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Abstract
Clean water is a necessity for all life to survive and flourish. However, natural waters are being continuously contaminated 
due to the release of waste streams in water. Hence, it is important to remove pollutants from wastewater to fulfill human 
needs. Conventional treatment methods are neither efficient nor economical for wastewaters that especially contain 
refractory toxic pollutants. This requires novel techniques like Advanced oxidation processes (AOPs), that may successfully 
degrade persistent micropollutants more efficiently. In this study, an azo dye Acid Red 1 was removed by three AOPs, 
namely Photocatalytic oxidation, Ozonation and Photocatalytic Ozonation, by employing heterogenous catalysts.  TiO2 
was used as photocatalyst, whereas Fe-Zeolite has been further added as Ozonation catalyst. The study revealed that 
photocatalysis degraded only 28% Acid red dye after 15 min, whereas for ozonation, the degradation percentage was 
95% in same time. In combined photocatalytic ozonation process using  TiO2, 95% degradation was achieved in just 9 min 
and treatment time further reduced to 5 min when Fe-zeolite was added. Optimization studies for initial concentration, 
UV intensity and catalyst loading were performed. Finally, rate constants and Electrical Energy per Order (EEO) values 
were determined for all AOPs, and mechanism was proposed.
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1 Introduction

Water is basic resource needed to sustain life and has no substitute, as living organisms are primarily composed of 
water. Water is needed not only water for humans, but also for survival of flora and fauna [1]. In addition, water is 
extensively utilized in irrigation, industries, urban centres, energy and manufacturing in such a high demand that 
lot of world population is suffering from water scarcity as recognized by the United Nation’s SDG No. 6 namely Clean 
Water and Sanitation [2]. When a country is using 25% or more of its water resources, it is said to be facing water 
stress. At present, 40% of the world is facing water stress that includes reduced water availability per capita and dete-
rioration of basic water quality parameters such as salinity and organics [3]. Rapid industrialization and population 
growth increased consumption of potable and freshwater which generates large volume of wastewater at alarming 
rate, especially in developing countries [4–6]. Approximately 80% of wastewater is discharged back untreated into 
receiving water bodies. Wastewater treatment is an important method to decontaminate polluted water sources [7].

The traditional techniques for wastewater treatment are classified as primary, secondary, and tertiary processes. 
These techniques include sedimentation, flotation, activated sludge process, membrane technologies, coagulation, 
filteration [8]. These traditional methods are unable to remove complex pollutants such as micropollutants, and 
thus novel treatment methods such as nanotechnology and catalytic processes are required [9]. Dyes have multiple 
applications in industries and seem difficult to degrade due to their complex molecular nature. However, due to their 
coloring ability, dyes are popular model pollutants in order to study a wastewater treatment process [10]. Textile 
wastewater can be carcinogenic in nature and is responsible for various adverse health effects [11]. More than ten 
thousand dyes have been commercially synthesized with industrial output of 0.8 million Metric Tons per year globally, 
and the unutilized waste dyes becomes textile wastewater [12]. The minimum and maximum water consumption 
by textile industry can be as low as 3 and reaches as high as 932 L per kilogram, respectively [13]. Textile industry is 
declared as large water volume consuming industries and almost 53% of industry is water inefficient [14].

Advanced Oxidation Processes (AOPs) have been evolved suitable option to address the issues related to textile 
industrial wastewater. AOP offers promising results for removal of complex and persistent organic pollutants that 
are otherwise not degraded in conventional wastewater methods [15, 16]. Some of the well-known AOPs include 
photocatalysis, ozonation which is usually catalytic, and the classic Fenton Processes [17]. In photocatalysis, usually a 
heterogenous photocatalyst is used that is activated with the use of a UV source photons. The advantages of photo-
catalysis include no additional chemicals, availability of inexpensive photocatalysts and affordable energy economics 
[18]. In catalytic ozonation, usually a homogenous catalyst that provides hydroxyl ions such as Hydrogen Peroxide 
 H2O2 is used. Ozone is powerful oxidant, and it can also be combined with heterogenous catalysts or metal ions or 
adsorbents [19]. Whereas Fenton or electro-Fenton processes aim to increase the production of oxidation radical 
species with the help of additional chemicals such as  H2O2 and iron salts [20]. To determine and compare the energy 
costs of different AOPs, a term namely electrical energy per order (EEO) is used to estimate the power requirement and 
energy inputs. EEO is the energy required in electric units that will degrade 90% of a given pollutant per cubic meter 
of polluted water. The AOP process is defined as feasible and acceptable only if the value of EEO is less than 100 [21].

Photocatalytic Ozonation is a combined AOP that mixes the beneficial effects of photocatalysis and ozonation. It 
is considered advantageous because of synergy between photocatalysis and ozonation, a single reactor and short 
residence times. Photocatalytic Ozonation results in better pollutants removal as compared to photolysis or ozonation 
alone. The pollutants which are unable to be degraded and removed by usual AOPs can be easily removed in no time 
by photocatalytic ozonation. In literature, synergies of 1.2–7.5 times have been observed for combining ozonation 
and photocatalysis [22]. Some instances of the dyes that have been successfully degraded by photocatalytic ozona-
tion include Reactive Red Dye also known as RR 194 [23], Brilliant Red X-3B, also known as X3B [24] and Acid Blue 113 
dye [25]. It has been observed that most of the works use only photocatalyst when combining the two processes, 
and the traditional photocatalyst is titanium dioxide  (TiO2) [26]. Many new photocatalysts are being discovered; in 
fact novel catalyst development is a hot area of research, but still  TiO2 remains the catalyst of choice due to low cost, 
easy availability, stability and non-toxicity [27]. The uses of  TiO2 include, but are not limited to photocatalysis, water 
splitting, food, microbial decontamination and  CO2 reduction [28].

Some recent studies have suggested enhancing the pollutants removal rate by adding ozonation catalyst in addition 
to photocatalyst with promising results [29, 30]. Although their role is not widely established yet, Iron (Fe) ions can act as 
ozonation catalyst as identified by bicarbonate quenching studies [31, 32]. In this study, Acid Red 1 Dye has been used 
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a model pollutant in order to study its removal by various AOPs to explore the synergy of photocatalysis and ozonation. 
In addition, the beneficial effect of adding Fe-zeolite has also been investigated.

2  Materials and methods

All reagents and materials including P25 form of  TiO2, Zeolite, Fe salts, Acid red 1 dye were purchased from local chemi-
cal market in analytical grades. For photoreactor, a glass beaker of 100 ml was used covered with a quartz glass plate 
to allow UV rays to pass. This container was placed right under a UV sourced lamp of make Quanzhiyan Electronic Co, 
country China, emitting UV-B of 310 nm. The reactor was positioned on a magnetic stirrer obtained from Quanbu, China. 
An inlet tube from ozone generator, of make Sterhen, was also provided connected to a sparger along with ozone traps 
on top of the setup. For the purpose of minimizing UV radiation loss, all the above-mentioned equipment was shielded 
and enclosed in a wooden rectangular box that has been internally coated on surface with aluminum foil. The schematic 
diagram of the proposed setup has been illustrated in Fig. 1.

The characterization of photocatalyst was carried out with the help of Scanning Electron Microscopy (SEM) imagery, 
particle size and point of zero charge. Some of the noteworthy properties of the catalysts were already specified by 
the vendor and were used as such, including particle size in μm, pore size in Å and specific surface area in  m2/g. These 
properties are specified in Table 1. Whereas the points of zero charge were determined experimentally, and the values 
were found out to be 6.6 ± 0.2 for titanium dioxide and 6.5 ± 0.2 for zeolite.

The effect of initial concentration on the degradation of dye was observed at four values for the Acid red 1 dye i.e., 
100 mg/L to 400 mg/L with an interval of 100 mg/L. In addition, a combination of three different catalyst loadings 
with three different additions of Fe-Zeolite were used. Photocatalyst dose varied as 200 mg/L, 300 mg/L, and 400 g/L. 
The length of experiment for each run was set at 10 min, as this was sufficient time for complete degradation of dye 
(> 99%) in the combined process, as observed later. Fe-Zeolite was also added in three quantities, i.e., 10, 20 and 30%. 
The samples to determine residual concentration of dye were withdrawn at times 0, 1, 2, 3, 5, 7, and 10 min. To analyze 
the concentration of Acid red 1 dye, a UV–visible spectrophotometer was used. Prior to analysis, a standard curve was 
developed, by which the concentration of the dye could be determined. A linear standard curve resulted, in which the 
values of limit of detection and limit of quantitation were found out to be 0.016 and 0.049 mg/L, respectively, with the 
help of statistical regression analysis.

Fig. 1  Experimental setup for 
photocatalytic ozonation

Table 1  Properties of catalysts 
used

Titanium dioxide Zeolite

Particle size (μm) 0.5 0.40
Pore size (Å) 86 10
Surface area  (m2/g) 54 61.3
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The UV lamp used for irradiation used wavelength of 310 nm, and therefore came under classification of UVB. Three 
lamp powers could be used for operation, i.e., 5, 10 and 15 W. The surface area of the reactor was fixed, so by varying 
the lamp power, the UV intensity changed and therefore the effect of UV intensity on degradation on dye could be 
determined. Electricity requirement for ozone generator was 15 W, and it produced 100 mg/hour of ozone flow rate. 
The rpm used for stirring was 2000 in the magnetic stirrer, because stirring above was liable to occasional spilling 
of reactor contents, which were set at neutral pH. All experiments were conducted on room temperature in an air-
conditioned room, so that temperature remained fixed. The selected methodology has been summarized in Fig. 2.

3  Results and discussion

3.1  Characterization of catalysts

The SEM image of the photocatalyst has been produced in Fig. 3. SEM is an important analytical technique for mate-
rial samples, that can characterize organic materials, metals, and polymers. An electron beam of 200–30,000 electron 
volts is used along with provision of vacuum to produce magnified images of up to 300,000 times [33].

The photocatalyst was also characterized by the experimentally determined BET surface area, and point of zero 
charge. Table 2 presents these experimentally detemined values as well as other important properties of both 
catalysts as supplied by the manufacturer, such as particle size in μm, pore size in Å, dry composition, and thermal 
stability temperature in °C.

The FTIR analysis of the zeolite before and after Fe-coating are given in Fig. 4. The major difference between both 
graphs can be noted at the peak of 1442  cm−1, as per which the availability of aromatic compounds and presence of 
Fe that had been coated on zeolite can be confirmed.

Fig. 2  Methodology for 
experimentation and analysis
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3.2  Degradation studies

Figure 5 shows the degradation of Acid Red 1 Azo Dye by different Advanced Oxidation Processes over time range 
of 10 min. The Acid Red Dye is degraded by (i) Ozone only (ii) Photocatalysis only while using  TiO2 as photocatalyst 
(iii) Combined Photocatalytic Ozonation with  TiO2 as catalyst photocatalyst (iii) Photocatalytic Ozonation with  TiO2 
and Fe-Zeolite as catalysts. All values obtained are for 100 mg/L initial concentration, 10 W UV lamp power, and 
catalyst loading of 0.3 g/L  TiO2 along with 20% Fe-Zeolite, as these are the most optimum values for the combined 
photocatalytic ozonation process, as determined later. When exposed to UV-B in presence of photocatalyst, the dye 
solution gradually decolourized owing to various radical changes and chemical decomposition procedure [34].

Since the reaction slows over time, it makes more sense to compare the degradation obtained at shorter time 
intervals. Therefore, the degradation values for all the above mentioned AOPs have been compared at 3 min in Fig. 6. 
Some degradation, i.e. 43% was observed with ozonation alone without using any catalyst, whereas UV alone with 
 TiO2 resulted in roughly 12% degradation at the same time. Once again, we can see, that the combined photocatalytic 
ozonation with combined catalysts namely  TiO2 and Fe-Zeolite is the fastest process, that achieved 91% degradation 
is 3 min. The increased degradation is owed to the synergy between photocatalysis in range of 254–354 nm for  TiO2 
and ozonation below 320 nm where ozone degrades rapidly into reactive species, while preventing electron–hole 
pairs to recombine [35, 36]. Similar successful results for degradation of dyes by photocatalytic ozonation have been 
reported by other scientists [34, 37, 38].

3.3  Effect of initial concentration

Initial concentration is an important parameter that affects the removal rate of pollutants in photocatalytic ozonation 
[39]. The effect of initial concentration on the removal of Acid Red Dye 1 is presented in Fig. 7.

Fig. 3  SEM image of photo-
catalyst  TiO2

Table 2  Properties of catalysts 
used

Titanium dioxide Zeolite

Composition (Dry) TiO2 2Na2O-Al2O3-
1.75SiO2-
6H2O

Thermal decomposition 400 °C (phasewise) 700 °C
Particle size (μm) 0.5 0.40
Pore size (Å) 86 10
BET Surface area  (m2/g) 54 61.3
Points of zero charge 6.5 ± 0.2 6.6 ± 0.2
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Fig. 4  FTIR of zeolite (Before 
and after Fe-coating)

Fig. 5  Degradation of acid red 
1 dye by various AOPs over 
time
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The values of initial concentration are varied between 100 and 400 mg/L with increment of 100 mg/L. As already 
discussed, the reaction slows over time, therefore it makes more sense to make comparisons at shorter time intervals. So, 
the time intervals selected for comparison are 1, 2, and 3 min. All comparisons have been made at 10 W UV lamp power, 
and catalyst loading of 0.3 g/L  TiO2 along with 20% Fe-Zeolite. As evident from Fig. 7, an increase in initial concentration 
has resulted in a notable decrease in the degradation or removal percentages. This can be owed to the fact that same 
reactor space, same UV intensity, same amount of ozone and same catalyst sites are now faced with increased task of 
removing more pollutants. The increased saturation of catalyst active sites results in reduction of removal with increasing 
the initial concentration. Similar effects have been observed for Amido Black [40] and Methylene Blue for photocatalytic 
ozonation and other AOPs.

3.4  Variation of UV intensity

Three different lamp electric powers i.e., 5, 10 and 15 W were used for degradation of the pollutant. The lamp powers of 
5, 10 and 15 W correspond to UV intensities of 65, 130 and 195 W/m2, respectively. All values are resulted from 100 mg/L 
initial concentration, and catalyst loading of 0.3 g/L  TiO2 along with 20% Fe-Zeolite. For the reasons already explained, 
the comparisons are made at short time intervals (Fig. 8). It can be observed in Fig. 8 that increasing the UV lamp power 
from 5 to 10 W results in increased degradation, however when lamp power is increased to 15 W, the degradation 
almost remains same. This may be explained by the reason that initially more UV means more degradation, because 
many catalyst sites are not being utilized and are still available. The increased degradation of pollutant with increased 
UV intensity is also reported elsewhere [41]. However, after a certain UV intensity, all catalyst sites are already being 

Fig. 6  Degradation of acid 
red 1 dye by various AOPs at 
3 min

Fig. 7  Effect of initial concen-
tration on degradation of acid 
red dye till 3 min
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utilized. An additional increase in UV lamp power will bring no benefit and only an increase in energy costs, which are 
already significant for AOPs [42].

3.5  Effect of varying catalyst dose

Catalyst loading is the third operational parameter which effect on the degradation of the model pollutant Acid Red 1 
Dye has been noted. In the combined processes, there are two catalysts namely  TiO2 and Fe-Zeolite, hence both their 
quantities have been varied. The degradation values in Fig. 9 are for 100 mg/L initial concentration and 10 W UV lamp 
power at a selected shorter time interval. Although it would have been desirable to use time-based plots on a single 
graph, the resulting figure is distorted and contains intermingling of lines, so the effect is not clearly observed. It can be 
deduced for Fig. 9 that a middle optimum value exists for catalyst loading. As the catalyst dose is increased, an increase 
in degradation percentage is observed. But further increasing the catalyst dose results in reduction of degradation per-
centage. This can be attributed to scattering and blockage of UV light and negatively affecting transport processes, in 
other words less irradiation reaching the pollutant [43]. The best value of catalyst quantities is observed as 0.3 g/L  TiO2 
and 20% Fe-Zeolite. Similar trends have been observed for Acid Blue 113 azo dye [25].

3.6  Catalyst reuse

For investigating catalyst reuse properties, both the  TiO2 and Fe-Zeolite Catalysts were washed, heated and dried, and 
thereafter used in subsequent test runs. The initial concentration was taken as 100 mg/L whereas the percentage of 

Fig. 8  Effect of UV intensity 
on degradation of acid red 1 
dye at 1, 2 and 3 min

Fig. 9  Effect of catalyst dose 
and Fe-Zeolite loading on 
degradation of acid red 1 dye 
after 2 min
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degradation was calculated after 6 min for each cycle while utilizing 130 W/m2 UVC. Even after five cycles, the catalyst 
performance remains excellent as seen in Fig. 10.

3.7  Kinetics and mechanism

The kinetics of all the AOPs namely (i) Ozonation (ii) Photocatalysis with  TiO2 (iii) Combined Photocatalytic Ozonation with 
 TiO2 only (iv) Combined Photocatalytic Ozonation with  TiO2 and Fe-Zeolite have been plotted in Fig. 10 with acceptable 
values of  R2. For the purpose of finding values of rates, curve fitting technique has been applied while using Equation 
of type (1) in Fig. 11.

where t is the time and τ is the retention time, the units for both these are in minutes.
The nature of curves in Fig. 11, i.e., exponential, and sequential curve fitting of exponential lines with reasonable values of 

 R2 indicate that all AOPs studied, i.e., ozonation, photocatalysis, and photocatalytic ozonation are following kinetics of pseudo-
first-order kinetics. However, since all the curves have different slopes and shapes, the rates of reactions and rate constants are 
understandably varied. The pseudo-first order kinetics for above-mentioned AOPs is also widely reported in literature [44, 45]. The 
concentration of the Acid Red Dye 1 vs time has been plotted for all AOPs. It can be observed from Fig. 11 that all AOPs are able 

(1)
C

C0
= e−

t

�

Fig. 10  Catalyst reuse perfor-
mance measured by degrada-
tion percent of pollutant dye 
for 5 cycles

Fig. 11  Determination of rate 
constants for various AOPs for 
degradation of acid red 1 dye
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to degrade the azo dye over time. Slowest process is observed for Photocatalysis with  TiO2 with a rate constant of 0.039  min−1. 
While ozonation is comparatively a faster process with a rate constant of 0.177  min−1. Even better is the combined process 
of photocatalytic ozonation, in which a rate constant of 0.507  min-1 has been observed. This shows a synergy of 2.35 times, 
as compared with the individual processes. If Fe-zeolite is added as well, the rate constant is improved by 1.53 times, and the 
synergy now climbs to 3.59 times. This suggest that the combined photocatalytic ozonation with both  TiO2 and Fe-Zeolite is 
the fastest process for degradation of Acid Red 1 Dye as corroborating with other works for other pollutants [46].

Although it is only frequently proposed, the exact mechanism of the combined process photocatalytic ozonation is still 
not totally clear. According to a review of the literature, there are various pathways by which photocatalytic ozonation 
destroys the reactant molecule. A synergistic behaviour in photocatalytic ozonation is caused by three reasons. I- Initially, 
as shown by Eqs. (2)–(5), ozone on the surface of  TiO2 produces  OH. radicals utilizing a series of steps in which an ozonide 
radical has acted as an intermediate. Ozone is substantially more beneficial than oxygen since it is a stronger oxidant and a 
better scavenger [24].

(II) Second, ozone photolysis also contributes to the production of  OH. radicals. More  OH. radicals can then be created by 
the reaction of ozone with superoxide ion radicals. Equations (6)–(8) represent these steps [47–49].

(III) Last but not the least, ozone effectively traps the photogenerated electrons, lowering the rate at which electrons 
recombine with holes. Superoxide radicals are produced because of oxygen trapping the photogenerated electrons. Ozone 
and these superoxide radicals may then interact further. Equations (9) and (10) illustrate these incidents [50].

Moreover, the additional doping of iron ions enhances electron trapping, which prevents electron–hole recombination 
in the presence of UV radiation, see Equations (11)–(14). This is due to  Fe3+ ions serving as possible electron- and hole-
trapping sites, whereby suppressing the recombination of the charged particles generated by UV radiation. This increases 
their lifespans and improves their performance in general [51].

(2)TiO2 + hv → e− + h+

(3)O3 + e− → O
.−

3
(Ozonide radical)

(4)O
.−

3
+ H+

→ HO
.−

3

(5)HO
.−

3
→ O2 + OH

.

(6)O3 +
(

H2O, hv
)

→ H2O2

(7)H2O2 → HO
−

2
(Ozonide radical).

(8)O3 + HO
−

2
→ HO

.

2
+ O

.−

3
→ ⋯ → OH

.

(9)e− + O2 → O
.−

2

(10)O
.−

2
+ O

3
→ O

.−

3
+ O2

(11)Fe3+ + e− → Fe2+

(12)Fe2+ + O2 → Fe3+ + O
.−

2

(13)Fe3+ + h+ → Fe4+

(14)Fe4+ + OH
−
→ Fe3+ + OH
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The ozonide radicals  O3
.−,  HO2

−, and  O2
.− are some of the oxygen species that have been identified as being present 

when ozonation is occuring, as evident from above equations. Moreover, the hydroxyl free radicals  OH. and  HO3
.− are 

produced when hydrogen and oxygen are combined. Likewise,  O3
.−,  OH. and  HO3

. have been found as reactive species in 
photocatalysis, as per above equations. Nitric and organic peroxides can also be occasionally produced by photocatalysis 
[52]. The same oxygen reactive species as those stated above are reportedly present during ozonation, with  O2

.− and  OH. 
being more common [53].

3.8  Energy Considerations

After the discussion on kinetics and mechanism, finally we focus on determination of values of Electrical Energy per Order 
(EEO) using Eq. (15), as per the pseudo first-order kinetics already established for the dye in question. The EEO equation 
is applied one by one for all AOPs [54, 55].

where Pel is electric power having units of kilowatts kW, V means volume of the reactor in liters L, and kapp is the pseudo-
first-order rate constant with units of  min−1.

The values of EEO for various AOPs have been compared in Table 3. Here it can be seen that all the four AOPs produce 
EEO of less than 100. The combined process with both catalysts produces the lowest EEO figure of 12.38 kWh  m−3  order−1, 
indicating that is the most energy efficient AOP.

For comparison, values of EEO for other dyes as observed in literature are 29.43 kWh  m−3  order−1 for Basic Red 46 dye 
and 1.1976 kWh  m−3  order−1 Reactive Red [11, 56]. Therefore, the value of EEO is well within the range found in literature 
for degradation of dyes.

4  Conclusions

There is an urgent need to address the problem of water shortage, as evident from recognition by the United Nations 
in form of SDG No. 6 namely “Clean Water and Sanitation”. Wastewater treatment is one of the best currently available 
options to overcome two simultaneous problems of water shortage and water contamination. AOPs are novel techniques 
that have been recently advocated to remove modern persistent micropollutants from water, of which Photocatalytic 
Ozonation holds considerate advantages. In this study, an Acid Red 1 dye based simulated textile wastewater was 
subject to various AOPs namely ozonation, photocatalysis, Photocatalytic ozonation with  TiO2 and lastly Photocatalytic 
Ozonation with  TiO2 and Fe-Zeolite. The combined process was able to degrade 99% pollutant in just 9 min, whereas 
adding Fe-Zeolite further reduces this time to 5 min. The optimized values of operational variables are 100 mg/L of initial 
concentration, UV lamp power of 10 W, and catalyst loading of 0.3 g/L  TiO2 along with 20% Fe-Zeolite. The combined 
photocatalytic ozonation with both catalysts reports rate constant of 0.775  min−1, synergy of 3.59 times, and EEO of 
12.38 kWh  m−3  order−1. Therefore, it is concluded that photocatalytic ozonation is very viable option for removal of 
micropollutants, such as dyes from contaminated aqueous solutions. But these promising AOPs are still plagued by issues 
of high energy requirements and exorbitant operating costs.

(15)EEO =
38.4×Pel

V×kapp

Table 3  Electrical energy per 
order (EEO) and rate constants 
for pseudo-first order kinetics 
for various AOPs

Process Pel (kW) Rate constants  (min−1) EEO (kWh 
 m−3  order−1)

O3 0.015 0.177 32.54
UV +  TiO2 0.010 0.039 98.46
O3 + UV +  TiO2  (TiO2 only) 0.025 0.507 18.94
O3 + UV +  TiO2 + Fe-Zeolite 0.025 0.775 12.38
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Additionally, there is a need to convert the existing laboratory or pilot plant setups to full fledge industrial wastewa-
ter treatment plants, or at least incorporation in existing industrial setups. Therefore, economics and upscaling of AOPs 
provide excellent opportunities for future works. As AOPs have excellent potential to simultaneously mitigate two major 
global problems, i.e., water pollution and water scarcity.
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