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Abstract 

Medan orange peel (Mopl), which has been modified using cetyltrimethylammonium bromide (CTAB), has the po-

tential to adsorb methyl orange (MO), and thus it can be used as a supporting material for ZnO. The ZnO is a pho-

tocatalytic material that is environmentally friendly, inexpensive, non-toxic, and has a wide band gap value. This 

study aims to determine the effect of calcination temperature on ZnO and ZnO characteristics due to modification 

using Mopl-CTAB and its effect on the degradation of MO. This research was carried out by synthesizing ZnO and 

ZnO/Mopl-CTAB materials using impregnation method and varying the calcination temperatures at 150, 250, 350, 

and 450 °C. The solid material powder obtained was characterized by using Scanning Electron Microscope-Energy 

Dispersive X-ray (SEM-EDX), Brunauer–Emmett–Teller (BET), Fourier Transform Infra Red (FTIR), X-ray Dif-

fraction (XRD), and Diffuse Reflectance Spectroscopy (DRS). Based on the results of the characterization, greater 

calcination temperature can affect the characteristics of the photocatalyst, including its morphology, functional 

groups, crystal structure, crystal lattice, crystallinity, surface area, pore size, pore volume, and energy band gap. 

The MO photodegradation activity test using the synthesized material was conducted under dark and light condi-

tions. The results of the test revealed that the best or optimum material to be used in degrading MO is a calcined 

material at 450 °C under light conditions. ZnO material using Mopl-CTAB is better in degrading ZnO/Mopl-CTAB 

450 °C than ZnO 450 °C. This study found that ZnO material using Mopl-CTAB  had a percent removal of 78% in 

50 min, while ZnO 450 °C only had a percent removal of 53% in 40 min. The reaction kinetics in dark and light 

conditions follow the pseudo-second-order kinetic model.  
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1. Introduction 

Textile industry is one of industrial sectors 

that has experienced rapid development in re-

cent years. The textile industry is one of the 
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main sectors that are welcoming Industry 4.0 

[1,2]. This industrial revolution may have a pos-

itive impact on economic growth. Based on the 

data from the Ministry of Industry in 2019, the 

clothing and textile industry saw a growth of 

15.08% which was the highest among other sec-

tors. However, the increasing number of indus-
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tries are causing environmental damage, espe-

cially in the aquatic environment [3]. 

Waste from the textile industry discharged 

directly into the aquatic environment can have 

physical, chemical, and biological impacts. The 

physical impact of textile waste contamination 

includes odor and color changes in polluted wa-

ter environments [4]. Chemical waste may have 

an impact on the aquatic environment because 

of its hazardous materials, such as heavy met-

als and dangerous dyes [5]. Furthermore, bio-

logically, textile waste contamination can dis-

rupt the organism’s life in the area around the 

polluted water environment [6]. 

Dyes commonly used in the textile industry 

are usually derived from azo compounds with 

an aromatic structure. This group of com-

pounds is difficult to degrade naturally and can 

damage the environment because they are tox-

ic, mutagenic, and carcinogenic, thus endanger-

ing biota in the environment polluted by textile 

waste [4–6]. Methyl orange is an azo compound 

that is widely found in waste from the textile 

industry. Rosanti et al. [7] successfully carried 

out methyl orange adsorption using modified 

orange peels by adding CTAB. As CTAB has 

cationic properties, it causes methyl orange dye 

to be more easily attracted by orange peel ma-

terial modified by CTAB [7]. Besides adsorp-

tion, photodegradation is an effective, efficient, 

and inexpensive method to treat dye contami-

nation [7,8]. 

Photodegradation can produce a potent oxi-

dizing agent with high oxidizing ability, so it 

can degrade dyes that are difficult to degrade 

naturally and can be applied to both organic 

and inorganic compounds [4,9,10]. Many re-

searchers have successfully degraded MO using 

various materials. Adeel et al. [11] degraded 

MO by precipitation method using Co-doped 

ZnO. One hundred mg/L MO can be degraded 

entirely in 130 min using 0.05 g of Co-ZnO. 

Chen et al. [12] reported that a ZnO nano-

material catalyst synthesized via direct precipi-

tation method could degrade MO (10 mg/L) 

within 120 min. Kumar et al. [13] showed that 

ZnO nano-mushrooms synthesized via solution 

combustion method could degrade 92% MO (10 

mg/L) in 210 min. Zhou et al. [14] degraded MO 

with ZnFe2O4-SnS2 nanocomposite, which was 

synthesized using solvothermal method. 

ZnFe2O4-SnS2 can degrade 50 mg/L MO up to 

99% in 120 min. One of photocatalysts that can 

be used in the photodegradation of textile 

waste contamination is ZnO. ZnO is chosen as 

a photocatalyst because it has high photocata-

lytic efficiency and is not toxic; therefore, it 

does not have the potential to contaminate the 

environment in its application [15–18]. 

Many modifications of this photocatalyst 

have been made to increase the activity of ZnO 

as a photocatalyst. Zhong et al. [19] synthe-

sized modified ZnO using CTAB surfactants, 

producing three times better ZnO photocatalyt-

ic material than without modification with 

CTAB. In addition, modification of ZnO with 

orange peel can degrade up to 73% of methyl 

orange dye compared to ZnO without modifica-

tion which can only degrade 34% of methyl or-

ange in solution [8]. The variations in calcina-

tion temperature in ZnO synthesis can affect 

the crystal structure and energy band gap of 

the ZnO formed [20,21]. 

In this study, the synthesis of ZnO added to 

Medan orange peel (Mopl) and cetyltrime-

thylammonium bromide (CTAB) was carried 

out in various calcination temperatures to 

identify the resulting ZnO and ZnO/Mopl-

CTAB characters and their ability to increase 

photocatalytic activity to methyl orange dye. 

 

2. Materials and Methods 

2.1 Synthesis of ZnO and ZnO/Mopl-CTAB 

The synthesis method of the material was 

modified by Rosanti et al. [8]. 2 g of Medan or-

ange peel (Mopl) was weighed, put into a beak-

er glass, and then added with CTAB 1%. Then 

50 mL of 0.2 M zinc acetate (Merck) solution 

was added slowly. After that, the suspension 

was stirred for 30 min without heating. After 

30 min, the suspension solution was heated at 

60°C while being stirred, then NaOH (Merck) 

solution was added to pH 13 (saturated solu-

tion). The resulting suspension solution was 

stirred for 1 h and allowed to stand for 24 h. 

On the  following day, the mixed solution was 

washed using distilled water and separated us-

ing a centrifuge at 2000 rpm for 15 min. The 

solid obtained was washed using acetone and 

dried in an oven (Memmert) at 75 °C for 8 h. 

The dry solids were calcined using a furnace 

(Thermoscientific) at various calcination tem-

peratures of 150, 250, 350, and 450 °C. The 

ZnO was synthesized within the same steps 

without adding Mopl-CTAB. 

 

2.2 Characterization of Synthesized Materials 

The synthesized material was characterized 

using a Scanning Electron Microscopy (SEM)  

equipped with EnergyvDispersive X-ray (EDX) 

(Phenom Desktop ProXL) to identify the sur-

face morphology figures and elements present 

on the surface of the material. Besides SEM 
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EDX, Brunauer–Emmett–Teller (BET) 

(Quantachrome Novatouch LX-4) was also used 

to determine surface area, pore size, and pore 

volume, and Fourier-transform infrared (FTIR) 

spectroscopy (Spectrum Two System 

L160000A) was used to determine functional 

groups present in the material. The structure, 

crystal system, crystallinity, crystal size, and 

lattice parameters were determined using X-

ray diffraction (XRD) (Bruker D2 Phaser). The 

last characterization used diffuse reflectance 

spectroscopy (DRS) (Shimadzu UV – 2450) to 

determine the energy band gap of the synthe-

sized material. 

 

2.3 Photocatalytic Activity of Methyl Orange 

Degradation 

The photocatalytic activity test of ZnO and 

ZnO/Mopl-CTAB at calcination temperatures of 

150, 250, 350, and 450 °C was carried out by 

mixing 25 mL of MO with a concentration of 10 

ppm with 20 mg of the material [7,22]. The so-

lution was reacted in the photocatalytic reactor 

for 10, 20, 30, 40, 50, and 60 min in dark and 

light conditions. After the reaction was com-

plete, the solution was separated using a cen-

trifuge at 2000 rpm for 10 min, then the ab-

sorbance of the solution was measured using a 

UV-Vis spectrophotometer (T70 UV/Vis Spec-

trometer, PG Instruments Ltd) at 465 nm 

wavelength. The final concentration of the solu-

tion that has been reacted can be determined 

after the measurement, and the percent remov-

al can be calculated using the following formu-

la [8]: 

 

(1) 

 

where, [C]0 is the initial concentration of MO, 

and [C]t is the final concentration of MO (after 

the photocatalytic reaction process). Then an 

analysis was carried out on the kinetics of the 

reactions in each degradation process, both in 

dark and light conditions. 

 

3. Results and Discussion 

3.1 Characterization using SEM-EDX 

SEM is used to determine the surface mor-

phology of a material, while EDX is used to de-

termine the elements and their composition on 

the surface of the material. Figure 1 is the sur-

face morphology of ZnO and ZnO/Mopl-CTAB. 

It can be seen that the higher the calcination 

temperature, the more inhomogeneous the sur-

face. Higher calcination temperatures may 

cause the formation of more aggregates result-

ing in agglomeration or clumping. However, as 

can be seen in Figure 1, ZnO/Mopl-CTAB with 

450 °C calcination temperature treatment re-

sulted more homogeneous than ZnO. This find-

ing suggests that the addition of Mopl-CTAB 

may reduce agglomeration at high tempera-
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Figure 1. Surface Morphology of ZnO wurtzite with calcination temperature, (a) 150 °C, (b) 250 °C, 

(c) 350 °C; (d) 450 °C and ZnO/Mopl-CTAB (e) 150 °C ; (f) 250 °C; (g) 350 °C; (h) 450 °C. 
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tures. At low temperatures, Mopl-CTAB cannot 

reduce agglomeration due to the presence of 

CTAB. Consequently, at temperatures of 150 to 

350 °C, the surface morphology of ZnO/Mopl-

CTAB showed quite large and irregular aggre-

gates. Surfactants, such as CTAB, can act as 

stabilizers and templates that can control size 

and agglomeration in crystal formation. The 

presence of CTAB was found to prevent the ag-

glomeration of ZnO particles effectively [23,24]. 

The presence of Br in the results of ele-

mental analysis using EDX came from the 

CTAB residue used as a template in the 

ZnO/Mopl-CTAB synthesis process. It is in line 

with the CTAB analysis using FTIR. The ap-

pearance of the peak at wave number 720 cm-1 

is thought to originate from the Br from CTAB 

(Figure 2(a)) [25]. The presence of CTAB in 

ZnO/Mopl-CTAB at temperatures of 150 to 350 

°C can be seen in Table 1. Table 1 shows that 

the presence of Br was a characteristic of CTAB 

compounds. It also shows that CTAB did not 

disappear at temperatures of 150 to 350 °C, 

but it disappeared at 450 °C. These findings 

suggest that Br evaporates at high tempera-

tures. It was also revealed by Abdi et al. [26] 

that CTAB could completely decompose at high 

temperatures. Research by Bukit et al. [27] 

found that Br content in CTAB which did not 

go through the calcination process was only 

0.15%. It shows that calcination temperatures 

could dramatically affect the presence of 

CTAB. 

Based on Table 1 with respect to both ZnO 

and ZnO/Mopl-CTAB, the findings found that 

the greater the calcination temperature, the 

greater the percentage of Zn. It shows that the 

greater the calcination temperature, the more 

optimal the formation of ZnO can be [20]. 

 

3.2 Material Characterization using BET Sur-

face Area 

Based on Table 2, the higher the calcination 

temperature for both ZnO and ZnO/MOpl-

CTAB, the greater the surface area of the ma-

terial. Table 2 also shows that the highest sur-

face area was the ZnO/Mopl-CTAB at a calcina-

tion temperature of 450 °C, which was greater 

than ZnO at a temperature of 450 °C. 

Calcination of the materials at the tempera-

ture of 450 °C exhibited a dramatic increase in 

surface area (Table 2). The surface area of ZnO 

with the Mopl-CTAB modification is larger 

than ZnO without modification due to the loss 

of the CTAB component, where the CTAB can 

block the material's surface pores, resulting in 

a smaller surface area. The presence of CTAB 

was supported by SEM EDX data which can be 

seen in Table 1. Based on Table 1, at tempera-

(a) 

(b) (c) 

Figure 2. Spectra FTIR of (a) CTAB and Medan Orange Peel, (b) ZnO at various calcination tempera-

tures, and (c) ZnO/Mopl-CTAB at various Calcination temperatures. 
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tures from 150 to 350 °C, ZnO/Mopl-CTAB ma-

terial contained Br, which is a characteristic of 

the CTAB compound. Rosanti et al. [7] revealed 

that orange peels with the addition of CTAB 

has a smaller surface area because CTAB can 

cover the surface pores of the orange peel. At 

high temperatures, the CTAB will disappear 

leading to an increase in the surface area of the 

material. This suggests that CTAB could be-

come a template or mold to obtain a larger sur-

face area. Table 2 shows that the ZnO/Mopl-

CTAB at a temperature of 450 °C had a larger 

surface area than that at the temperatures of 

150, 250, and 350 °C whereas, at 450 °C, 

ZnO/Mopl-CTAB has a larger surface area 

than ZnO, which is equal to 36.07 m2/ g while 

ZnO is only 28.08 m2/g. Table 2 shows that 

higher calcination temperatures of ZnO and 

ZnO/Mopl-CTAB may cause a greater surface 

area. Higher calcination temperatures may 

contribute to the decomposition of the organic 

template and the formation of a large number 

of new pores during the calcination process; 

this may result in lower pore diameter and 

higher surface area [28].  

The size of the pore of ZnO modified with 

Mopl-CTAB is larger than that of ZnO calcined 

at 450 °C. ZnO/Mopl-CTAB had a pore size of 

Material Temperature (°C) Surface Area (m2/g) Pore size (nm) Pore volume (cm3/g) 

ZnO 

150 10.75 3.93 2.12×10−2 

250 20.14 6.10 6.14×10−2 

350 22.66 4.20 4.76×10−2 

450 28.08 3.90 5.81×10−2 

150 0.415 3.87 0.08×10−2 

ZnO/Mopl-CTAB 
250 0.457 10.22 0.23×10−2 

350 23.87 4.47 5.34×10−2 

450 36.07 4.63 8.34×10−2 

Table 2. Surface Area, Pore Size and Pore Volume of ZnO and ZnO/Mopl-CTAB at various calcination 

temperatures. 

Temperature (°C) 
ZnO   ZnO/Mopl-CTAB 

Element Atom (%) Mass (%)   Element Atom (%) Mass (%) 

150 

Zn 35.03 69.27   O 56.32 45.73 

O 52.51 25.41   Si 14.05 28.57 

C 10.82 3.93   C 26.76 16.31 

Si 1.64 1.39   Zn 2.8 9.29 

        Br 0.07 0.1 

250 

Zn 38.1 70.9   Zn 16.47 48.08 

O 54.48 24.81   O 37.58 26.85 

C 6.54 3.59   C 45.54 24.43 

Si 0.88 0.7   Si 0.35 0.44 

        Br 0.06 0.21 

350 

Zn 45.81 77.85   Zn 36.69 71.79 

O 46.29 19.25   O 35.54 17.02 

C 6.87 2.14   C 26.27 9.44 

Si 1.03 0.75   Ca 1.03 1.24 

        Si 0.39 0.33 

        Br 0.07 0.18 

450 

Zn 47.43 77.98   Zn 39.9 73.26 

O 42.79 17.22   O 52.03 23.38 

S 2.9 2.34   C 6.65 2.24 

C 5.92 1.79   Si 1.42 1.12 

Si 0.96 0.68         

Table 1. Elemental content in ZnO and ZnO/Mopl-CTAB at various calcination temperatures. 
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4.63 nm, while ZnO was only 3.93 nm. These 

findings suggest that CTAB only increases the 

pore diameter distribution of the material. It 

causes CTAB to only act as a template or mold 

to increase the size of the pore of CTAB [29].  

In Table 2, it can be seen that given the size of 

the pore, all materials can be classified as mes-

oporous materials with the pore size in the 

range of 2-50 nm [30,31]. The advantage of 

mesoporous materials is that they have a larg-

er surface area than microporous materials, 

thus allowing for a more comprehensive con-

tact binding site between the adsorbate and 

adsorbent [32]. 

 

3.3 FTIR Characteristics 

FTIR measurements determine the proper 

calcination temperature in forming ZnO/Mopl-

CTAB materials. Figure 2(a) is the FTIR spec-

tra of CTAB and orange peel. Weak signals in 

the 3015 cm−1 region were identified as C−CH3 

asymmetric stretching vibrations and N−CH3 

symmetric stretching vibrations of CTAB. The 

FTIR spectra of CTAB showed two strong 

bands, stretching vibrations of the asymmetric 

C−CH2 bond at wave number 2918 cm−1 and 

symmetrical at 2848 cm−1 in the methylene 

chain. The sharp bands at wave numbers be-

tween 1400-1500 cm−1 are the deformation of 

the −CH2− and −CH3 groups of the long carbon 

chains in CTAB. The band at 720 cm−1 could be 

assigned to Br− [25,33–35]. 

Meanwhile, in the orange peel FTIR spec-

tra, it can be seen that high absorption at 

about 3400 cm−1 corresponds to OH stretching 

vibrations of phenols and alcohols. The peak at 

2926 cm−1 corresponds to the CH stretch vibra-

tions in lignin, cellulose, and hemicellulose. 

The peak around 1743 cm−1 is due to unconju-

gated C=O groups, while conjugated C=O ab-

Figure 3. XRD diffractogram of bare ZnO and 

ZnO/Mopl-CTAB materials with variations in 

calcination temperature. 

Bare ZnO  

 (hkl) 
150 °C   250 °C   350 °C   450 °C  

2θ (°) IC IT  2θ (°) IC IT  2θ (°) IC IT  2θ (°) IC IT 

(100) 31.75 47.78 51.25  31.82 47.88 50.24  31.85 55.43 59.46  31.80 60.42 63.90 

(002) 34.45 33.73 39.59  34.52 31.34 36.48  34.53 34.28 39.88  34.46 45.00 49.74 

(101) 36.27 73.35 83.28  36.32 78.20 86.80  36.33 86.97 94.50  36.27 109.38 118.61 

(102) 47.56 15.52 18.70  47.64 16.71 18.94  47.65 18.49 20.26  47.57 26.87 28.83 

(110) 56.63 31.23 33.06  56.69 31.85 33.37  56.70 33.51 35.28  56.64 38.03 40.31 

(103) 62.94 23.44 26.20  63.00 22.47 24.74  63.00 26.02 28.42  62.89 33.54 36.45 

(200) 66.49 6.02 8.15  66.56 6.64 9.64  66.55 5.83 8.05  66.46 6.90 9.18 

(112) 68.03 25.49 28.48  68.10 23.63 26.26  68.10 24.06 26.61  68.01 28.84 31.89 

(201) 69.04 21.82 23.89  69.15 13.96 15.61  69.14 18.13 20.10  69.09 18.10 19.25 

ZnO/Mopl-CTAB  

(100) 31.77 22.40 30.75  31.79 37.62 42.38  31.87 45.52 49.14  31.80 60.08 63.42 

(002) 34.42 14.61 24.09  34.44 26.09 34.96  34.51 29.79 33.55  34.47 37.63 42.09 

(101) 36.24 34.02 44.22  36.27 65.24 73.63  36.34 77.80 84.58  36.28 98.53 104.12 

(102) 47.52 13.59 18.86  47.56 13.76 17.97  47.63 17.83 20.25  47.60 21.04 24.62 

(110) 56.58 28.00 32.46  56.62 25.44 28.34  56.69 32.40 33.95  56.63 33.71 35.51 

(103) 62.84 22.42 26.21  62.89 22.72 25.54  62.95 25.94 28.22  62.94 25.18 27.38 

(200) 66.42 6.13 10.31  66.48 6.61 9.85  66.55 6.39 9.29  66.49 6.02 8.81 

(112) 67.96 21.74 25.66  68.00 23.59 27.16  68.06 23.52 27.82  68.03 24.46 27.49 

(201) 68.99 17.60 20.53  69.01 15.73 17.59  69.11 17.74 19.95  69.07 15.50 17.61 

Table 3. Diffractogram data of ZnO wurtzite crystals with variations in calcination temperature. 

IC = Intensities of Crystalline Phase;  IT = Total Intensities (Amorphous and Crystalline Phase) 
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sorbs at a lower wavelength (about 1645 cm−1). 

Bands between 1300 and 1000 cm−1 are as-

signed to CO groups present in lignin and poly-

saccharides [7,36,37]. 

Figure 2(b) is the spectra of the ZnO materi-

al, which has been calcined at various tempera-

tures. The wide vibrational band between 400 

and 600 cm−1 on all spectra could be assigned 

as a metal-oxygen (Zn−O) stretching vibration 

[38]. The broadband about 3500 cm−1 is as-

signed to O−H stretching (hydroxyl group) that 

signifies the hygroscopic of ZnO. Minor bands 

between 600 and 1000 cm−1 denote the Zn−OH 

bond due to the presence of the Zn(OH)2 group. 

It is still present during the ZnO formation pro-

cess, which disappears with increasing calcina-

tion temperature [39,40]. 

During the calcination process of ZnO/Mop-

CTAB under 450°C (Figure 2(c)), residue from 

orange peel and CTAB peaks were still ob-

served. These bands are still clearly visible in 

the 150°C calcination process and disappear 

with increasing calcination temperature [18]. 

The higher the calcination temperature, the 

sharper the peak intensity of the ZnO material 

and the higher the percentage of ZnO. It is 

shown by the elemental analysis in the EDX 

SEM that detected higher percentages of Zn 

and oxygen (Table 1). 

3.4 XRD Characteristics 

ZnO and ZnO/Mopl-CTAB with treatment 

temperatures of 150-450°C had the same domi-

nant crystal structure. It is ZnO wurtzite 

structure (JCPDS 36-1451 and ICDD 4-5-4711) 

showing a similar diffraction pattern (Figure 3) 

at an angle diffraction range of 31° (100), 34° 

(002), 36° (101), 47° (102), 56° (110), 62° (103), 

66° (200), 68° (112), and 69° (201), as shown in 

Table 3 [41]. The similarity in hexagonal 

wurtzite crystal structure between ZnO and 

ZnO/Mopl-CTAB showed no significant change 

in ZnO crystal structure. ZnO crystals without 

and with the addition of Mopl-CTAB still have 

the characteristics of the P63mc space group 

(186). Although bare ZnO was heated at low-

temperature, the crystals still contained hy-

drozincite Zn5(OH)6(CO3)2 with space group 

C2m (12). It was confirmed at a prominent dif-

fraction angle (Table 4) in the range of 12° 

(200), 24° (310), 32° (021), 35° (221), 41° (40-2), 

50° (33-1), 58° (040), 60° (023), and 77° (623) 

according to ICDD 4-13-7572 [41]. Thus, these 

findings have demonstrated that the process of 

forming ZnO wurtzite crystals begins with the 

decomposition of Zn-acetate to hydrozincite. 

Then with further heating, the hydrozincite 

will further decompose and rearrange the crys-

tals to be ZnO wurtzite (Figure 5) [42]. On the 

other hand, the addition of Mopl-CTAB could 

Bare ZnO 

 (hkl) 
150 °C   250 °C 

2θ (°) IC IT β (°) %Cryst L (nm)   2θ (°) IC IT β (°) %Cryst L (nm) 

(200) 11.88 47.78 51.25 0.69 91.70 11.65  12.41 6.82 1.73 1.13 79.80 7.07 

(001) 17.09 33.73 39.59 0.58 78.34 13.95        

(11-1) 21.30 73.35 83.28 0.34 68.88 23.62        

(111) 24.02 15.52 18.70 1.77 75.74 4.60        

(310) 24.48 31.23 33.06 0.61 67.41 13.41  24.80 3.47 2.84 1.72 54.95 4.74 

(31-1) 27.00 23.44 26.20 1.21 80.30 6.75        

(021) 32.80 6.02 8.15 0.47 66.06 17.51  32.73 7.12 4.22 0.80 62.80 10.35 

(221) 35.01 25.49 28.48 0.59 82.06 14.01  35.12 7.63 1.95 1.19 79.68 7.02 

(40-2) 41.04 21.82 23.89 0.81 74.90 10.50  41.63 1.96 1.16 1.62 62.89 5.26 

(33-1) 49.73 47.78 51.25 2.74 78.36 3.19  50.85 2.77 1.93 2.02 58.85 4.35 

(62-1) 51.88 33.73 39.59 0.99 51.40 8.89        

(040) 58.61 73.35 83.28 0.68 64.08 13.47  58.45 2.36 2.16 0.82 52.18 11.06 

(023) 60.05 15.52 18.70 0.56 68.17 16.25  60.21 0.98 1.17 1.18 45.55 7.75 

(821) 66.50 31.23 33.06 2.08 79.67 4.56        

(24-2) 70.10 23.44 26.20 0.93 51.71 10.47        

(623) 77.05 6.02 8.15 1.62 67.36 6.27   77.09 3.49 2.31 1.78 60.19 5.70 

Average Value 71.63 11.19           61.88 7.03 

Table 4. Diffractogram Data Finding of Zn5(OH)6(CO3)2 Hydrozincite Crystals at a calcination tem-

perature of 150-250 °C. 

IC = Intensities of Crystalline Phase;  IT = Total Intensities (Amorphous and Crystalline Phase) 
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significantly help bind acetate ions, thereby re-

ducing the possibility of Zn-acetate decomposi-

tion into hydrozincite. As a result, Zn-acetate 

could be directly decomposed into ZnO wurtz-

ite. 

 

3.4.1 Lattice parameters and degree of crystal-

linity 

The shape of the diffraction peaks also rep-

resents the degree of crystallinity and the size 

of the crystallites. The sharper and narrower 

the shape of the diffraction peaks with a lower 

peak base,  the larger the crystallite size with a 

high degree of crystallinity. Using XRD data, 

the distance between lattice planes (d) can be 

calculated using Bragg’s law [43]. From the dif-

fraction data, the degree of crystallinity 

(%Cryst) can also be determined from the in-

tensity data obtained at each peak [hkl]. In ad-

dition, it can be used to further determine lat-

tice parameters with the assumption that there 

are two-phase crystal systems: hexagonal ZnO 

wurtzite and monoclinic hydrozincite[44]. The 

crystallinity percentage of each ZnO wurtzite 

lattice for each sample at 150-450 °C can be 

seen in Figure 4. 

The distance between d lattice planes can be 

related to the lattice parameters a, b, and c for 

the hexagonal crystal system. As for the mono-

clinic crystal system, the distance between lat-

tice plane d could be used to determine lattice 

parameters a, b, and c with lattice angle β [43]. 

The results of the XRD characterization of 

ZnO wurtzite crystals are presented in Table 3, 

and those of hydrozincite crystals are in Table 

4. Meanwhile, the results of the lattice parame-

ter calculation and the degree of crystallinity of 

ZnO wurtzite and ZnO hydrozincite are pre-

sented in Table 5 and Figure 4. The crystallo-

graphic interpretation of XRD data used Crys-

tal Sleuth software, while the crystal structure 

representation used VESTA [41,45].  

The addition of Mopl-CTAB to ZnO had an 

impact on the degree of crystallinity and crys-

tallite size, as shown in Figure 4 and Table 5. 

Mopl and CTAB added to ZnO caused the de-

gree of crystallinity of ZnO/Mopl-CTAB to be 

lower than that of ZnO. This decrease showed 

that Mopl-CTAB intervened in the growth of 

ZnO crystals, and consequently the growth of 

ZnO crystals added with Mopl-CTAB was in-

hibited. Table 5 shows the effect of adding 

Mopl-CTAB to ZnO on the change of the lattice 

parameters of ZnO. At the beginning of heat-

ing, the temperatures of 150-250 °C caused a 

narrowing of the hydrozincite lattice that 

would decompose and transform into ZnO 

wurtzite. At the same time, lattices a and b 

and c of ZnO in both bare ZnO and ZnO/Mopl-

CTAB were compressed. The compression con-

tributed to the formation of ZnO wurtzite crys-

tals resulting from the decomposition of Zn-

acetate (in bare ZnO and ZnO/Mopl-CTAB) as 

Figure 4. The degree of crystallinity of ZnO 

wurtzite at (a) bare ZnO, and (b) ZnO/Mopl-

CTAB with a calcination temperature of 150-

450 °C. 

(a) 

(b) 
Figure 5. Schematic illustration of transfor-

mation of Zn-acetate is partially decomposed 

into Zn5(OH)6(CO3)2 hydrozincite crystals, 

then further decomposed into. The addition of 

CTAB helps the decomposition of Zn-acetate 

into ZnO wurtzite without being terminated 

into hydrozincite first. 
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well as decomposition and hydrozincite trans-

formation (at bare ZnO). 

Furthermore, a temperature change from 

250 °C to 450 °C was responsible for expanding 

the lattice of ZnO wurtzite crystals in bare 

ZnO. On the other hand, adding Mopl-CTAB to 

ZnO gave different transformation phenomena 

that experienced lattice compression. When 

CTAB decomposed at temperatures of 350-450 

°C, ZnO was compressed and rearranged the 

atomic structure in ZnO wurtzite crystals, as 

confirmed in the downward trend of the lattice 

in Table 5, in which lattices a, b, and c were 

compressed. 

 

3.4.2 Crystallite size and Strain Estimation 

Crystallographic interpretation is carried 

out to extract information, such as full weight 

at half maximum (FWHM), that would later be 

used to determine crystallite size. The calcula-

tion method used the Debye-Scherrer equation 

by considering the peak width to calculate crys-

tallite size in a specific lattice plane (Lhkl) [46]. 

The method for calculating crystallite size was 

then developed. This was done by considering 

the broadening of the diffraction peaks influ-

enced by the crystallite size and strain; there-

fore, the average crystallite size and strain is 

determined using the Williamson-Hall plot 

[47]. After determining the linear regression 

equation, the slope can be determined to obtain 

ε as the crystallite strain, as well as the y-

intercept to obtain L as a representative of the 

crystallite size (nm). The results of the crystal-

  ZnO   ZnO/Mopl-CTAB 

  150 °C 250 °C 350 °C 450 °C   150 °C 250 °C 350 °C 450 °C 

Crystal Structure ZnO Wurtzite 

Crystal System Hexagonal 

Space Group (no.) P63mc (186) 

%Crystalinity 87.56 87.56 87.56 87.56  76.02 76.02 76.02 76.02 

a = b (Å) 3.247 3.246 3.247 3.251   3.251 3.25 3.249 3.249 

c (Å) 5.198 5.197 5.2 5.2069  5.209 5.206 5.207 5.201 

α = β (°) 90 90 90 90  90 90 90 90 

γ (°) 120 120 120 120   120 120 120 120 

Crystal Structure 
Zn5(OH)6(CO3)2 - 

hydrozincite    
       

Crystal System Monoclinic          

Space Group (no.)       C2m (12)    

a (Å) 13.41 13.2        

b (Å) 6.25 6.22        

c (Å) 5.29 5.26        

α = γ (°) 90 90        

β (°) 94.4 93.2               

Table 5. Crystal Lattice Parameters of ZnO wurtzite and hydrozincite obtained from bare ZnO and 

ZnO/Mopl-CTAB with variations in calcination temperature. 

ZnO 

T (°C) 150 °C 250 °C 350 °C 450 °C 

Slope 0.04301599 0.04553296 0.04454819 0.04251011 

Intercept 0.00404908 0.00314300 0.00187000 0.00107265 

Crystallite Size/ L (nm) 34.2424452 44.1140312 74.1445989 129.2596840 

Strain/ ε 0.01075400 0.04553296 0.01113705 0.01062753 

ZnO/Mopl-CTAB 

T (°C) 150 °C 250 °C 350 °C 450 °C 

Slope 0.04445359 0.04643979 0.04445359 0.04072871 

Intercept 0.00301805 0.00460792 0.00301805 0.00282485 

Crystallite Size/ L (nm) 45.9403920 30.0895849 45.9403920 49.0823938 

Strain/ ε 0.01111340 0.01160995 0.01111340 0.01018218 

Table 6. Crystallite size of ZnO wurtzite from bare ZnO and ZnO/Mopl-CTAB with variations in calci-

nation temperature. 
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lite size calculation using the Debye-Scherrer 

equation are presented in Figure 6. 

The addition of Mopl-CTAB changed the 

crystallite size and strain in ZnO crystals. 

From the plot data presented in Figure 6 and 

Table 6, the addition of Mopl-CTAB decreased 

the ZnO crystallite size when compared to ZnO 

without any additions. In the results of the Wil-

liamson-Hall plot, adding Mopl-CTAB reduced 

crystallite size slightly and marginally in-

creased crystallite strain. Generally, the size of 

ZnO wurtzite crystals was found to increase 

with the increase in calcination temperature. 

The difference between bare ZnO and ZnO 

with the addition of Mopl-CTAB was that the 

crystal growth rate in bare ZnO crystal signifi-

Figure 6. Size-strain Data Plot with Williamson-Hall Method Approach of ZnO extracted from (a) 

bare ZnO, and (b) ZnO/Mopl-CTAB; the materials were calcined in various temperatures, (i) 150 °C, 

(ii) 250 °C, (iii) 350 °C, and (iv) 450 °C. 
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cantly increased compared to that of ZnO with 

the addition of Mopl-CTAB. The decrease in 

crystallite size shows that Mopl-CTAB may 

contribute to ZnO crystal defects. Furthermore, 

Mopl-CTAB may cause ZnO crystals as 

ZnO/Mopl-CTAB to grow less freely. This may 

decrease the crystallite size, as confirmed by 

SEM photography (Figure 1) which shows that 

the crystallite size of the ZnO/Mopl-CTAB was 

smaller and more evenly distributed than ZnO. 

 

3.5 Effect of Temperature on Energy Band Gap 

Values 

Energy band gap can be determined by us-

ing DR-UV analysis. DR UV analysis is carried 

out at wavelengths in the range of 200-900 nm, 

then the %R (reflectance) value is obtained 

then entered into the Tauc equation [48]. Band 

gap values can affect the photocatalytic perfor-

mance of semiconductor materials. The find-

ings of this study suggest that the greater the 

calcination temperature, the smaller the result-

ing band gap value. Table 7 shows that 

ZnO/Mopl-CTAB at 450 °C has the smallest Eg 

value with 3.157, while the Eg value of ZnO 450 

is only 3.272 eV. The band gap value was in-

versely proportional to the edge absorption 

(λedge). The smaller the Eg value, the greater the 

edge absorption. Greater edge absorption value 

shows that the material is responsive to visible 

light whose wavelengths cover a range above 

400-800 nm [7]. 

Based on Table 7, ZnO/Mopl-CTAB with a 

calcination temperature of 450 °C had the most 

significant absorption at the edge, which was 

393.174 nm. However, the absorption value at 

the edge was still below the visible light range, 

suggesting that with greater calcination tem-

perature, the absorption at the edge may in-

crease the shift to the right or towards the visi-

ble light region. 

 

3.6 Degradation Activity Test of MO using ZnO 

and ZnO/Mopl-CTAB  at Various Calcination 

Temperatures 

The application of the composite material to 

degrade MO was carried out in both dark and 

light conditions. Figure 7 shows the use of ZnO 

material in dark and light conditions. The 

greater the calcination temperature, the great-

er the percent removal of color that occurs in 

dark and light conditions. In the dark, it can be 

seen that the optimum percent removal which 

occurred at 40 min using ZnO 450 °C was 41%. 

In light conditions, it was 54% at 30 min using 

ZnO 450 °C. The results of this study may sug-

gest that the greater the calcination tempera-

ture, the greater the percent removal. It is be-

cause the more significant the calcination tem-

perature, the better the ZnO crystal formation, 

as indicated by the energy band gap value of 

ZnO in Table 7. Table 7 shows that the higher 

the calcination temperature, the smaller the 

Materials Temperature (°C) Eg λtepi (nm) 

ZnO 

150 3.378 367.451 

250 3.321 373.758 

350 3.315 374.434 

450 3.272 379.355 

150 3.351 370.412 

ZnO/Mopl-CTAB 
250 3.318 374.096 

350 3.294 376.821 

450 3.157 393.174 

Table 7. Bandgap energy values of ZnO and ZnO/Mopl-CTAB with variations in calcination tempera-

ture. 

Figure 7. %MO removal by ZnO with variations in calcination temperature in the absence of UV irra-

diation or dark conditions (DC) and with UV irradiation or bright conditions (LC). 
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band gap value. As the band gap value decreas-

es, it will further enhance the photodegrada-

tion process. The smaller the band gap value, 

the greater the edge absorption. This may indi-

cate that the material is more responsive to vis-

ible light with wavelengths in the range above 

400-800 nm, and thus percent MO removal us-

ing ZnO in light conditions is more significant 

than in the dark. In light conditions, the photo-

catalytic process is more optimal because there 

is light, while in dark conditions, the process is 

not optimal because there is no light. 

This result is also supported by the results 

of the SEM characterization, where the greater 

the calcination temperature, the greater the Zn 

element produced. The greater the Zn element, 

the more optimal the photocatalytic process. 

The photodegradation activity test was carried 

out in dark and light conditions to separate the 

adsorption reaction from the photocatalytic re-

action to ensure that the reaction was a photo-

degradation reaction. From Figure 8, it can be 

seen that the catalytic activity in dark and 

light conditions is contradictory because the 

photocatalytic process may not occur in the 

dark. Furthermore, there is no light source to 

perform the degradation reaction. Under light 

conditions, a photocatalytic process could occur 

because light helps the photocatalytic reaction. 

In the photocatalytic reaction, the band gap 

value affects the reaction process significantly. 

Table 7 shows that the material with a calcina-

tion temperature of 450 °C has a smaller band 

gap value than the others and shows the best 

photocatalytic reaction. 

The use of ZnO/Mopl-CTAB materials at 

various calcination temperatures in degrading 

MO can be seen in Figure 8. Comparison of Fig-

ure 7 and Figure 8 shows that the use of 

ZnO/Mopl-CTAB materials is better at degrad-

ing MO than ZnO. Because ZnO/Mopl-CTAB 

has a smaller energy band gap value than ZnO 

(Table 7), the use of ZnO material modified 

with Mopl-CTAB is more optimal than ZnO 

without modification. A smaller band gap value 

allows the photocatalytic material to absorb 

photons more easily, causing the photodegra-

dation process to increase. 

In contrast to ZnO, the best dark condition 

of the material is ZnO/Mopl-CTAB with a 150 

°C calcination temperature which is 52% at 50 

min. In light conditions, the most optimum per-

cent removal was ZnO/Mopl-CTAB 450 °C with 

78% at 50 min. Based on Figure 8, the 

ZnO/Mopl-CTAB material in the dark condi-

tions shows that the higher the calcination 

temperature, the lower the percent removal. It 

is because of the presence of CTAB in the 

ZnO/Mopl-CTAB material at temperatures 

from 150 °C to 350 °C. MO is an anionic dye, 

and CTAB has cationic properties, which may 

cause anionic dyes to be attracted more effi-

ciently [7]. These CTAB properties cause 

ZnO/Mopl-CTAB with a temperature of 450 °C 

has the greatest % removal because of in the 

dark conditions, only adsorption processes oc-

cur, and no photocatalytic processes. 

 In contrast, in light conditions, the higher 

the calcination temperature, the greater the 

percent removal produced. It is because higher 

calcination temperatures may cause the CTAB 

to disappear to increase the surface area of the 

ZnO material, as shown in the characteristics 

using BET in Table 2. The increased surface 

area of this material shows that CTAB is only 

a mold. Thus, no trace of CTAB at high tem-

peratures could result in a larger surface area 

and prevent agglomeration as displayed in Fig-

ure SEM (Figure 1). It has been suggested that 

ZnO/Mopl-CTAB 450 °C has morphology with 

less agglomeration than ZnO 450 °C. 

 

3.7 Kinetics of the Photodegradation Reaction 

of MO using ZnO and ZnO/Mopl-CTAB at Vari-

ous Calcination Temperatures 

The reaction kinetics of the photodegrada-

tion process of MO with ZnO and ZnO/Mopl-

CTAB at various calcination temperatures 

were determined using an equation model of 

the pseudo-first-order and pseudo-second-order 

reactions. In the kinetics of the reaction, the 

Figure 8. %MO removal by ZnO and ZnO/Mopl-CTAB with variations in calcination temperature in 

the absence of UV irradiation or dark conditions (DC). 
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pseudo-first-order model is obtained based on 

the existence of a mass balance that assumes 

the rate between the dyes that are successfully 

adsorbed or degraded and the reaction time 

that is proportional to the dyes absorbed at var-

ious times (qe−qt). The reaction kinetics of the 

pseudo-first-order model can be formulated by 

Eq. (2) [7]: 
 

(2) 

 

(3) 

 

where, qe = MO concentration at equilibrium; qt 

= MO concentration at time t; t = contact time 

(min); k1 is the reaction rate constant. When 

t=0, then qt=0, and when t=t, then qt=qt. The 

reaction rate constant could be determined by 

plotting the intermediate graph by making a 

graph with the y-axis and time (t) on the x-

axis. The pseudo-second-order model of adsorp-

tion kinetics or pseudo-chemical reaction can 

be described in Eq. (3) where the reaction rate 

constant or k2 can be determined by plotting a 

graph between t/qt as the y-axis and time (t) as 

the x-axis. Figure 9 displays the graph of the 

reaction kinetic model of MO with ZnO and 

ZnO/Mopl-CTAB in dark and light conditions, 

while Table 8 shows the value of the reaction 

rate constant and the regression value of R2 as 

well as each reaction kinetic model. 

Sample 

Without UV Irradiation Condition   With UV Irradiation Condition 

Pseudo First Order   
Pseudo Second 

Order 
  Pseudo First Order   

Pseudo Second 

Order 

k1 R2   k2 R2   k1 R2   k2 R2 

ZnO150°C +MO 0.0609 0.8770  0.0043 0.9958  0.0665 0.3619  0.0041 0.9966 

ZnO250°C +MO 0.0594 0.9078  0.0054 0.9962  0.0512 0.6465  0.0043 0.9963 

ZnO350°C +MO 0.0706 0.6334  0.0060 0.9936  0.0052 0.375  0.0050 0.9977 

ZnO450°C +MO 0.0445 0.5487  0.0095 0.9970  0.0610 0.7335  0.0057 0.9967 

ZnO/Mopl-CTAB150°C +MO 0.0509 0.6480  0.0202 0.9915  0.0665 0.8969  0.0206 0.9938 

ZnO/Mopl-CTAB250°C +MO 0.0592 0.7001  0.0181 0.9953  0.0699 0.8891  0.0368 0.9917 

ZnO/Mopl-CTAB350°C +MO 0.0537 0.7038  0.0176 0.9910  0.0639 0.8656  0.0822 0.9906 

ZnO/Mopl-CTAB450°C +MO 0.0750 0.6732   0.0930 0.9904   0.0459 0.6875   0.1849 0.9938 

Table 8. The value of reaction rate constants in methyl orange photodegradation reactions using ZnO 

and ZnO/Mopl-CTAB at various calcinations temperature in dark and light condition. 

Figure 9. First-order and pseudo-second-order pseudo-kinetic models of all reactions in light and 

dark conditions. 
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As discussed earlier, all MO degradation re-

actions in dark and light conditions follow the 

pseudo-second-order model because the value of 

the regression results or R2 in the pseudo-

second-order model is close to 1. In the case of 

the value of the reaction rate in light condi-

tions, the greater the calcination temperature, 

the higher the reaction rate. It is indicated by 

the increasing value of k2 as the calcination 

temperature rises. In addition, in light condi-

tions, the value of the reaction rate constant of 

all ZnO/Mopl-CTAB materials is greater than 

that of ZnO. 

In contrast, as regards ZnO/Mopl-CTAB un-

der dark conditions, the higher the calcination 

temperature, the slower the reaction rate be-

cause of the presence of CTAB. In dark condi-

tions, an increase in the calcination tempera-

ture can lead to the loss of CTAB and lower val-

ues of the reaction rate constant in the 

ZnO/Mopl-CTAB. It shows that in dark condi-

tions, the reaction is an adsorption reaction, 

while in light conditions, it is a photodegrada-

tion reaction because the degradation process 

using a photocatalytic semiconductor requires 

the presence of light. This research was carried 

out in dark and light conditions to maximize 

the occurrence of photocatalysts and to ensure 

that the light of the reactions was a photodeg-

radation reaction. The reason is because when 

the material is mixed with dyes, adsorption re-

actions and photodegradation reactions are 

likely to occur. 

 

4. Conclusions 

To conclude, the results of this study have 

found that higher calcination temperatures can 

affect the characteristics of the photocatalytic 

material, including morphology, functional 

groups, crystal structure, crystal lattice, crys-

tallinity, surface area, pore size, pore volume, 

and energy band gap. The photocatalytic activi-

ty of ZnO and ZnO/Mopl-CTAB to degrade me-

thyl orange was successfully investigated un-

der light and dark conditions. The photocata-

lytic degradation of methyl orange showed that 

ZnO/Mopl-CTAB performed better than ZnO 

under the same test conditions. ZnO/Mopl-

CTAB 450 showed the highest methyl orange 

degradation percentage (78%) in 50 min in 

light conditions, whereas in dark conditions, 

52% methyl orange had been degraded by 

ZnO/Mopl-CTAB 150 in 40 min. The reaction 

kinetics in the photodegradation process of MO 

using ZnO and ZnO/Mopl-CTAB at different 

calcination temperatures in dark and light con-

ditions used a kinetic model that followed the 

pseudo-second-order reaction. 
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