); (Cheng et al., 2015).  

Furthermore, the concentration of hydroxyl ions 

(OH-) increases with rising pH levels. The quantity of 

hydroxyl radicals (*OH) generated during the 

oxidation of OH- ions at the hole (h+) also increases 

significantly when there is a substantial production of 

OH- ions. Additionally, the greater the number of 

hydroxyl radicals formed, the more efficient the 

photocatalysis of methylene blue (MB) becomes. 

(Eljiedi & Kamari, 2017); (El-Kemary et al., 2010). 

The lowest reduction of methylene blue occurred at 

acidic pH due to the competition of H+ ions with dye 

cations. Additionally, the cationic dye methylene blue 

produce cationic molecules (C+) and degrades ions 

(CH+) (Jia et al., 2018). 

 

Kinetic Study Analysis 

The study of the kinetics of the photocatalytic 

reaction in MB was discussed according to the theory 

of Langmuir Hinshelwood. In this study, the 

concentrations of MB used were 80, 90, and 100 mg/L 

using a UV-LED lamp (ZnO/ZSM-5 = 10 mg/20 mL). 

By plotting ln (Co/C) on the y-axis and time (t) on the 

x-axis, the first-order kinetics model is applied as 

shown in Figure 6a (Equation 1). Plotting ln(Co/C) 

against time (t) will produce a straight line with slope= 

k. Additionally, the second order is calculated by 

plotting 1/C - 1/Co against time on the y-axis (t) 

(Equation 2) in Figure 6b. Reaction determinations 

follow first-order kinetics (1) and second-order kinetics 

(2). 

𝑙𝑛 
𝐶0

𝐶
 = kt     (1) 

 
1

𝐶 ⁄ − 1
𝐶𝑜

⁄ =  𝑘𝑡                  (2) 

 

The correlation of the coefficients (R1
2 and R2

2 ) is 

shown in Table 1. Also, the second order is determined 

by plotting 1/C - 1/Co as a function of time on the y-

axis (t). The value of the correlation coefficient is a 

good parameter for determining photocatalytic kinetics 

(Umpuch & Sakaew, 2013). (Irani et al., 2016) has also 

reported values for the correlation coefficient values 

using methylene blue. The results show that the 

photocatalytic methylene blue by ZnO/ZSM-5 follows 

the first-order kinetic. The correlation coefficient of the 

second-order kinetics is in Table 1. 

 

Table 1. The correlation coefficient of first-order 

and second-order kinetics  

The concentration 

of methylene blue   

(mg/L) 

R2
 1 R2

2 

80 

90 

100 

     0.964 

     0.969 

     0.974 

0  0.984 

0  0.899 

0  0.929 

 

The relationship between the initial photocatalysis 

rate (ro) and (Co) for the heterogeneous photocatalytic 

process is given by the L-H model to Equations 3 and 

4 (Hitkari et al., 2018); (Gupta et al., 2006); (Kumar et 

al., 2008).  

 

 
Figure 6. (a) Linear plot of 𝑙𝑛 (𝐶o/Ct) versus time (b) 

Linear plot of 1/C–1/Co versus time for 

photocatalytic methylene blue degradation by 

ZnO/ZSM-5 with varying MB concentration. 

 
Figure 5. Photocatalytic removal efficiency of 

MB using ZnO/ZSM-5 with varying pH 
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r0 =  kc((K(C0))/ 1+K(C0)) = kr01(C0)  (3) 
 

1

kr01  
=

1

kcK
 +(C0 )/kc     (4) 

 

where K and kc are the equilibrium constants of L-H 

adsorption and the kinetic rate constant reaction on the 

surface which obtained by plotting 1/ro vs (Co). The 

flow of 1/kro
1 to (Co) is linear with a correlation 

coefficient of R2 = 0.989 as shown in Figure 7.  

The Langmuir-Hinshelwood kinetic model 

parameters calculated by intercept and gradient 

obtained the photocatalytic reaction constant (kc) of 

4.207 L.mg-1.min-1 and the value of the Langmuir-

Hinshelwood constant (K) 261.509 L.mg-1.  

This demonstrates that the photocatalysis of methylene 

blue (MB) on ZnO/ZSM-5 follows the Langmuir-

Hinshelwood (L-H) kinetic model. It is intriguing to 

compare the system investigated in this study with 

other reported photocatalyst systems, as indicated in 

Table 2. The methods employed aim to offer a high-

quality stop service and achieve a high regression 

value. 

 

CONCLUSION 

ZnO/ZSM-5 was successfully synthesized by the 

wet impregnation method. Specific surface area (SBET) 

277.55 m2/g. The pH 11 solution had the highest 

removal effectiveness, at 98.38 %. ZnO/ZSM-5 

photocatalytic kinetics conforms to a first-order model 

with R2 > 0.957. MB photocatalysis on ZnO/ZSM-5 

followed the Langmuir-Hinshelwood (L-H) kinetic 

model with R2 value of 0.989. The Langmuir-

Hishelwood kinetic study revealed that the 

photocatalytic reaction constant and the Langmuir-

Hinshelwood constant were 4.207 L.mg-1.min-1 and 

261.509 L.mg-1, respectively.  
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