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Abstract The textile industry uses high amounts of 
water and dyestuffs, and accordingly, wastewater con-
taining significant amounts of dyestuffs is produced, 
which have to be treated before being discharged to 
the environment. The aim of this study is the treat-
ment of synthetic wastewater containing 50 mg/L 
Acid Violet 90 dyestuff with catalytic ozonation pro-
cess have been investigated by using n.CeO2, n.ZnO 
and n.CeO2/n.ZnO (1:1, m:m) nanocatalysts. The pro-
cess optimization has been performed with the pH, 
ozone dose, catalyst dose and reaction time param-
eters. While the optimum conditions have been deter-
mined as pH 3, 600 mg/L ozone dose, 10 min reac-
tion time, for all three catalysts, catalyst doses have 
differed as 50 mg/L for n.  CeO2, 30 mg/L for n.ZnO 
and n.CeO2/n.ZnO. The removal efficiencies of AV 
90 have been achieved as 97.04, 96.2 and 95.7% for 
n.CeO2, n.ZnO and n.CeO2/n.ZnO catalysts, respec-
tively. Kinetic analyses showed that color removal 
of AV 90 dyestuff followed First order kinetics with 
 R2 values of 0.9987 (n.CeO2), 0.9912 (n.ZnO) and 
0.9923 (n.CeO2/n.ZnO) and reaction rate constant 

values have been calculated as 0,3435 (n.CeO2), 
0,3551(n.ZnO) and 0,3226 (n.CeO2/n.ZnO)  min−1.

Keywords Acid Violet 90 · Catalytic ozonation · 
Ozonation · n.CeO2 · n.ZnO · n.CeO2/n.ZnO 
catalysts · Kinetic modelling

1 Introduction

Discharge of dyestuffs used in industries such as tex-
tile, paper, rubber, food and plastics into wastewater 
causes serious problems for receiving environments 
(Cheng et  al., 2022). Generally, the amount dis-
charged to wastewater from each step of the textile 
dyeing process is around 40–65 L/kg (Akti & Okur, 
2018). The dyestuffs mixed with the water affect the 
photosynthetic activity by causing a decrease in light 
transmission due to the color change of the water 
(Qiu et  al., 2017). In addition, dyestuffs cause an 
important environmental problem for human health 
and aquatic life even at very low concentrations, as 
they change the pH value and increase the chemical 
oxygen demand (COD) of the receiving water. Waste-
water containing dyestuffs can be treated by physical, 
chemical and biological treatment processes in gen-
eral (Holkar et al., 2016; Vakili et al., 2014).

Removal of azo dyes from wastewater is one 
of the most important environmental problems, 
as it is difficult to treat with conventional treat-
ment systems. Therefore treatment systems such as 
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coagulation (Yung-Tse et al., 2020), oxidation (Has-
saan et  al., 2017; Liu et  al., 2020), filtration (Wen 
et  al., 2022), adsorption (Islam & Mostafa, 2022; 
Sultana et  al., 2022) and photo-degradation tech-
niques (Chairungsri et al., 2022; Yang et al., 2022) 
has been researched for the removal of azo-dyes, in 
the litterature. Acid Violet 90 is a prototypical aro-
matic azo compound and generally stable crystal-
line species (Chiang & Wu, 2010). Aromatic azo 
compounds can be identified by the chromophore 
group (-N = N-) found in their structure. One of 
the carbon atoms attached to the azo group can be 
bounded with the aliphatic chain and the other can 
be an aromatic or heterocyclic ring. Aliphatic azo 
compounds have lower color intensity. Therefore, 
in most azo dyes, at least one of the nitrogen-bound 
groups is aromatic (Şarkaya, 2011).

One of the effective treatment methods used for 
dyestuff removal is ozonation (Fatimah & Wiharto, 
2018; Turhan, 2021). As dyestuffs are transformed 
into biodegradable species as a result of ozonation, it 
can also assist biological treatment. However, despite 
providing effective treatment, ozone is not widely 
preferred because it is an expensive treatment system 
(Chaturvedi et al., 2021).

Catalytic ozonation systems (COPs), especially 
using heterogeneous catalysts, are more cost-effective 
wastewater treatment methods than ozonation. Since 
the catalyst is in a solid state in heterogeneous cata-
lytic ozonation systems, the adsorption ability of the 
catalyst gains importance in wastewater treatment. 
Materials such as metal oxides and minerals has been 
used regularly as heterogeneous catalysts (Tanatti, 
2021). There are 3 different scenarios for catalytic 
action; ozone is adsorbed on the catalyst surface, the 
pollutant molecule is adsorbed on the catalyst sur-
face, or both ozone and the pollutant molecule are 
adsorbed on the catalyst surface (Kasprzyk-Hordern 
et  al., 2003). It is also unfortunate that information 
from conventional catalytic reactions does not apply 
to catalytic ozonation, due to the unique self-degrada-
tion of ozone in aqueous solutions (Yong et al., 2005).

It has been determined in many studies that vari-
ous metal oxides provide high efficiency in catalytic 
ozonation systems. The most common catalyst metal 
oxides in the literature are generally magnesium 
oxides (Mohammadi et al., 2017), zinc oxides (Yuan 
et  al., 2017), ferric oxides (Wang et  al., 2016), tita-
nium oxides (Gupta et  al., 2018), manganese oxides 

(Dong et  al., 2009), nickel oxides (X. Zhang et  al., 
2009), and cerium oxides (Afzal et al., 2019).

ZnO is widely used in catalytic ozonation systems 
with its stable structures, environmentally friendly 
features, low toxicity, and catalytic properties. Zn, as 
a ZnO molecule, usually has only one stable valence, 
which allows it to remain in a stable structural state in 
catalytic ozonation systems (Jin et  al., 2023). Com-
posites of n.ZnO nano particles with other inorganic 
compounds provided effective catalytic ozone treat-
ments (Kaur et  al., 2016). It is seen in the literature 
that various composites such as  TiO2, MgO, CuO, 
 Bi2O3,  FeO3 increase the efficiency of catalytic ozo-
nation using Zn (Balachandran & Swaminathan, 
2012; Lakshmi et  al., 2012; Liu et  al., 2012; Sara-
vanan et  al., 2013; William et  al. 2008).  CeO2 is a 
unique substance due to its redox properties and crys-
tal structure. Because of the oxygen storage capacity 
and fast ion conductivity of  CeO2, it can also be used 
in solid oxide fuel cells, apart from being effective as 
a catalyst (Liu et  al., 2012; Sun et  al., 2013). How-
ever, there are not many studies on the combination 
of ZnO and  CeO2 composites. Since  CeO2 alone has 
high catalytic activity, it is predicted that the  CeO2/
ZnO combination will provide an effective treatment 
(Ji et al., 2009; Kaur et al., 2016; Qin et al., 2016).

In this study, catalytic ozonation process of syn-
thetic wastewater sample containing 50 mg/L AV 90 
dyestuff has been investigated by using n.CeO2 and 
n.ZnO catalysts. Three different catalyst systems were 
optimized, with only n.CeO2, only n.ZnO and a 1:1 
mixture of n.CeO2/n.ZnO catalysts. In order to opti-
mize the processes, the effects of pH, ozone dose, 
catalyst dose and reaction time parameters on AV 90 
removal were determined.

2  Materials and Methods

2.1  Materials

Acid Violet 90 (AV 90) dyestuff was provided by a 
textile factory in Sakarya. Hydrochloric acid (HCl) 
and sodium hydroxide (NaOH) (MERCK brand) were 
used to adjust the pH of the solutions, and pH meas-
urements were made with a pH meter (HANNA brand 
HI-2211 model). Magnetic stirrer (MTOP brand MS 
300 model) and ozone generator (SABO Electron-
ics brand SL-10 model) were used in the reactor as 
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devices. n.CeO2 and n.ZnO smaller than 50 nm in 
diameter were used as catalysts (SIGMA ALDRICH 
brand).

2.2  Dyestuff Preparation and Color Measurement 
Method

Synthetic wastewater with 50 mg/L AV90 dye con-
centration has been used for all experiments. λmax 
value of the AV90 dye has been identified by spec-
trum scanning to measure the concentrations of the 
AV 90 solution. 525 nm has been determined as the 
λmax value of AV 90 as a result of spectrum scan-
ning. The calibration curve has been obtained with 
the solutions prepared between 0.5 mg/L and 50 
mg/L at 525 nm. The regression coefficient  (R2) of 
the calibration curve obtained has been calculated as 
0.9999. The linear equation obtained from the cali-
bration curve is given in Eq. (1).

To eliminate the adsorption effect of nanoparticles, 
adsorption percentages have been subtracted from all 
results and color removal efficiencies were given.

2.3  Experimental and Reactor Design

In this study, pH, catalyst dose, ozone dose, and reac-
tion time parameters were examined to determine 
the effectiveness of n.CeO2 and n.ZnO nanoparticles 
in the catalytic ozonation process. The experiments 
were conducted with pH values ranging from 3 to 11, 
catalyst doses from 20 to 60 mg/L, ozone doses from 
300 to 1500 mg/L, and reaction times from 1 to 12.5 

(1)AV90 Concentration

(mg

L

)

= 48.736xABS

min. Considering the adsorption properties of the 
nanoparticles, any color removals due to adsorption 
were identified and subtracted from the experimental 
results.

The reactor design of the COP processes used in 
color removal experimental has shown in Fig. 1. 300 
ml glass reactor with a MTOP brand MS 300 model 
magnetic stirrer and SABO Electronics brand SL-10 
model ozone generator (max 0.3 g/h capacity) has 
been combined for COP reactor. The experimental 
volume of wastewater containing AV 90 was 100 ml. 
Ozone was applied to the reactor containing 100 mL 
of wastewater at regular intervals. In COPs, the ozone 
dose has been calculated by multiplying the applied 
ozone time by the generator capacity and then divid-
ing to the total solution volume (Tanatti, 2021). The 
residual ozone was eliminated with 5 min of aeration 
of the sample.

2.4  Nanoparticles Characterization

n.CeO2 and n.ZnO nanoparticles used as catalysts 
were characterized with the electronic scanning 
microscopy (SEM- FEI brand Quanta FEG 250 
model), Surface area and porosity analysis (BET- FEI 
brand Quanta FEG 250 model), and zeta potential 
(Malvern brand-ZS90 model Zetasizer). In Fig.  2, 
the scanning electronic microscopy (SEM) images of 
 CeO2 and ZnO has been shown. The particle sizes of 
n.CeO2 and n.ZnO nanoparticles are measured as 50 
nm and show uniform distribution, as seen in Fig. 2.

The BET and adsorption surface areas of nanocat-
alysts are indicated in the Table 1. The BET results 
demonstrated that the surface areas and adsorption 

Fig. 1  Schematic represen-
tation of the experimental 
design
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surface areas of n.CeO2 and n.ZnO nanoparticles are 
similar.

The zeta potential of n.CeO2 and n.ZnO nanopar-
ticles can be seen in the Fig. 3. With the pH increase, 
the zeta potential values of both nanoparticles have 
been reduced.

2.5  Kinetic Analysis

The reaction rate constant (k) and regression coeffi-
cient  (R2) values are calculated with the kinetic mod-
els depending on the reaction time. First order, second 
order, and pseudo second-order kinetic models were 
examined in the kinetic calculations of this study.

The kinetic equations are as follows (Zhang et  al., 
2017):

(2)First order kinetic ∶ ln
C
0

C
= k.t

Fig. 2  The SEM images of (a) n.CeO2 < 50 nm and (b) n.ZnO < 50 nm

Table 1  The BET and adsorption surface area results

Parameter Ce < 50 nm Zn < 50 nm

BET Surface Area  (m2/g) 43.258 42.035
Adsorption Surface Area  (m2/g) 32.126 31.296

Fig. 3  The pH-dependent 
zeta potential results for 
n.CeO2 and n.ZnO nano-
particles
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In these equations, the  Co value is the initial con-
centration of the dyestuff, the C value is the dyestuff 
concentration at the t time, the Cmax value is the 
maximum percent removal efficiency, and the k value 
is the reaction rate constant.

3  Results and Discussion

3.1  Effect of pH on Dyestuff Removal

The solution pH is one of the major parameters in cat-
alytic ozonation processes, which directly affects the 
formation of radicals, degradable pollutants charge 
states and the surface properties of the catalyst (Bai 
et al., 2016; Sajjad et al., 2021).

In this study, the initial concentration of 50 mg/L 
Acid Violet 90 (AV 90) dyestuff removal has been 
studied by catalytic ozonation method with different 
nanocatalysts (n.CeO2, n.ZnO, and n.CeO2/n.ZnO) in 
synthetic wastewater. For the examination of pH on 
AV 90 color removal for each nanocatalyst, experi-
ments have been conducted at pH 3, 5, 7, 9, and 11 
and shown in Fig.  4. For the determination of pH 
effect on color removal, the  O3 dose was 600 mg/L, 
the nanocatalyst dose was 50 mg/L and the time was 
kept constant as 10 min.

(3)Second order kinetic ∶
1

C
−

1

C
0

= k.t

(4)

Pseudo second order kinetic ∶
t

C
=

1

k
2
.C2

max

+
1

Cmax

t

Ozone has a higher oxidation capacity for anionic 
surfaces than cationic surfaces because of ozone’s 
electrophilic properties. In the catalytic ozonation 
processes, the catalytic reactions between ozone and 
catalyst are affected by pH, which can be explained 
with electrostatic interactions (Jung & Choi, 2006). 
Surface hydroxyl groups control the chemistry of cat-
alyst surface.

Maximum removal efficiencies for AV 90 dyestuff 
with n.CeO2, n.ZnO and n.CeO2/n.ZnO catalysts 
have been obtained as 97.04%, 95.95% and 94.38%, 
respectively at pH 3. With the pH increase, the color 
removal efficiency of synthetic wastewater decreases. 
The decrease in color removal efficiencies with pH 
increase has been around 1%, furthermore higher 
removal efficiency reductions (8–13%) have been 
occurred at different pHs depending on the catalyst 
type. These decreases have been observed after pH 9 
for n.CeO2, pH 7 for n.ZnO and pH 3 for n.CeO2/n.
ZnO mixture. The sudden decreases mentioned here 
has been observed as 88.15% color removal at pH 7 
in the process with n.ZnO nanocatalyst, 78.90% at 
pH 11 in  CeO2 nanocatalyst, and 88.57% at pH 5 in 
n.CeO2/n.ZnO nanocatalyst. The results indicate that 
the n.  CeO2 catalyzed ozonation process for AV 90 
removal achieved high removal efficiency at acidic 
and neutral pHs. On the other hand, it has been deter-
mined that the ozonation process with n.ZnO and 
n.CeO2/n.ZnO catalysis is more effective at acidic 
pH. AV 90 removal efficiencies for n.CeO2, n.ZnO 
and n.CeO2/n.ZnO catalysts in the catalyzed ozone 
process have been decreased as the pH increases.

Since the point of zero charges (PZC) is around 
9–9,3 (Bahnemann et al., 1987; Jung & Choi, 2006) 

Fig. 4  The effect of pH on 
the color removal  (C0 = 50 
mg/L; catalyst dose = 50 
mg/L;  O3 dose = 600 mg/L; 
t = 10 min)
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for n.ZnO nanoparticles and 6.2–6,7 (Aponte et  al., 
2020; Wang et al., 2019; Zheng et al., 2018) for  CeO2 
nanoparticles, below the  pHpzc the surface of ZnO 
and  CeO2 metal oxide catalysts are charged positively 
(Kasprzyk-Hordern et  al., 2003; Zhai et  al., 2010). 
Due to the catalysed oxidation principles, AV 90, 
which is an anionic dyestuff (Chattopadhyay, 2011), 
is absorbed on the catalysed surface and then oxidated 
by ozone (Khataee et al., 2016). Ozone has a higher 
radical production capacity on a negatively charged 
surface than positively or uncharged surfaces because 
of electrophilic properties (Zhai et al., 2010). As the 
pH increases (pH >  pHpzc), the reactivity of ozone 
increases, so the removal of AV 90 is still higher, but 
not higher than at pH 3 (Zhai et al., 2010).

3.2  Effect of catalyst dose on dyestuff removal

In catalytic ozonation processes, the degradation rates 
of the organic pollutants increase and their conver-
sion to inorganic materials provide compared to ozo-
nation processes (Hu et  al., 2016). In COPs the cat-
alysts supply active sites for the oxidation reactions 
between water, ozone and organic matters, so removal 
of organic matters advances with the increase in the 
amount of catalysts generally (Tanatti, 2021).

In this study, the removal of AV 90 dyestuff from 
wastewater has been investigated with the cata-
lytic ozone processes, by using n.CeO2, n.ZnO and 
n.CeO2/n.ZnO nanocatalysts separately.

The heterogonous n.CeO2/n.ZnO catalyst mix has 
been prepared gravimetrically using equal amounts of 
n.CeO2 and n.ZnO. In order to investigate the effect 
of catalyst dose on AV 90 removal, nanocatalyst dose 

has been studied at five different doses as 20, 30, 40, 
50, and 60 mg/L. For all nanocatalysts, the effect of 
catalyst dose has been researched on the removal effi-
ciency of AV 90 dyestuff at pH 3, 600 mg/L ozone 
dose and 10 min reaction time. The results of the 
studies indicate that over 93% removal efficiencies 
of AV 90 dyestuff have been achieved separately 
for n.CeO2, n.ZnO and n.CeO2/n.ZnO at all catalyst 
doses as seen in Fig. 5.

Due to the color removal efficiency has been 
obtained as 97.041%, 50 mg/L n.CeO2 catalyst dose 
has been chosen as the optimum dose.

Also, with the 30 mg/L catalyst dose for n.ZnO 
and n.CeO2/n.ZnO AV 90 removal efficiencies have 
been obtained as 96.20 and 95.70%, respectively. At 
all catalysts doses, the AV 90 removal efficiencies 
fluctuate around ± 1% in this study.

Similarly, Hu et al. (2016) investigated the removal 
of dye-containing wastewater by catalytic ozonation 
and found that a high amount of catalysts doses are 
not required for color removal (Hu et al., 2016). With 
the increase of the catalyst dose, the catalyst residues 
produce on the catalyst active region, which makes 
the adsorption of the organic substances difficult on 
the catalyst surface (Nakhate et al., 2019).

3.3  Effect of  O3 Dose on Dyestuff Removal

In the catalytic ozone processes, the ozone dose is a 
key parameter. With the increase of ozone dose, the 
decomposition of ozone enhances and the formation 
of  OH· increases which cause the rise of pollutants 
degradation (Bai et al., 2016).

Fig. 5  The effect of 
catalyst dose on the color 
removal  (C0 = 50 mg/L; 
pH = 3;  O3 dose = 600 
mg/L; t = 10 min)
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In order to investigate the effect of ozone dose on 
the removal of AV 90 dyestuff, 300, 600, 900, 1200, 
and 1500 mg/L ozone doses were applied for all three 
COPs. The effect of ozone dose on the removal of 
AV 90 dyestuff at pH 3, catalyst concentrations of 50 
mg/L for n.CeO2, 30 mg/L for n.ZnO and n.CeO2/n.
ZnO (15mg/L for each) have been investigated for 
10 min. The AV 90 removal efficiencies obtained 
depending on the ozone dose are given in Fig. 6. In 
all processes, AV90 dyestuff removal efficiencies 
have been obtained between 65 and 76% at 300 mg/L 
ozone dose. At 600 mg/L ozone dose, n.CeO2, n.ZnO 
and n.CeO2/n.ZnO removal efficiencies have been 
found as 97.04%, 96.20 and 95.70%, respectively. 
Above 600 mg/L ozone dose, the dye removal effi-
ciencies have a tendency to increase slowly. For this 
reason, the optimum ozone dose has been chosen as 
600 mg/L.

In COPS, with the increase of ozone dose, the 
reactions based on radicals and pollutants accelerate 
on the catalyst surface, and pollutant removal effi-
ciencies rise up, which can also be seen in some stud-
ies (Bai et al., 2016; Boysan, 2021; Wang et al., 2019; 
Zhai et al., 2010).

3.4  Effect of Reaction Time on Dyestuff Removal

The reaction time is one of the important param-
eters effecting the treatment efficiency in the cata-
lytic ozone process. In order to observe the effect of 
reaction time for AV90 removal for 1, 3, 5, 7.5, 10, 
and 12.5 min have been studied with the COPs. The 
effect of the reaction time on AV 90 removal has been 
investigated at pH 3, 600 mg/L  O3 doses, 50 mg/L 
catalyst dose for n.CeO2, 30 mg/L for n.ZnO and 
n.CeO2/n.ZnO. The results has shown in Fig. 7.

Fig. 6  The effect of ozone 
dose on the color removal 
 (C0 = 50 mg/L; pH = 3; 
catalyst dose = 50 mg/L for 
n.CeO2, 30 mg/L for n.ZnO 
and n.CeO2/n.ZnO; t = 10 
min)
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Fig. 7  The effect of time 
on the color removal 
 (C0 = 50 mg/L; pH = 3; 
catalyst dose = 50 mg/L for 
n.CeO2, 30 mg/L for n.ZnO 
and n.CeO2/n.ZnO;  O3 
dose = 600mg/L)
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The AV 90 removal efficiencies, which were 
around 20% at the first minute, tended to increase 
rapidly for all three COPs up to the 10th minute. 
The AV 90 removal efficiencies have been found for 
n.CeO2, n.ZnO and n.CeO2/n.ZnO as 97.04, 96.20, 
and 95.70%, respectively, at the 10th minute. Further-
more, in 12.5 min, AV 90 removal has been tended to 
be fixed and removal efficiencies of around 98% have 
been obtained for all catalysts. For this reason, the 
optimum reaction time has been decided as 10 min.

AV 90 removal with catalytic ozonation process 
studies has not existed in the literature. However, in 
the adsorption study carried out in water contain-
ing 50 mg/L AV 90 dyestuff using PANI and PANI/
Clinoptilolite adsorbent, 97.8% and 78.6% color 
removal was obtained in a long period of 340 min 
(Akti & Okur, 2018).

There are some studies for different acid vio-
let dyes in the literature, especially AV 7 studies. In 
the electrooxidation study of acid violet 7 with BDD 
anode, color removal occurs in less than 80 min at 
current densities above 30 mA/cm2 (Brito et  al., 
2018). In the study about the degradation of acid 
violet 7 with the 5 ppm concentration in visible light 
with ZnO/PPy photocatalysis. Color removal has 
been reported after 120 min (González-Casamachin 
et  al., 2019). Again, in a study with acid violet 7, 
the adsorption process was carried out using  MnO2, 
and maximum color removal was achieved in 20 mg 
adsorbent amount at pH 4 and in 20 min adsorp-
tion time (Jamshidi & Shemirani, 2020). The other 
research has investigated the treatability of Acid vio-
let 7 with 20 ppm initial concentration with hydro-
gen peroxide, Fenton and persulfate processes with 
the combination of ultrasound and the removals are 
given as the COD parameter. COD removal efficien-
cies have been determined around 23.1% in 120 min 
in the US/H2O2 process, around 80.9% in the US/Fen-
ton process in 60 min, and around 81% in the US/per-
sulfate process in 60 min (Kodavatiganti et al., 2021).

3.5  Kinetic Analysis of AV 90 Removal Efficiencies

First order, second order, and pseudo second-order 
kinetic models were examined in the kinetic calcula-
tions of this study, in which the investigation of the 
removal of AV 90 dyestuff by the catalytic ozone pro-
cess using n.CeO2, n.ZnO, and n.CeO2/n.ZnO nano-
catalysts. The k and  R2 values were calculated for all 
three kinetic models.

The k and  R2 values obtained from the kinetic cal-
culations are given in Table 2 and the most appropri-
ate kinetic model for all three nanocatalysts has been 
found as the first order.  R2 values for n.CeO2, n.ZnO 
and n.CeO2/ZnO catalysts have been calculated as 
0.9987, 0.9912, 0.9923, and k values calculated as 
0.3435, 0.3551, 0.3226 1/min, respectively.

The obtained reaction rate constants have been 
used to determine the theoretical results depending 
on the first order kinetic model. According to the cal-
culations, theoretical results are similar to the experi-
mental results as shown in Fig. 8.

4  Conclusions

The treatment of AV 90 containing synthetic waste-
water have been investigated in this study by COP 
systems with three different n.CeO2, n.ZnO and 1:1 
mixture of n.CeO2/n.ZnO nanocatalysts. pH, catalysts 
dose, ozone dose and reaction time has been investi-
gated as operational parameters to obtain the effects 
on AV 90 removal efficiency. Optimum parameters 
have been determined separately for each catalyst 
type. pH 3, catalyst dose 30 mg/L, ozone dose 600 
mg/L and reaction time 10 min have been obtained 
for n.ZnO and n.CeO2/n.ZnO Besides, For n.CeO2, 
pH 3, catalyst dose 50 mg/L, ozone dose 600 mg/L 
and reaction time 10 min were achieved for AV 90 
removal.

Table 2  k and  R2 values of 
kinetic models

*  k unit: 1/min, **k unit: L/
mg.min

Kinetic Models n.CeO2 catalyst n.ZnO catalyst n.CeO2/n.ZnO 
catalysts

k R2 k R2 k R2

First order* 0.3435 0.9985 0.3551 0.9912 0.3226 0.9923
Second order** 0.0773 0.8033 0.0863 0.7839 0.0667 0.7499
Pseudo second order** 0.0214 0.9713 0.0215 0.9439 0.0219 0.9427
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Under optimum conditions, color removal effi-
ciencies have been obtained as 96.2%, 97.04%, 
and 95.7% at the n.ZnO, n.CeO2,  and n.CeO2/n.
ZnO respectively. AV 90 removal efficiencies have 
been investigated under the same conditions in all 
three processes. As a result of the studies, high col-
our removal efficiencies were achieved in all three 
processes used for AV 90 removal. However, it was 
observed that the best results among the processes 
were achieved with n.CeO2. However, studies have 
shown that all these processes show an effective 
performance for AV 90 removal.

The results revealed that the first order kinetic 
model was in concordance with the experimental 
results for all processes.
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