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1. Introduction

Textile industries generate large amounts of wastewater with in-
tense color and total organic carbon (TOC). The removal of textile 
dyes from wastewater is important due to its interference in the 
photochemical activities in aquatic systems. They also possess toxic, 
carcinogenic, and genetic mutation properties. Azo dyes, including 
Remazol black 5 (RB5), are known for their double bond nitrogen 
(–N = N–). They are the most widely used dyes in the textile 
industry, constituting more than half of all textile dyes [1].

Several physical methods such as adsorption [2], chemical 
[3], and biological methods [4] have been investigated in the 
literature for the removal of dye from water. The advanced oxida-
tion process (AOP) is a promising method for treating low-bio-
degradable hazardous pollutants in wastewater. AOPs produce 
powerful reactive OH radicals by the decomposition of ozone, 
which unselectively attack the organic pollutants and refractory 
molecules to mineralize them. Ozonation is a promising method 
to decolorize dye contaminated wastewater and degrade organic 
pollutants. The catalytic ozonation process (COP), in which a 
heterogeneous and homogeneous catalyst combines with ozone, 

has been developed for overcoming the limitations of ozone [3, 5]. 
Heterogeneous catalytic ozonation has gained particular attention 
compared to homogeneous catalytic ozonation due to its simple 
catalyst separation, higher rate of dye removal, and cleaner 
procedure. Many metal oxides such as TiO2 [6], Fe2O3/Al2O3 [7], 
and nanomaterials such as Pt/carbon nanotube [8] have been stud-
ied in heterocatalyst/ozonation processes for the removal of oxalic 
acid. In addition, other catalysts have been used for the removal 
of different organic materials in catalytic ozonation: alumina for 
treating 2-chlorophenol [9]; biochar for phenol removal [10]; nano 
size Co3O4/CeO2 for phenol treatment[11]; Au-Bi2O3 nanocatalyst 
for treating acid orange 10 [12]; NiO-CuO for removal of dichloro-
acetic acid [13]; zeolite ZSM-5 for removal of ibuprofen [14]; 
MoO3 nanocatalyst for decomposition of orange II dye [15]; and 
MgO nanocrystal for the degradation of reactive red 198 [3]. In 
recent years, some catalysts have been successfully exploited for 
the catalytic ozonation of RB5 dye in aqueous solution, including 
mesoporous carbon aerogel (MCA) supported copper oxide [1] 
and CuS [16]. Zinc oxide is a known catalyst and can be used 
in environmental remediation processes due to its high chemical 
stability, low toxicity, biocompatibility, high catalytic activity 
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in catalytic ozonation [17], very low solubility, and low price. 
ZnO powder, as a catalyst, has been used in different particle 
sizes and shapes for the removal of organic materials [18-20]. 
ZnO has been synthesized by different methods: using a precursor 
[21], hydrothermal [22], sonochemical [23], and modified sol-gel 
[24]. The synthesis of ZnO on different supports has been pre-
viously reported; for example, dip-coating (ZnO/SnO2) [22], ther-
mal evaporation (ZnO/zeolite) [25], mixing (ZnO/mordenite zeo-
lite) [23], and impregnation (ZnO/faujasite X zeolite) [26].

It is reported that the rate constant for catalytic ozonation 
using nano-sized catalyst is higher than larger sizes of the catalyst 
[17]. In this study, a novel ZnO nanocatalyst was sonochemically 
synthesized using a methionine ligand, to control the size dis-
tribution of the catalyst. Other ligands or precursors have been 
applied for the preparation of the ZnO catalyst [27-29]. However, 
the methionine is a bi-dentate ligand with two atoms (N and 
O) for connecting the dipolar bond, and is an appropriate ligand 
for the synthesis of ZnO. Perlite has been used as a natural, 
inert and cheap alumino-silicate as support, which provides a 
large surface area for the immobilization of ZnO. The Zn(II) methio-
nine complex [ZnC4H9SNH2COOH] was prepared via the so-
nochemical method and used as the precursor for impregnation 
of the expanded perlite to produce the ZnO/perlite nanocatalyst. 
The synthesized nano-ZnO/perlite was used for the catalytic ozo-
nation of RB5 in a bubble column reactor. The influence of process 
parameters (pH, as-prepared catalyst dosage and reaction time) 
on the degradation efficiency of RB5 in aqueous solution has 
been also investigated. The degree of the mineralization of RB5 
by catalytic ozonation was also compared to single ozonation.

2. Materials and Methods

2.1. Materials

Commercial perlite powder [SiO2, Al2O3, Na2O, K2O, Fe2O3, MgO, 
CaO] was purchased from the Pars Company, Iran. The zinc nitrate 
tetrahydrate, methionine amino acid [C4H9SNH2COOH], hydro-
chloric acid 1 N, sodium hydroxide 1 N, all in analytical grade, 
were obtained from the Merck Company (Germany) and used 
without further purification. The RB5 with 99% purity was pur-
chased from the Sabet Alvan Co., Iran. Structurally, RB5 has 
two azo double bonds and a naphthalene ring in the middle of 
the molecule and two benzene rings (Fig. S1).

2.2. Synthesis of the Zinc Methionine [C4H9SNH2COOH] Complex

The sonochemical method was used to synthesize the [C4H9SNH2 

COOH] complex, which is a simple, economical, environmentally 
safe and favorable method for the synthesis of nanostructures. Zinc 
nitrate tetrahydrate and methionine amino acid in a molar ratio of 
1:2 was mixed in deionized water and kept under ultrasonic irradiation 
(Misonix sonicator S- 4000 model) at a 600 W power output for 
20 min until the solution color turned light yellow. The complex 
was identified via Fourier transform infrared (FT-IR) spectroscopy.

2.3. Synthesis of ZnO/Perlite Nanocatalyst

The perlite powder (2 g) was agitated in 20 cm3 HCl 1 N for 

5 h followed by centrifugation to achieve the modified (expanded) 
zeolite [30]. The solid phase was heated at 900°C for 4 h to increase 
the porosity, and the expanded perlite was achieved. Then, 50 
cm3 of the synthesized zinc methionine [ZnC4H9SNH2COOH] sol-
ution was added slowly to expanded perlite powder and mixing 
was continued for 48 h; then, it was centrifuged. The resulting 
gel was burnt under direct flame operation to remove the initial 
organic matter. According to the thermogeravimetric analysis and 
differential thermal analysis (TGA/DTA), the ZnO/perlite nano-
catalyst was achieved by the calcination of the precipitate in 
a furnace at 650°C for 4 h to remove organic materials. The ZnO/per-
lite catalyst was washed with  methanol (two times) and acetone 
to remove residual impurities and dried at 150°C for 3 h.

2.4. Ozonation and Catalytic Ozonation Procedure

The ozonation and catalytic ozonation processes were investigated 
in a 1 L semi-batch bubble column slurry reactor. The ozone 
was continuously bubbled into a 250 cm3 RB5 dye solution (100 
mg L−1) for a pre-determined time. The ozone was generated from 
the air by an Ozomax OZO 1 VTTL ozone generator and con-
tinuously fed to the reactor through a sparger.

For the catalytic ozonation experiment, catalyst powder was 
added to the RB5 dye solution (100 mg L−1) at a dosage of 20 
g L−1 before ozone injection, unless other values were stated. 
The influence of three parameters including the pH values (7, 
9, 11), catalyst dosage (8, 12, 16, 20 g L−1) and reaction time 
(10, 20, 30, 60 min) were investigated. The solution pH was ad-
justed to the desired values using HCl or NaOH 1 N. At different 
time intervals of the ozonation process, 15 cm3 solutions were 
sampled for measuring the dye concentration and TOC. One cm3 
of 0.1 N sodium thiosulfate solution was added to the sample 
simultaneously after sampling in order to prevent further oxidation 
with the dissolved ozone. To eliminate the effect of RB5 dye 
adsorption onto the nanocatalyst or RB5 direct oxidation by the 
catalyst, each experiment was repeated using the nanocatalyst 
without ozonation as a reference test. The experiments were per-
formed at room temperature (23 ± 2oC). The ozone in the off-gas 
stream was quenched and destructed in a 2% KI solution [31]. 
The ozone mass flow was considered constant at 1.533 g h−1 
throughout the experiment. All the experiments were carried out 
three times and the average values are presented in this article.

2.5. Analytical Methods

FT-IR spectroscopy was carried out using a Philips PU 9624 
spectrometer. The morphology and size of the synthesized nano-
catalyst were determined by scanning electron microscopy (SEM): 
Tuscan Mira II Fe-SEM. Energy dispersive X-Ray analysis (EDX) 
(using Tescan Mira II) was used for the compositional analysis 
of the synthesized nanocatalyst. The weight reduction of the cata-
lysts was analyzed by a simultaneous thermal analyzer, Model: 
STA503. The BET surface area, pore volume and pore size of 
the catalysts were measured via the nitrogen adsorption method 
by the use of a PHS-1020 instrument. The Barret, Joyner, Halenda 
(BJH) method was used for determining the pore size distribution 
of the nano-ZnO/expanded perlite and perlite. The decomposition 
temperature of the complexes was defined by TGA/DTA using 
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a Simultaneous Thermal Analyzer, Model: STA503 thermogeravi-
metric analyzer. The crystallite size of the nanocatalysts was estimated 
from the Debye-Sherrer equation [15]. The iodometric method was 
used to determine the concentration of gaseous and aqueous ozone 
[11]. The spectra of aqueous RB5 and by-products of the reaction 
was determined using UV-vis spectrophotometry (Perkin Elmer, 
Lambda 25 UV-vis (K-2600)) at a wavelength of 200-700 nm. The 
removal of color and aromatic fraction of the RB5 solution was de-
termined by the measurement of absorbance at 583 nm and 312 nm, 
respectively. The color removal efficiency was calculated as follows:

      

  ×  (1)

where At and A0 are the absorbances for the dye at reaction time 
t and 0, respectively. The RB5 mineralization was determined 
by the analysis of the TOC (Shimadzu, TOC-VCSH).

To investigate the kinetic model in the degradation of RB5, 
the kinetic data for the RB5 and the aromatic fraction removals 
were correlated with the first-order (Eq. (2)) and the second-order 
(Eq. (3)) kinetic model [31]:



   ･ First-order kinetic model (2)




 


 ･ Second-order kinetic model (3)

where A0 and At are the absorbances for dye at time 0 and t, 
respectively; k1 (min−1) and k2 (A.min)−1 are the first-order and 
the second-order kinetic rate constants, respectively.

3. Results and Discussion

3.1. Catalyst Characterization

The zinc methionine complex was prepared via the sonochemical 
method, which was followed by the impregnation for the synthesis 
of nano-ZnO/perlite. The FTIR spectra of perlite, expanded perlite, 
and Zn (methionine)/expanded perlite samples were taken in the 
400-4,000 cm−1 range (Fig. S2). The results showed that vibrational 
bands of about 2,101 cm−1, due to the vibration of NH3

+, did 

a b

c d

Fig. 1. FESEM images of (a) perlite (low magnification) (b) perlite (high magnification) (c) expanded perlite (d) ZnO/expanded-perlite nanocatalyst.
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Fig. 2. Size distribution of synthesized nanocatalyst.

not exist in the spectrum. The sharp bands of 1,580 cm−1 were 
related to the stretching vibration of C = O for free methionine, 
which after the coordination of the C = O group to a metal ion, 
the vibrational bands shifted to an upper frequency (1,630 cm−1) 
[32]. The bands shifted towards higher or lower frequencies due 
to the coordination bonds around the Zn(II) and methionine ligand. 
The bands 1,390 υas (COO) cm−1, 1,600 υst (C = O) cm−1, 1,500 
υb (NH2) cm−1, and 3,500, 3,324 and 3,450 cm−1 υst (NH2) were 
seen and assigned to the synthesis of  the [Zn C4H9SNH2COOH] 
complex on the perlite. The bands shifted towards higher or lower 
frequencies due to the coordination bonds around the Zn(II) and 
methionine ligand.

The FESEM images of the products are shown in Fig. 1. Fig. 
1(d) shows that the nanocatalysts were synthesized homoge-
neously onto the perlite sheets. The average size of the ZnO 
nanoparticle was 41-50 nm (Fig. 2). It is obvious that the activity 
and selectivity of the catalyst depends on the metal/metal oxide 
particle size [17].

The EDX analysis of the nano-ZnO/expanded perlite is illustrated 
in Fig. 3. As Fig. S3 shows, the presence of zinc in the EDX spectra 
indicates the formation and immobilization of Zn on the perlite. 
The nitrogen adsorption/desorption isotherm of perlite and the syn-
thesized catalyst is of type III according to IUPAC classification 
(Fig. S4). The BJH method was used to determine the pore size 
distribution of the nano-ZnO/expanded perlite and perlite. The pore 
characteristics of perlite and n-ZnO/expanded perlite are shown 
in Table 1. The surface area of perlite and nano-ZnO/expanded 
perlite were measured by the BET method, which were 116.98 
and 145.154 m2g−1 respectively. The results showed the immobiliza-
tion of ZnO nanoparticles onto the perlite support.

3.2. Color Removal of RB5 in a Bubble Column Slurry Reactor

The semi-batch color removal of RB5 in aqueous solution (100 
mg L−1) was investigated by catalytic ozonation using a synthesized 

Fig. 3. Decolorization of RB5 by single ozonation at different pHs; 
RB5 conc.:100 mg L−1, reaction time: 60 min. The reference 
line is RB5 dye with no pH adjustment.

ZnO/perlite nanocatalyst. The influence of different parameters 
including pH, reaction time and catalyst dosage was studied. 
The dye removal percentage was monitored by measuring the 
absorption peaks of the dye in the visible and UV regions of 
the spectrum. Fig. 3 depicts two major characteristic peaks at 
583 and 312 nm for RB5. The variation in the absorption peak 
at 583 nm in the visible region was used to measure the decoloriza-
tion of RB5. This is a typical characteristic of the chromophore 
containing long conjugated π-system that is linked by two azo-dou-
ble bond groups of RB5. The absorption peak at ≈312 nm in 
the UV region is the characteristic peak of naphthalene and ben-
zene rings bonded to the –N = N– group [33]. Fig. 3 shows the 
effect of single ozone on the reduction of the two characteristics 
peaks of RB5 at different pH levels. The generation of the peaks 
in lower wavelengths shows the production of by-products of 
the ozonation process. A high removal of RB5 color (i.e. 583 
nm) is seen because ozonation is an effective process for dye 
decolorization due to its attack on the conjugated double bonds 
that are often associated with the color in the dye molecule [16].It 
has been reported that the azo group, (–N = N–), is the most 
active site to be oxidized either by an OH-radical or ozone [34].

3.2.1. Effect of pH on RB5 degradation
The influence of the pH of the dye solution on RB5 removal 
was studied at three pH levels, 7, 9 and 11, by single ozonation 
and catalytic ozonation. The lower pH value of 4 was also inves-
tigated by single ozonation, which showed low color removal 
(66.5%) of RB5 after 60 min. Moreover, the preliminary tests 
showed that there was not any changes in RB5 removal at pH 
values higher than 11. Therefore, these acidic and basic pHs 
were not considered for the further studies. The degradation of 
both the aromatic fraction and color of dye was investigated for 
60 min (Fig. 4). The initial removal rate of dye fractions was 

Table 1. Pore Volume, Pore Size and Specific Surface Area of Perlite and ZnO/Expanded Perlite Nanocatalyst

Material Pore volume (cm3g−1) Average pore size (nm) Specific surface area (m2g−1)

ZnO/expanded perlite 0.397 2.345 145.154

perlite 0.377 2.315 116.980
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a

b

Fig. 4. The removal of RB5 dye color (a) and its aromatic fraction (b) 
at different pHs by ozonation and catalytic ozonation. Initial 
RB5 concentration: 100 mg L−1; catalyst dosage: 12 g L−1.

further improved by the introduction of the catalyst, especially 
at lower pHs, indicating that an extra reaction pathway was in-
troduced for dye fraction decay. Two pathways, namely direct 
oxidation by molecular ozone and oxidation by hydroxyl radicals, 
were generated by the decomposition of ozone molecules in water 
via ozonation in aqueous solutions. The use of higher pH values 
and the application of AOP processes can produce a higher concen-
tration of hydroxyl radicals [16].

The results showed that higher pH values favored the removal 
of RB5 dye during single ozonation. The mechanism of reaction 
was a direct ozone attack on the C double bonds in chromophoric 
molecules leading to the formation of decolored intermediate 
products. The RB5 color removal was increased by increasing the 
pH value, which was due to the enhancing of OH radical production. 
The application of AOPs at higher pH values can produce higher 
concentrations of hydroxyl radicals [16]. In this regard, more alkaline 
conditions (pH = 11) showed higher color removal at each time 
interval. Although the RB5 color was eliminated by single ozonation 
at a pH of 11 after 60 min, about 82% of the aromatic fraction 
of the RB5 was degraded at this pH value (Fig. 4).

The use of the ZnO/perlite nanocatalyst in catalytic ozonation 
enhanced the rate of color removal for all pHs by acceleration of 
the catalytic decomposition of ozone on the active sites of the applied 
nanocatalyst [35, 36], even though the impact of pH generally de-
pends on the nature of the catalyst [37]. It is shown by quantum-chem-
istry calculations that the electron density distribution on the atoms 
of ZnO catalyst is important in degradation properties of the catalyst. 
The charge density of the catalyst surface may vary by pH changes 

[38]. There is no big difference between single ozonation and catalytic 
ozonation at a high pH of 11 in color removal, however, the removal 
of the aromatic fraction of the dye is meaningful after 60 min 
(90% compared to 82%). This result revealed a higher cleavage 
rate of aromatic bonds by ozonation in the presence of the synthe-
sized nanocatalyst and showed that the cleavage of the azo groups 
of the RB5 molecule was much easier than the degradation of 
decolorization by-products [39].

3.2.2. Kinetics of dye removal by catalytic ozonation
The removal of RB5 in aqueous solution was enhanced with an 
increase in reaction time in both the single ozonation and 
O3-nano-ZnO/perlite processes. The color removal was increased 
by increasing the contact time up to 30 min for all pH values, 
which showed the progress of the oxidation process (Fig. 4). In 
catalytic ozonation, a higher degradation kinetics of RB5 was 
observed, especially at lower pH values compared to the single 
ozonation. The higher kinetic constants of dye oxidation by 
OH-radical reaction compared to the ozone, resulted in the rapid 
degradation of RB5 [31].

The use of the nanocatalyst resulted in higher kinetics of the 
degradation of RB5 at low pHs. A dye removal of 43.5 and 43.6% 
was observed after 10 min at a pH of 7 and 9 in single ozonation, 
respectively, while a 76.6 and 81% dye removal was measured 
for catalytic ozonation. At the same time, 10 and 18% of aromatic 
fraction (for single ozonation) and 50.3 and 52% (for catalytic 
ozonation) was removed from the solution at a pH of 7 and 9, 
respectively (Fig. 4). It showed the higher resistance of aromatic 
fraction for decay by the single ozone [37]. The existence of the 
nanocatalyst accelerated the decay kinetics. More than 96% of 
the initial color and 58% of the aromatic fraction of the RB5 
was eliminated during 10 min at a pH = 11 in catalytic ozonation. 
The analogous values for single ozonation were 93% and 43%, 
respectively. The difference between dye removals by both meth-
ods was insignificant at a pH of 11, where oxidation by the OH-radi-
cal was the dominant process.

The results also demonstrated that the dye color was completely 
removed by single ozonation at higher reaction times; however, 
the dye degradation kinetics was enhanced by applying the 

Table 2. The First-order and Second-order Rate Constants for the 
Decolorization and Removal of Aromatic Fraction of the RB5 
Dye in Catalytic Ozonation Using Synthesized ZnO/Perlite 
Nanocatalyst in Different Initial pHs; Initial RB5 Conc.: 100 
mg L−1; Catalyst Dosage: 12 g L−1

pH R2 k1 
(min−1)

R2 k2 
(au*.min)−1

Color removal 

  7 0.7418 0.043 0.9397 1.219

  9 0.7221 0.046 0.9694 1.131

  11 0.8812 0.0219 0.9756 1.333

Aromatic frac. removal

  7 0.7616 0.023 0.9263 0.096

  9 0.8721 0.028 0.9626 0.131

  11 0.9897 0.033 0.9841 0.194
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nanocatalysts. This phenomenon reduced the consumption of 
ozone in the wastewater treatment processes.

The first- and second-order kinetic models were fitted to the 
experimental data for the degradation of color and aromatic frac-
tions of RB5 dye at three levels of pH. The results are plotted 
in Fig. S5. Table 2 presents the kinetic data of the catalytic 
ozonation. It shows that the first-order model did not represent 
a good fit to the experiments. The second-order kinetics showed 
higher correlation coefficients (R2) and better fitting in terms of 
both RB5 color removal and the degradation of the aromatic frac-
tion of the solution. Furthermore, the k2 rate constants for the 
second-order kinetic model for both RB5 color and aromatic frac-
tion removals increased with the increase in the initial pH values 
of the solution.

3.2.3. Effect of catalyst dosage
Dye removal as a function of catalyst dosage in the range of 
8-20 g L−1 is presented in Fig. S6. A higher catalyst dosage causes 
an increase in the removal of RB5 due to its influence in the 
OH- radical generation through catalyst active sites. The surface 
area and active sites are two important factors which influences 
color removal [12]. A higher catalyst dose provides more active 
sites for the catalytic reactions. Other researchers also reported 
a positive effect as a result of increasing the catalyst dosage that 
is advantageous for the elimination of organic pollutant [6, 40]. 
The catalyst dosage of 8 g L−1 resulted in high RB5 decolorination 
(94%), while a further increase in the amount of nanocatalyst 
improved the value to 100%. At a catalyst dosage of 20 g L−1, 
an improvement in the aromatic fraction removal from 52 to 72% 
was seen; this was likely due to the cleavage of the aromatic 
rings of the dye. It is suggested that increasing the nanocatalyst 
amount with high surface area caused an increase in the number 
of active sites on the surface of the nanocatalyst. This then led 
to higher rates of OH-radical production, which improved the 
removal rates of the color and aromatic fraction of RB5.

3.2.4. Mineralization of RB5
The TOC was measured to assess the degree of dye mineralization 
[40]. The TOC values of the dye solution after single ozonation 
at different pHs are presented in Table 3. The mineralization 
of the dye improved 34% by increasing the pH after 60 min. 
This means that the contribution of OH-radicals in RB5 oxidation 
increased at a high pH. The addition of the nanocatalyst increased 
the rate of mineralization, so that at a lower contact time (i.e., 
10 min), 35% and 47% mineralization improvement compared 
to single ozonation was achieved by the use of 12 and 20 g L−1 
catalyst at pH 11, respectively. The same trend in TOC removal 
of dye solution was reported by other researchers for Fe-Mn oxides 
loaded on granular activated carbon [5]. The data presented in 
Table 4 demonstrates that the application of the nanocatalyst 
almost doubled the mineralization of the dye, while the degrada-
tion of the dye did not show a big difference between single 
ozonation and catalytic ozonation (see Fig. 4). Therefore, con-
sequent oxidation of the intermediates, resulting from the RB5 
cleavage, was achieved by the synthesized nanocatalyst. Other 
studies have also shown that direct mineralization of refractory 
intermediates by ozone was low [41]. The active sites caused 

Table 3. Mineralization Degree of RB5 Dye Solution by Single Ozonation, 
t = 60 min, Dye Concentration: 100 mg L−1; Initial TOC 
= 31.45 mg L−1, Catalyst Dosage: 12 mg L−1

pH TOC (mg L−1) TOC reduction (%)

7 21.2 32.6

9 17.2 45.3

11 15.9 49.3

Table 4. Comparison of TOC Reduction of RB5 Dye Solution by Single 
Ozonation and Nanocatalyst/Ozonation after 10 min, Dye 
Concentration: 100 mg L−1; pH = 11, Initial TOC = 31.45 
mg L−1

Conditions
TOC

(mg L−1)
TOC reduction

(%)

Single ozonation 23.0 26.9

Ozonation/nanocatalyst (12 g L−1) 18.5 41.2

Ozonation/nanocatalyst (20 g L−1) 15.6 50.5

an increase in the concentration of the OH radical. They acted 
as a position for the reaction between intermediate compounds 
to be mineralized.

4. Conclusions

A ZnO/expanded perlite nanocatalyst was synthesized success-
fully using a methionine precursor and the sonochemical method. 
This synthesis method resulted in a uniform size distribution 
of around 41-50 nm. The experimental results revealed that the 
synthesized ZnO/perlite nanocatalyst degraded the aromatic frac-
tion of the RB5 molecule more than the single ozonation. However, 
single ozonation at a higher contact time and pH values success-
fully removed dye color from the solution. Also, the nano-ZnO/per-
lite showed relatively high dye removal at a lower contact time 
and  neutral pH. Therefore, this catalyst can be potentially used 
for industrial wastewater treatment at its natural pH The results 
indicated that the presence of nano-ZnO/perlite increased the 
degree of mineralization in a very short time because the nano-
catalyst accelerated the generation of OH radical more easily.
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