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a b s t r a c t
This study explores the effectiveness of peanut shell ash (PSA) as a catalyst for the removal of 
methylene blue (MB) using a synergistic photocatalytic process (UV/Fe-PSA/O3). The color and 
chemical oxygen demand (COD) removals were studied for ozonation and synergistic process, and 
the mechanism of the catalytic ozonation synergistic process was explained by studying the produc-
tion of reactive oxygen species, such as hydroxyl radicals (HR), superoxide ion radicals (SOR), and 
hydrogen peroxide. The process comparison, scavenger effect, catalyst-dose effect, and pH effect 
were studied, and a mechanism was proposed. The synergistic process effectively performed 94% 
decolorization and 72.7% COD removal at pH 6 and 0.1 g Fe-PSA dose at room temperature. The 
pH studies showed effective performance of synergistic photocatalytic process at pH 4, 6, and 9, 
respectively, with the maximum efficiency at alkaline pH near the pHPZC of the catalyst. The pro-
cess efficiency reduction by the addition of scavenger confirms that the UV-irradiated Fe-PSA 
based ozonation process follows a radical mechanism provoking the production of SORs and HRs. 
Therefore, it has been found that Fe-PSA/O3 irradiated with UV radiation can act as a cheap alterna-
tive process for treating dye composed wastewater.

Keywords:  Catalytic ozonation; Iron loaded peanut shell ash; Methylene blue; Reactive oxygen species; 
UV-irradiation

1. Introduction

The vast growth in industrialization is causing the release
of non-biodegradable pollutants and toxic dyes which 
has become a major hazard to public and environmental 
health [1]. Water pollution control has become a major thrust 
area of scientific research and a rising awareness caused by 
emerging pollutants has been running globally. Therefore, 
the removal of these pollutants is a central step for waste-
water treatment [2]. Different organic pollutants like dyes, 

pharmaceuticals, and pesticides are difficult to treat due to 
their non-biodegradability [3–5]. Although different physi-
cal, biological, and chemical methods are available for the 
treatment of dyes however their specific nature towards 
specific pollutants varies [6,7].

Conventionally available methods are no longer effec-
tive for the treatment of biological resistant pollutants. 
Therefore, it is important to study novel methods avail-
able such as advanced oxidation processes (AOPs) which 
includes catalytic oxidation [8–10] Fenton process [11–13] 
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and photocatalysis process [14], etc. AOPs have shown the 
efficient abatement of pollutants based on a radical mecha-
nism [15]. AOPs combined with UV radiations have shown 
effective dye treatment in some studies [16]. Despite the 
increase in the use and research of advanced methods, there 
is a continuing need to develop novel economical catalysts 
and to investigate their mechanisms to imply them on a 
larger scale [17–19]. In the recent few years, to understand 
catalytic ozonation processes, studies were conducted to 
elucidate the generation of highly reactive oxygen spe-
cies (ROS) in such processes [20,21]. It was found that the 
formation of various ROS like hydroxyl radicals (HRs) and 
superoxide ion radicals (SORs) plays an active role in the 
removal of various pollutants [21]. Studies indicate hydro-
gen peroxide may form in catalytic ozonation process that 
may have a negative influence on the removal of pollut-
ants [22,23]. Therefore, catalytic processes that may help 
to decompose hydrogen peroxide causing the production 
of hydroxyl radicals may help to improve the overall effec-
tiveness and economic benefits. In the current investigation 
UV-irradiated catalytic ozonation process using iron-loaded 
peanut shell ash (PSA) was tested as the catalyst. Hence 
because of UV-rays exposure and interactions with catalysts 
(iron on the catalyst) hydrogen peroxide decomposition 
may results. Recently, combine processes were used in cata-
lytic oxidation processes to enhance the effectiveness of the 
process as compared to other methods (catalytic ozonation 
and ozonation alone) which when used alone, may not be 
highly effective in real conditions, due to inadequate oxida-
tion capacity of ozone for some organic compounds [24,25]. 
Previous findings indicate that iron-loaded catalysts were 
found to be highly effective in catalytic ozonation system for 
the pollutant removal [26,27]. The surface hydroxyl groups 
on the iron platform may interact with aqueous ozone 
leading to the generation of hydroxyl radicals [26,27].

The iron-based catalysts are highly efficient for the 
wastewater treatment when applied in the catalytic ozo-
nation process [28,29]. Iron-based heterogeneous cata-
lysts effectively prolong the ozone residence time thereby 
increasing the ozone utilization and catalytic activity in 
catalytic ozonation processes [28]. Van et al. [29] reported 
reactive red 24 degradation by using iron slags heteroge-
neous catalytic ozonation and Fenton processes. Hundred 
percent mineralization was achieved in iron slags combined 
catalytic ozonation process at alkaline pH 11. Hien et al. [30] 
reported direct black 22 dye degradation by heterogeneous 
catalytic ozonation using metal slags such as Fe–S catalyst. 
The Fe–S combined ozonation achieved 90% decolorization 
and 70% chemical oxygen demand (COD) reduction [30]. 
Huang et al. [28] reported the effective mineralization of 
real pharmaceutical wastewater by employing iron foam 
combined catalytic ozonation. The COD and dissolved 
organic carbon removals of 70% and 54% were achieved 
respectively at pH 8.4, iron foam dosage 80 g/L, and 9 mg/L 
ozone concentration.

This study focusses on the removal of methylene blue 
by combined catalytic UV method using iron-loaded PSA as 
a catalyst. This is the continuation of the authors’ previous 
study by utilizing PSA as a catalyst in AOPs. The previous 
study involves the application of Fe-PSA as a Fenton-like 
catalyst [31]. In the current investigation, Fe-PSA has been 

selected for UV irradiated catalytic ozonation process. The 
sole purpose to select PSA as support was due to its unique 
nature since it contains a significant amount of silica and 
alumina [31]. That may give effective hydrophobic (silica) 
and hydrophilic (alumina) components in the process. Since 
previous findings suggested that catalytic ozonation pro-
cesses may depend upon the adsorption of pollutants and 
the nature of adsorbent and adsorbate [32]. Moreover, PSA 
is an agricultural waste and is available in large quantities. 
This agriculture waste has been marked as potential adsor-
bent and can be used for the treatment of different pollut-
ants [33–35]. PSA can be employed as a catalyst due to its 
high silica, alumina content and may bring economic and 
environmental benefits. To the best of author knowledge, 
Fe-coated PSA was not previously studied in the photo- 
catalytic ozonation process. In catalytic ozonation processes, 
the nature of support (base material) PSA is important [36]. 
Since PSA has unique properties having silica and alumina 
contents that determine its hydrophobicity and hydro-
philicity, respectively, which imparts an important role in 
the adsorption of pollutants of different types and surface 
reactions [36].

In this work, methylene blue (MB) was used as a tar-
geted pollutant. MB is extensively used in industrial appli-
cations however, it gains attention due to its high toxicity 
and chronic effects. Efforts have been made to remove MB 
from the environment and to comply with international 
standards [37,38]. This research aims to elucidate the effi-
ciency and effectiveness of the UV-irradiated catalytic ozo-
nation process with iron-loaded PSA for the degradation of 
methylene blue and study the mechanism during the pro-
cess. Additionally, the generation of ROS like HRs, SORs, 
and hydrogen peroxide was investigated to understand the 
mechanism of catalytic ozonation on Fe-PSA.

2. Methods

2.1. Materials and reagents

In the present research, the MB used was purchased 
from May and Baker, United Kingdom. A 30% hydrogen 
peroxide solution was procured from Merck, Germany. 
All reagents used were available at IEER lab UET Lahore. 
The pH of the solutions was set using 1 N NaOH and 
1 N HCl.

2.2. Preparation of catalyst

Peanut shell, collected from a regional market in dis-
trict Lahore, was washed with freshly prepared deionized 
water and then dried in a furnace at 660°C to convert it into 
ash. The unnecessary burned pieces were separated using 
a 45 µm sieve to get fine ash [39]. The PSA was prepared 
by following the method available in the literature [12,40]. 
The ash was immersed in a 0.1 N nitric acid solution for 
24 h and then washed thoroughly with deionized water to 
remove impurities. The ash then dried overnight in an oven 
at 110°C. According to the method [41], 4.96 g of FeSO4 was 
dissolved in 100 mL of deionized water to prepare a 0.176 M 
solution. Now by using impregnation method [42,43], 6.0 g 
of dried ash was taken, and 30 mL of prepared iron solution 
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was added. The solution was agitated at 100 rpm at 60°C 
until the water was evaporated with constant stirring for 
6 h. The sample than dried overnight at 100°C for 6 h. The 
ash obtained was washed with deionized water and then 
dried overnight.

2.3. Catalyst characterization

The morphology and elemental properties both for PSA 
with and without iron were done using scanning electron 
microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDS) using JSM-6060A analyzer. The point of zero charge 
was evaluated using the mass transfer method [44]. The sur-
face area was determined by the Brunauer–Emmett–Teller 
(BET) method using (Micro metrics USA, ASAP 2020).

2.4. Decolorization experiments

Experiments for dye removal were performed in a semi-
batch reactor shown in Fig. 1. During the study, 400 mL of 
prepared solution of methylene blue (50 ppm for oxidation) 
was taken and the weighed amount of catalyst was poured 
in it. Ozone was fed in the reactor on a continuous rate 
for 15 min. The decolorization efficiencies of MB with and 
without the addition of hydroxyl radical scavenger (sodium 
bicarbonate, 100 ppm) were also investigated. The pH of 
the sample was adjusted using prepared solutions of 0.1 N 
NaOH and HCl. Samples were regularly taken after every 
minute, quenched with few drops of sodium carbonate to 
remove the un-reacted ozone. The solution is continuously 
stirred at 100 rpm using a magnetic stirrer at room tem-
perature under UV irradiation. The samples were analyzed 
on double beam UV/Vis spectrophotometer Perkin-Elmer 
Lambda 35. Two traps of potassium iodide were also attached 
to find the concentration of gas. Finally, 10 mL of 1 N nitric 
acid was put in KI traps and titrated against 0.025 N sodium 
thiosulphate solution [45]. All experiments were carried out 
in a dark place and the reactor was also covered with light 

resisting materials. The instruments were calibrated before 
analysis. Each experiment was performed thrice, and RSD 
was calculated and found to be less than 5%. All experiments 
were performed in the control environment.

The dye removal efficiency was determined by:

Percentage Removal %( ) = × −( )100 0

0

C C
C

t  (1)

where C0 is the zero-time absorbance, Ct is the t time 
absorbance.

2.5. Analytical procedures

2.5.1. Analysis of methylene blue

The standard solution of 50 ppm concentration was 
prepared using a stock solution. The maximum absor-
bance was found by placing a small fraction of the prepared 
solution (50 ppm) in a silica cell. The calibration curve of 
the MB solution was obtained by making a standard solu-
tion from an already prepared stock solution of a suitable 
concentration range. The prepared standards were then 
analyzed on a UV-vis spectrophotometer at λmax 664 nm.

2.5.2. COD estimation

COD of the real wastewater was done for 60 min for sim-
ple ozonation and catalytic ozonation. The standard method 
for COD estimation was followed. In order to avoid inter-
ferences, caused by catalytic ozonation, 4 mL of MnO2 were 
added during the process [45].

2.5.3. Analysis of superoxide ion radical

The NBD-Cl product (formed by the NBD-Cl and 
superoxide ions reaction) was quantified in each sample 
by UV-vis spectroscopic method (Perkin-Elmer Lambda 

Fig. 1. Reactor setup. (1) Ozone generator, (2) reactor, (3) magnetic stirrer, (4) sampling point, (5) wooden chamber, (6) UV lamp, 
(7) Fe-PSA catalyst, and (8) KI traps.
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35, UV/vis spectrophotometer) at 470 nm [46]. The samples 
were analyzed in a 1.0 cm cell. The NBD-Cl product for-
mation was checked by calibrating samples KO2 (source of 
superoxide) and NBD-Cl. In order to quantify superoxide 
ion radical concentrations, NBD-Cl (20 ppm) was reacted 
(1:1 v/v) with solutions of different concentrations of super-
oxide ion (ranges from 0 to 7.2 ppm). The NBD-Cl product 
formed was analyzed by measuring absorbance at 470 nm, 
the calibration curve was prepared between absorbance (at 
470 nm) against •O2

– concentration (KO2 concentrations were 
in 0–7.11 mg/L range) [46]. The concentrations of •O2

– radi-
cals were quantified from the calibration curve.

2.5.4. Analysis of resorufin/hydrogen peroxide

The H2O2 concentration was evaluated by the resoru-
fin fluorescence spectrum using a spectrometer (F-4500 
Japan) with the slits set at 5 nm. Fluorescence was detected 
at 587 nm and calibration curves were drawn by reacting 
H2O2 and amplex red reagent for 30 min as described else-
where [46]. Based on previous findings [46] amplex red 
concentration 15 mg/L was taken. Since a significant amount 
of probe (amplex red) should always be present in the solu-
tion of such a system so that formed H2O2 may promptly 
react with the probe.

3. Results and discussion

3.1. Catalyst characterization

The point of zero charge of the catalyst is important in 
studies to understand the behavior of catalyst at various pH 
[47]. The point of zero charge of the catalyst used in this 
study was found to be 9.1 ± 0.4. Figs. 2a and b show the SEM 
images of PSA. SEM analysis of PSA shows that the surface 
morphology of the ash is unchanged even after the iron was 
incorporated on the ash [31]. The chemical composition of 
both PSA and Fe-PSA was studied using EDS, Fig. 3 con-
firms the presence of Fe on the catalyst. Additionally, Fig. 3 
also shows the presence of other potential metals like alu-
minum (Al), zinc (Zn), and silicon (Si) that are important 
in this area of catalytic ozonation [48]. Furthermore, the 
surface area of the catalyst was 18.13 m2/g with a pore size 

having a diameter of 14.10 nm (Table 1). The PSA surface 
area was slightly decreased after iron coating due to the 
iron capping of pores [49] and also the pore diameter was 
increased.

3.2. UV-irradiated catalytic ozonation using iron-loaded PSA

3.2.1. Comparison between catalytic and non-catalytic process

It was observed that combining UV with the catalyst 
is more effective as compared to simple ozonation alone 
(Fig. 4). In the case of simple ozonation the maximum 
removal efficiency achieved after 3 min was 45%, whereas in 
the combined process, the removal was 60%. This may be due 
to the rise in the production of HRs due to molecular ozone 
interactions with the surface hydroxyl groups of iron-loaded 
PSA, which may cause the high decolorization efficiency of 
MB at studied pH as compared with single ozonation [20,21]. 
Moreover, the UV-irradiation further helps to decompose 
formed H2O2 leading to the production of sufficient hydroxyl 
radicals [22,23,50]. Sumegová et al. [51] reported the oxida-
tion of MB by comparing the ozonation with catalytic ozona-
tion and showed that the efficiency and kinetics of ozonation 
are greatly accelerated due to catalyst. This study showed 
71% MB decolorization efficiency by ozonation after 10 min 
and 78% in the presence of GAC catalytic ozonation. In the 
current study, after 10 min 75.6% MB decolorization was 
obtained in the ozonation process and 90.4% was achieved 
in the catalytic ozonation process while the cost of GAC is 
much higher as compared to PSA. Tichonovas et al. [52] 
reported MB degradation and showed that the photocatalytic 
ozonation process was the most efficient among photolysis, 
photocatalysis, photolytic ozonation, and catalytic ozonation.

3.2.2. Hydroxyl radical scavenger effect

Hydroxyl radical scavengers were used in many find-
ings to confirm the production of hydroxyl radicals in 
AOPs [53]. To elucidate the mechanism governing by the 
studied process (O3/UV/Fe-PSA), the decolorization effi-
ciencies of MB with and without the addition of hydroxyl 
radical scavenger (sodium bicarbonate) were investigated 
[54]. The results clearly evidence that removal of MB was 

Fig. 2. SEM of (a) PSA and (b) Fe-PSA [24].
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significantly by adding hydroxyl radical scavenger for the 
O3/UV/Fe-PSA process as compared with single ozonation 
(Fig. 5). Therefore, the results show that by adding sodium 
bicarbonate the decolorization efficiency decreased, show-
ing the prevalence of a radical mechanism in the case of O3/
UV/Fe-PSA process [46,54]. It may be hypothesized that 
hydroxyl radicals in the synergic process were produced 
not only by the interactions of ozone with catalyst surface 
OH groups, but also, ozone interactions with water mole-
cules in solution with UV light may further results in the 
production of hydroxyl radicals [Eq. (2)]. Furthermore, the 
formed radicals in the synergic process may combine to pro-
duce hydrogen peroxide [Eq. (3)], which may dissociate into 
hydroxyl radicals again in the presence of UV rays [Eq. (4)].

O H O UV OH O3 2 22+ + → +


 (2)

2 2 2OH H O→  (3)

H O UV OH2 2 2+ →  (4)

NaHCO3 is a radical scavenger and was implied pre-
viously in such studies. Fig. 5 shows that in the case of 
ozonation with the addition of the salt (NaHCO3), the 
decolorization efficiency was slightly increased as com-
pared to that of ozonation without NaHCO3 addition. This 
may be because the dye decolorization is highly favored by 
the direct attack of ozone and the formation of hydroxyl 
radicals may be limited in NaHCO3 presence [55].

3.2.3. Removal of chemical oxygen demand

To confirm the degradation of MB during studied syn-
ergic process COD removal efficiencies were investigated 
(Fig. 6) [56,57]. Fig. 6 reveals that both simple and combined 
UV catalytic ozonation process remove COD effectively. 
However, COD removal was up to 72.7% in the case of the 
synergic process (O3/UV/Fe-PSA) and only 50% in the case 
of simple ozonation. This shows that the degradation rate 
increased during the catalytic process as compared to ozo-
nation alone, that may be due to the rise in the production of 
HRs in the synergic process as compared with single ozona-
tion [46,54].

3.2.4. Effect of pH

The pH effect may play the main role in catalytic 
processes, since it may alter the mechanism of catalytic ozo-
nation process, whether direct molecular ozone mechanism 
involves of radical based process. The surface charge of on 
a catalyst may be the function of pH of aqueous solution. 
Moreover, it determines whether the catalyst is protonated, 
deprotonated, or neutral in water [58]. In addition, the 
point of zero charge of adsorbent and charge on pollutant 
at particular pH may be significant for the adsorption of 
pollutant on the surface of the catalyst. Fig. 7 shows that the 
photocatalytic process was found to be highly efficient at all 

Fig. 3. EDS results of catalyst. Fig. 4. Comparison between MB removal efficiencies of ozonation 
and combined UV catalytic ozonation (C0 (MB) = 50 mg/L, 
pH = 6, ozone supplied = 1 mg/min, volume = 400 mL, and 
catalyst dose = 0.1 g).

Table 1
PSA catalyst characteristics

Material BET surface  
area (m2/g)

Average pore  
diameter (nm)

Point of zero  
charge (pHpzc)

Iron loading  
(weight %)

PSA 20.12 13.07 8.3 ± 0.4 –
Fe-PSA 18.13 14.10 9.1 ± 0.4 13.11
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operating pH. At acidic pH (pH = 4), although adsorption of 
MB was negligible (similar charge on adsorbate and adsor-
bent) however the removal efficiency was much higher in 
the photocatalytic process since at this pH more molecular 
ozone is available for UV-irradiation leading to the produc-
tion of ROS [46]. While with the rise in pH the catalytic ozo-
nation process dominates and at pH near the point of zero 
charge of catalyst, adsorption was significantly higher as 
compared to other pH values (Fig. 8), this may be due to 
lack of repulsive forces of similar charges (positive charge) 
near the point of zero charge [26]. Moreover, the catalytic 
activity may be better near the point of zero charge [46]. 
Therefore, the removal efficiency was found to be better at 

pH near the point of zero charge as compared to other pH 
values.

Jaramillo-Sierra et al. [59] reported similar results. The 
study showed MB degradation in UV assisted ozonation was 
greatly affected by the pH and the highest degradation was 
achieved at pH 9 due to activated breakdown of O3 to OH 
radicals.

3.2.5. Catalytic dose effect

To analyze the effect of the added amount of catalyst 
during combine catalytic and UV ozonation, the number of 
experiments carried out using catalyst dose of 0.03, 0.1, and 
1 g in a semi-batch reactor near wastewater pH (pH = 6–9). 
Fig. 9 indicates that the removal of methylene blue enhances 
with the rise in catalyst dose. For example, the decoloriza-
tion of MB was found to be 94%, 64%, and 53% for 1, 0.1, 
and 0.03 g, respectively (in the first 5 min of ozonation). 
This may be because of the increase in catalyst dose that 

Fig. 5. Hydroxyl radical scavenger effect on removal of MB by 
adding sodium bicarbonate during simple ozonation and com-
bine catalytic + UV process (C0 (MB) = 50 mg/L, C(NaHCO3)

 = 50 mg/L, 
pH = 6; catalyst dose = 0.1 g, O3 = 1 mg/min, and V = 400 mL).
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Fig. 7. Effect of studied pH on processes (a) pH 4, (b) pH 6, 
and (c) pH 9 (C0 (MB) = 50 mg/L, catalyst dose = 0.1 g, O3 = 1 mg/
min, V = 400 mL, and T = 15 min).

Fig. 6. Percentage removal of COD during simple ozona-
tion and combine catalytic UV ozonation (O3 = 1 mg/min, 
C0 (MB) = 50 mg/L, pH = 6, catalyst dose = 0.1 g, and V = 400 mL).
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may raise number of active sites which leads to the increase 
in ozone decomposition accelerating the production of HRs 
[58,60]. Therefore, the results further confirm the significant 
catalytic activity of Fe-PSA for the decolorization of dyes. 
Liu et al. [61] reported similar results on catalytic ozone 
decomposition of MB. The study showed MB removal after 
10 min were 70% at 0.3 g catalyst dose and enhanced to more 
than 85% at 0.7 g catalyst dose. The present study showed 
that after 10 min the MB removal was increased from 80.8% 
at 0.03 g dose to 94.9% at 1 g dose.

3.2.6. Catalyst reusability

The Fe-PSA catalytic reuse performance was studied in 
the synergic (UV/Fe-PSA/O3) process for three successive 
cyclic runs. Fig. 10 represents the obtained results showing 
that there was a slight reduction in the catalytic performance 
of Fe-PSA after reuse, and removal efficiency of 86.5% was 

achieved after cycle 3. The slight decrease in the Fe-PSA cat-
alytic performance may be attributed to the iron leach out 
effect [62].

3.2.7. Production of superoxide ion radicals and hydrogen 
peroxide

Fig. 11a shows the production of SOR in studied pro-
cesses, it clearly shows that a significant quantity of •O2

– 
radical ions was formed in the synergic process (UV/O3/
Fe-PSA) as compared with single ozonation which may 
be due to the interactions of hydroxyl ions on the catalyst 
surface, with molecular ozone that may result in the pro-
duction of significantly higher •O2

– radical ions at studied 
pH (pH = 6) [13,32]. The decrease in •O2

– radical ions after 
10 min of ozonation (Fig. 11a) may be due to the interac-
tions between the probe (NBD-Cl) with ozone and hydroxyl 
radicals [20].

To further confirm the effectiveness of the studied 
synergic process, the formation of hydrogen peroxide was 
investigated during the various processes. The results pre-
sented in Fig. 11b suggest that in all processes that are single 
ozonation, catalytic ozonation and UV-irradiated catalytic 
ozonation significant amount of hydrogen peroxide may be 
produced. This may be because formed hydroxyl radicals 
may combine to produce H2O2, which may negatively affect 
the processes efficiency since H2O2 has less rate of reaction 
as compared with hydroxyl radicals [22,23]. Interestingly, 
Fig. 11b reveals that the production of H2O2 significantly 
decreased after 30 min in the synergic process as compared 
with single processes. This may be due to H2O2 decompo-
sition in the presence of UV-rays [Eq. (4)] leading to the 
generation of HRs, this further supports our hypothesis that 
high effectiveness of synergic process may be due to the 
production of H2O2 in low quantity and its decomposition 
causing the formation of hydroxyl radicals.

3.3. Proposed mechanism

Fig. 12 shows the mechanism involved in the synergic 
process. It has been proposed that ozone may engage with 
the surface hydroxyl groups on iron leading to the produc-
tion of superoxide ion radical. Interestingly, the increase in 
the generation of superoxide ion in catalytic ozonation and 
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Fig. 10. Fe-PSA reusability process (C0 (MB) = 50 mg/L, pH = 9, 
catalyst dose = 0.1 g, O3 = 1 mg/min, V = 400 mL, and T = 15 min).

Fig. 9. Comparison between decolorization efficiencies of 
MB in combined UV catalytic ozonation process at various 
catalyst doses (C0 (MB) = 50 mg/L, O3 = 1 mg/min, pH = 6, 
volume = 400 mL, catalyst dose = 0.03, 0.1, and 1 g).
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synergic process in comparison to single ozonation clearly 
support our hypothesis (Fig. 11a). The formed SOR further 
interact with molecular ozone leading to the generation of 
HRs [46,53]. The study of the hydroxyl radical scavenger 
effect clearly supports the findings that indicate the radical 
scavenger effect was the highest in the case of the synergic 
process (Fig. 5). Fig. 11 further reflects that the produced 
hydroxyl radicals may combine leading to the formation of 
hydrogen peroxide [22,23], which than dissociate into rad-
icals in the presence of UV-rays as well as due to Fenton-
like interactions with the active sites on Fe-PSA. This made 
the synergic process highly efficient as compared with 
catalytic ozonation and single ozonation.

4. Conclusions

Main conclusions are drawn from the above research:

• Synergic process (UV/O3/Fe-PSA) showed effective 
results for the methylene blue removal with up to 94% 
decolorization and 72.7% COD removal at pH 6 and 0.1 g 
Fe-PSA dose.

• The addition of 50 mg/L of NaHCO3 radical scavenger 
significantly reduced the decolorization efficiency which 
confirms that the UV-irradiated Fe-PSA based ozonation 

process follows a radical mechanism provoking the pro-
duction of SORs and HRs.

• The pH effect studies showed that the synergic process 
(UV/O3/Fe-PSA) is pH dependent. At pH = 9, which is 
near pHPZC of catalyst, the catalytic ozonation process 
dominates and adsorption is also significant due to the 
lack of molecular repulsion.

• The decomposition of hydrogen peroxide in the syner-
gic process increases the effectiveness of the synergic 
process.
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