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a b s t r a c t
A composite of zinc oxide supported on kaolinite (ZnO/Kao) using Indonesian natural kaolinite 
minerals was synthesized by a hydrothermal method. The role of the material as a photocatalyst in 
methyl violet (MV) photocatalytic decolorization was tested. As-prepared material was character-
ized by X-ray diffraction, scanning electron microscope analysis, transmission electron microscope 
analysis, and diffuse reflectance UV–Vis diffuse reflectance spectroscopy. The results showed that 
significant photocatalytic activity for the photocatalytic decolorization of MV was found compared 
to ZnO. The increased photocatalytic activity was related to the band gap energy associated with the 
formation of nanoparticles (crystallite size of 46–74 nm). In addition, the material demonstrated high 
decolorization efficiency as measured by a turnover number (TON) and photocatalyst stability at 
varied pH ranges from 4–10. The results suggest that the material may be a promising photocatalyst 
for photocatalytic decolorization of organic dyes in wastewater.
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1. Introduction

Dyes containing wastewater are produced by many 
industries, such as textiles, printing, paper, and leather. 
According to current estimates, approximately 7 × 105 tons of 
dyes are produced annually [1]. These dyes require treatment 
before they are discharged into the environment. The major-
ity of compounds used in dyes has carcinogenic properties 
and therefore are harmful both to humans and the aquatic 
environment [2,3]. Various chemical and physicochemical 
treatments have been developed to address dye-related pol-
lution [2]. Among these, photocatalysis has attracted much 
attention, as it offers many benefits as compared with those 
of other techniques, such as adsorption, ozonization, and 
chemical oxidation. For example, unlike adsorption, photo-
catalysis produces no by-products that require further treat-
ment. It is also less costly than ozonization and chemical 
oxidation treatments [4,5].

Many photocatalysts, such as TiO2, ZnO, Fe2O3, and 
ZrO2, have been applied in dye degradation [6,7]. Among 
these, ZnO is preferable due to its wide band gap energy 
and stability [8,9]. However, to be suitable for use at the 
industrial scale, where reusability affects the costs of dye 
degradation, the photocatalytic activity and stability of ZnO 
need to be enhanced. Various modifications, such as doping, 
composite formation, and immobilization of photocatalytic 
active material in solid support, have been proposed [10–12]. 
The use of a supporting metal oxide photocatalyst in solid 
support was reported to be stable and low-cost solids were 
reported to be effective by the contributing adsorption capa-
bility from the support for the photocatalytic mechanism.

Several studies reported ZnO immobilization using 
zeolite [13], SiO2 [14], and bentonite [15]. Among solids, 
clay minerals have particular properties that are useful for 
improving photocatalytic activity [16,17]. The present study 
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examined the physicochemical properties and photocatalyst 
performance of ZnO immobilized in a clay material, kaolinite, 
to form a composite of ZnO/kaolinite (Zno/Kao). Although 
the preparation of this composite has been described in the 
past, to our knowledge, there have been no studies on its use 
in methyl violet (MV) decolorization. Another novel aspect 
of the present study was the use of natural kaolinite from 
Indonesia.

2. Materials and methods

2.1. Materials

Kaolinite was obtained from Sukabumi, West Java, 
Indonesia. Chemicals consist of MV, zinc acetate dihydrate, 
sodium hydroxide, and ethanol was purchased from Merck-
Millipore (Germany). All the chemicals were of analytical 
grade and were used without further purification.

2.2. Material preparation

ZnO supported on kaolinite (ZnO/Kao) was prepared 
by mixing a precursor solution composed of a mixture of 
zinc acetate and sodium hydroxide solution at a molar ratio 
of Zn:OH = 2:1 with a kaolinite suspension (20% wt.). The 
ZnO/Kao composites were varied at varied Zn content so 
the ZnO weight percentage were 10%, 30%, and 50% wt. The 
mixture was placed in an autoclave and kept at 150°C over-
night. The resulting solid phase was filtered and washed 
using distilled water until the conductivity of the filtrate 
was less than 100 mS/cm. The solid was then dried at 105°C 
and calcined at 400°C for 4 h. The prepared materials were 
encoded as ZnO/Kao-10, ZnO/Kao-30 and ZnO/Kao-50, 
respectively. For comparison purposes, bulk ZnO was also 
synthesized using a method reported previously [18].

Physicochemical characterization of the materials was 
conducted by X-ray diffraction (XRD), gas sorption analysis, 
scanning electron microscope-energy-dispersive X-ray anal-
ysis (SEM-EDX), transmission electron microscope analysis, 
and UV–Vis diffuse reflectance spectroscopy (UV-DRS). The 
XRD patterns were recorded in the Rigaku diffractometer 
mode under Ni-filtered CuKα irradiation (λ = 1.7889 Ǻ). The 
specific surface area, pore-volume, and pore radius of the 
materials were calculated based on adsorption-desorption 
isotherm analysis using a NOVA 1200e instrument (Tokyo, 
Japan). The pore size distribution in the desorption pro-
file was evaluated using the Barrett–Joyner–Halenda (BJH) 
equation. A JASCO V760 spectrophotometer was utilized for 
the UV-DRS measurements. The band gap energy was deter-
mined using the Kulbeka–Munk function as the intercept 
from the plot of (F(R∞)hv)1/2 vs. hv based on the following 
Eq. (1):
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where R∞ was the measured absolute reflectance of the 
sample (Rsample/Rstandard).

The spectrum at 190–850 nm was obtained, using BaSO4 
powder as reference material.

The morphology and elemental composition of the 
samples were observed using an SEM (JEOL) with an accel-
erating voltage of 5 kV. The photocatalytic activity of the 
materials in terms of MV decolorization was evaluated in 
a batch reactor. The UV light was provided by a 30 W UV 
lamp with a wavelength of 296 nm. The mixture of the MV 
solution and photocatalyst was magnetically stirred in the 
dark for 15 min prior to light exposure. For the quantita-
tive analysis of MV, its absorption spectrum was measured 
using a V–Vis HITACHI U-2010 spectrophotometer.

To compare the photocatalytic activity of the catalysts at 
an equivalent amount of ZnO, the decolorization efficiency 
(DE) and turnover frequency (TON) were measured using 
the following Eqs. (2) and (3):
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with C0, and Ct is an initial concentration of MV and the con-
centration at time t, mcat is mass of photocatalyst, and t is a 
time of measurement (60 min).

3. Results and discussion

3.1. Physicochemical character of ZnO/Kao

The XRD patterns of ZnO/Kao at varied ZnO content 
and its comparison with those of kaolinite and bulk ZnO are 
depicted in Fig. 1. The XRD pattern of the kaolinite sample 
shows reflections specific for kaolinite that fit those of the 
JCPD standard (PDF-01-089-6538), with some reflections 
indicative of the presence of quartz. The composite formation 
of ZnO/Kao exhibited a combination of a wurtzite phase of 
ZnO reflections (JCPDS No. 36-1451) and kaolinite.

The reflections were identified at 2θ = 31.67°, 34.31°, 
36.14°, 47.40°, 56.52°, and 62.73°, which are associated with 
(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), and (1 0 3) [19]. The crys-
tallite size of ZnO in the composites was determined using 
Scherrer’s Eq. (4):

D  
cosp =

0 94. λ
β θ
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where Dp was the size of the crystallites b was the line broad-
ening in radians, q was the reflection angle, and l was the 
X-ray wavelength. From varied ZnO content, the calculated 
crystallite size was 46, 68, and 74 nm, respectively (Table 1).

The presence of ZnO in the composite was revealed by a 
change in the surface profile, as indicated by SEM morphol-
ogy (Fig. 2), and elemental analysis results from SEM-EDX 
analysis (Table 2). The transmission electron microscope 
analysis of ZnO/Kao-30 revealed irregular and heteroge-
neous ZnO nanoparticles with sizes ranging from 40 to 80 nm 
(Fig. 2b).

The kaolinite surface morphology exhibited a flake-like 
appearance, similar to that of kaolinite reported in previ-
ous studies. After modification with ZnO, a flower-like 
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formation was appeared on the surface, and the pattern 
is clearer as increasing ZnO content. The surface profile 
of ZnO/Kao was similar to that of previous research on 
ZnO/Kao, with a ZnO content ranging from 9.4% to 49.2% 
wt. (Table 1) [20]. The EDX spectra revealed that the main 
components of kaolinite were SiO2 and Al2O3, and the ZnO 
contents in the ZnO/Kao10, ZnO/Kao-30 and ZnO/Kao-50 
samples are 12.33%, 38.7%, and 49.67% wt, respectively. 
The chemical interaction between Zn and Si in the compos-
ite form is identified from the Fourier-transform infrared 
(FTIR) spectra presented in Fig. 3.

The characteristic peaks at 830 cm–1 is appeared in both 
kaolinite and ZnO/Kao-30 samples indicating the presence 
of Si asymmetric and symmetric stretching, which indi-
cate the presence of SiO2. This peak is also strengthened by 
the peak for Si–O–Si bending at 1,514 cm–1 and Si–OH at 
1,386 cm–1. The presence of ZnO is characterized by the peak 
at 738 and 642 cm–1 for identify of Zn–O, and the absorp-
tion peak at 940 cm–1 that corresponds to Si–O–Zn stretching 
[21,22].

The specific surface areas of the samples determined by 
the Brunauer–Emmett–Teller (BET) method (BET-specific 
surface area), as well as pore volume and pore radius deter-
mined by the BJH method, are listed in Table 1 based on the 
adsorption-desorption isotherm profile (Fig. 4). In general, it 
can be concluded that the BET-specific surface area of ZnO/
Kao samples was higher than that of kaolinite and slightly 
higher than that of bulk-ZnO. By varying the ZnO content, 
it is seen that BET specific surface of materials is in the fol-
lowing order: ZnO/Kao-30 > ZnO/Kao-50 > ZnO/Kao-10. 
This finding was in agreement with the surface morphology 
results, pointing to the formation of the rougher surface in 
ZnO/Kao-30 and ZnO/Kao-50 compared with ZnO/Kao-10. 
The rougher surface represents the higher surface area pro-
viding more adsorption sites on the surface of the photocat-
alyst. The evolution of the parameters can be indicated from 
the pore distribution profile presenting a hysteresis loop, 
which confirmed the change of dominant pores from micro-
pores into a combination of mesoporous and microporous 
range.

The capability of UV–Vis light absorption is an import-
ant property of a photocatalyst. In addition, the calculation 
of the band gap energy based on the absorption spectra 
is useful to identify the effective energy of photons in the 
photocatalysis mechanism. As shown in Fig. 5, the observed 
UV-Vis absorption spectra of the samples revealed a broad 
absorption band of ZnO/Kaos from the ultraviolet to the 
visible region, with the maximum absorption peaks found 

Fig. 1. XRD pattern of ZnO/Kao samples in comparison with 
kaolinite and bulk-ZnO.

Table 1
Surface profile parameters of kaolinite, ZnO/Kao and bulk-ZnO

Sample BET specific surface  
area (m2/g)

Pore volume  
(cc/g)

Pore  
radius (Å)

ZnO crystallite  
size (nm)

Kaolinite 15.46 2.85 × 10–3 18.5 –
ZnO/Kao-10 18.39 3.82 × 10–3 9.78 46
ZnO/Kao-30 28.56 5.42 × 10–3 10.20 68
ZnO/Kao-50 22.67 4.56 × 10–3 11.45 74
Bulk-ZnO 26.45 8.66 × 10–3 17.56 76
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around 220–330 nm. ZnO/Kao showed higher absorption 
intensity in the UV region and visible region, and both had a 
similar edge wavelength at around 399–403 nm. The import-
ant point from the varying ZnO content is that the band 
spectrum is not significantly different in either the pattern 

or the edge wavelength value. The calculation based on the 
Kubelka–Munk equation represented the plot of ZnO/Kao 
and bulk-ZnO with their corresponding band gap values of 
3.18 and 3.22 eV, respectively. The obtained band gap energy 
of ZnO was similar to that of synthesized ZnO using rice 

Fig. 2. SEM-EDX profile of (a) kaolinite, (b) ZnO/Kao-10, and (c) ZnO/Kao-30 ZnO/Kao-50.

Table 2
Elemental analysis results of materials

Compound (% wt.) Kaolinite ZnO/Kao-10 ZnO/Kao-30 ZnO/Kao-50 ZnO

Na2O 0.13 0.13 0.12 0.08 –
MgO 0.60 0.61 0.43 0.19 –
Al2O3 25.71 15.65 12.22 9.02 –
SiO2 66.56 65.23 42.74 35.1 0.06
CaO 0.27 0.2 0.17 0.07 –
K2O 6.72 6.04 6.43 4.22 –
ZnO nd 12.33 38.12 51.32 99.04
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bran as a templating agent [23]. The higher band gap energy 
of ZnO/Kao as compared with that of ZnO was related to 
the crystallite size of ZnO in the nanosize range. A previous 
study reported that the band gap of semiconductor nano-
crystals increased in accordance with a decrease in particle 
size [24]. Another study reports a similar phenomenon in a 
ZnO/zeolite composite [25].

3.2. Photocatalytic activity of ZnO/Kao

Fig. 6 shows the changes in the absorption spectra of the 
initial and treated MV solutions. As can be seen, the absor-
bance of the maxima wavelength decreased in accordance 
with an increase in the treatment time, with a shift in the max-
ima wavelength to a lower wavelength. Moreover, a peak at 
around 200–300 nm, which was associated with an aromatic 
structure of MV, disappeared in the treated solution.

This observation confirmed that decolorization was 
the result of azo bond (–N=N–) destruction, as reported in 
other studies [26,27]. High-performance liquid chromatog-
raphy (HPLC) analysis of the treated solutions revealed 
that decolorization was the result of not only an adsorption 
mechanism towards the dye molecules but also an oxidation 
mechanism as the degradation products identified and a 
smaller amount of oxidized organic compounds produced.

3.3. Effect of ZnO content to photocatalytic-decolorization of MV 
degradation

The kinetics of photo-decolorization and adsorption 
based on a colorimetric analysis of the various ZnO/Kao 
photocatalyst are presented in Fig. 7. It is seen that MV degra-
dation by photocatalytic mechanism is faster compared with 
adsorption, suggesting that the photocatalysts are actively 

Fig. 3. Comparison of FTIR spectra of kaolinite and ZnO/Kao-30. Fig. 5. DRUV spectra of ZnO/Kao samples and bulk-ZnO.

Fig. 4. Adsorption–desorption profile of materials.
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proven. The kinetics of photocatalytic-decolorization during 
the interval of 0–30 min seems not as influenced by differ-
ent ZnO content, but then along with increasing time of 
treatment, the DEs are in the order ZnO/Kao-30 > ZnO/Kao-
50 > ZnO/Kao-10. The order suggests that the photocatalytic 
activity is corresponding with the order of the BET-specific 
surface area of the photocatalyst.

3.4. Effect of MV initial concentration

Furthermore, in order to evaluate the mechanism of 
MV photo-decolorization, the kinetics of photo-decoloriza-
tion and adsorption at the various MV initial concentrations 
by ZnO/Kao-30 photocatalyst were studied, and the kinet-
ics plot is listed in Fig. 8. The significant difference in the 

decolorization among photocatalytic decolorization com-
pared with adsorption implies an identified photocatalytic 
activity of the material. From Fig. 8a, the calculation from 
the kinetics data suggest that all photo-decolorizations data 
fits with pseudo-second-order kinetics with the following 
Eq. (5):

1 1

0C
kt

Ct

= +  (5)

with C0 and Ct are initial MV concentration and MV con-
centration at a time of t, and k is kinetics constant.

The photo-decolorization efficiencies decreased in 
accordance with an increase in the initial MV concentra-
tion from 40%–90% over a period of 60 min. The lower 

Fig. 6. (a) Changes in the absorption spectra of the initial and treated MV solutions and (b) chromatogram of initial and treated 
solution.

Fig. 7. (a) Kinetics of MV photo-decolorization using materials and (b) kinetics of MV adsorption using materials.
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concentration resulted in inefficient interactions among the 
molecules and their surface interactions for further oxida-
tion mechanism. At a DE value of about 85% for an initial 
MV concentration of 2 mg/L after 60 min of treatment, the 
photocatalytic activity of ZnO/Kao was comparable to that 
of ZnO NPs prepared by precipitation of zinc acetate [28] 
and activated carbon-supported Bi-doped ZnO nanocom-
posite material (AC-Bi/ZnO) [29]. However, the photocat-
alytic activity of ZnO/Kao was significantly higher than 
that of ZnO nanorods, which had a DE value of only 56% 
[30]. Photocatalytic activity of ZnO/Kao in this research 
in comparison with various photocatalysts for MV pho-
to-decolorization are listed in Table 3 shows that ZnO/Kao 
samples prepared in this research are comparable at the high 
activity as shown by DE higher than 80%.

Based on kinetics constant k from all varied MV con-
centration and ZnO/Kao photocatalysts, the Langmuir–
Hinshelwood model was applied to study the effect of the 
initial concentration of MV on the rate of photo-decoloriza-
tion which referred to following Eq. (6):

− = = =
+

dC
dt

k k C
k K C
K Cr e

r e

e

θ LH

LH1
 (6)

Which was modified as:

1 1 1
k k k k

C
r r

e= +
LH

,  (7)

where q denoted the surface coverage, k is the apparent 
kinetics constant, Ce was the concentration of BPB at adsorp-
tion equilibrium, and kL–H was the Langmuir–Hinshelwood 
adsorption constant. kL–H was the adsorption-desorption 
kinetics equilibrium, and kr represented the limiting rate of 
the reaction at maximum coverage under the given experi-
mental conditions.

The Langmuir–Hinshelwood plot is presented in Fig. 9, 
and the parameters are listed in Table 4. According to the 
calculation, kr and kLH from all varied photocatalysts repre-
sent the higher kr compared to kLH points which are an indi-
cation that the reaction is not dominantly influenced by the 
adsorption mechanism. The capability of ZnO/Kao to catch 
the photon and produce oxidants for the degradation of the 
organic compound was effectively influenced by the pres-
ence of ZnO as a photoactive component in the mechanism 
[31,32]. It is confirmed by increasing kr along with increasing 
ZnO content in the photocatalysts, and in reverse order, 
decreasing kLH with increasing ZnO content.

Fig. 8. (a) Kinetics of MV photo-decolorization is using ZnO/Kao-30 at varied initial concentration, (b) kinetics of MV adsorption using 
ZnO/Kao-30 at varied initial concentration, and (c) pseudo-second-order plot of MV photo-decolorization using ZnO/Kao-30.
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The effect of the initial MV concentration on TON using 
ZnO/Kao-30 and bulk ZnO are depicted in Fig. 10. In com-
parison with the photocatalytic activity of bulk ZnO, the 
TON values of the reaction using ZnO/Kao-30 were higher 
than those of bulk ZnO. The TON values at varying initial 
MV concentrations were determined based on a photoactive 

semiconductor, ZnO content in ZnO/Kao-30 (38.12% wt.) 
compared with 100% wt. for bulk ZnO. These higher val-
ues represented the more effective photocatalysis sites in 
the composite form. As the BET-specific surface areas of 
ZnO and ZnO/Kao-30 were not significantly different, the 
elevated TON was due to the increased capability of ZnO/

Table 3
Comparison of various photocatalysts for MV photo-decolorization

Photocatalyst Degradation efficiency (%) Remark Reference

TiSiW12O40/TiO2 82.4 DE was evaluated for MV 20 mg ppm 
for 3 h of treatment

[31]

TiO2/Pd 95 Time of degradation 20 min [31]
TiO2/Pt 78 Time of degradation 20 min [31]
TiO2 97 Optimum dosage of photocatalyst of 

0.15 g/100 cm3

[32]

Composite of activated carbon-Bismuth-ZnO 
(AC-Bi/ZnO)

94.5 Irradiation time 60 min [29]

H3PW6Mo6O40/SiO2 88.7 Treatment for 2.5 h for MV 10 ppm [33]
ZnO-Kao-30 85 Treatment for 60 min, MV 2 ppm This research

Fig. 9. Langmuir–Hinshelwood plot of MV photo-decolorization 
by using varied Zn/Kao samples.
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Fig. 10. Comparison of TON of MV photo-decolorization at 
varied initial concentrations using bulk-ZnO and ZnO/Kao-30.

Table 4
Parameters of Langmuir–Hinshelwood plot of photo-decolorization using varied ZnO/Kao

Photocatalyst DE at  
60 min (%)

Langmuir–Hinshelwood  
equation

R2 kr (mg/L min) kLH (L min/mg)

ZnO/Kao-10 65.90 1 4 20 1 30 1
k Ceapp

= +. . 0.9984 0.77 0.31

ZnO/Kao-30 66.30
1 7 56 0 57 1
k Ceapp

= +. . 0.9957 1.77 0.08

ZnO/Kao-30 74.60
1 6 95 0 38 1
k Ceapp

= +. . 0.9800 2.97 0.05
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Kao-30 to adsorb light, which was also related to the nano-
sized ZnO. Similar TON values were found for AC-Bi/ZnO 
containing 39% wt. of ZnO. The DE and TON values implied 
that ZnO/Kao-30 represented an effective photocatalyst for 
further applications in dye-containing wastewater treatment.

3.5. Effect of MV initial concentration

Considering that in applications a solution may have dif-
ferent pH conditions, the effect of pH on the photocatalytic 
activity was performed. Besides of this, reusability is another 
important aspect of applicability. Fig. 11 depicts the effect of 
the pH and use cycles on the initial rate of photo-decoloriza-
tion. The effect of pH on the initial rate was studied by com-
paring the use of ZnO/Kao-30 and bulk ZnO. As shown in the 
plot, although the photocatalytic decolorization rate using 
ZnO/Kao consistently decreased along with an increase in 
the pH, the initial rate of the reaction remained stable at the 
tested pH ranges (4–10). The photocatalytic decolorization 
performance using bulk ZnO was best at pH = 7 and lost at 
basic pH conditions. These data suggested that the stability 
of ZnO/Kao was higher than that of bulk ZnO. The presence 
of kaolinite as support for ZnO stabilized the surface interac-
tion between the dyes, as reported previously for photocata-
lytic decolorization of other dyes using clay-supported ZnO 
or silica-supported ZnO [34,35].

Moreover, the reusability study (Fig. 11b) demonstrates 
that all ZnO/Kao composites have stable photoactivity until 
5 cycles as expressed by a relative unchanged initial rate for 
all varied ZnO/Kao samples. The pattern is similar to the 
stability of ZnO/kaolinite reported for photodegradation of 
2-chlorophenol [36].

4. Conclusion

Composites of ZnO-immobilized on kaolinite were suc-
cessfully synthesized using a hydrothermal method, and its 
photocatalytic activity in MV photocatalytic decolorization 
was studied. The ZnO/Kao composite material exhibited the 
formation of ZnO in the wurtzite phase deposited on kaolinite 

ranging at 46–74 nm in crystallite size. The band gap energy 
values of the composites are lay at around 3.22 eV. The photo-
catalytic study of ZnO/Kao samples revealed that DE for ini-
tial MV of 2–50 ppm is at around 30%–95%. The advantages 
of composite formation are reflected by a higher turnover 
number of the photo-decolorization process by ZnO/Kao 
samples respect to the use of bulk ZnO, and higher stability 
at varied pH (4–10). The kinetics of the photo-decolorization 
process by using ZnO/Kao was found to obey pseudo-sec-
ond-order kinetics and fit with the Langmuir–Hinshelwood 
mechanism.
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