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The UV/H2O2 process was concluded to be the most 
efficient and economic process for RO122 removal.
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Introduction

A global increase in population and the continuous and 
rapid development of industrial practices have resulted 
in increased health risks due to environmental pollution. 
Wastewater from the activities of various industries 
such as textiles, paper, food, pharmaceuticals, plastic, 
cosmetics, and tanning contain synthetic dyes that neg-
atively affect the environment; this situation continues 
to be a significant global problem in the present day (De 
Gisi & Notarnicola, 2017; Mahmoud et al., 2021). The 
textile industry uses more than 50% of these synthetic 
dyes; wastewater from industrial activities associated 
with textiles contains refractory dyes that have varying 
degrees of toxicity which can potentially remain in the 
environment for long periods (Kishor et al., 2021; Peng 
et  al., 2008; Yang et  al., 2011). These synthetic dyes 
can be classified based on the chemical structure of 
their chromophore groups (Rodrigues de Almeida et al., 
2019). Azo dyes represent more than half of the syn-
thetic dyes used in the paint industry due to their lower 
cost, higher stability, anLE: Keywords are required. 
Please provide.d diverse range of colors, making them 
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the most commonly used class of dye across the world 
(Cui et  al., 2016; Ravadelli et  al., 2021). However, 
large amounts of azo dyes are present in wastewater 
due to the inefficiency of the dyeing processes (Azam 
& Hamid, 2006). About 10–50% of these refractory 
dyes are discharged into wastewater as a result of the 
dyeing process (Blackburn, 2004). These wastewaters 
are discharged pre-existing water masses and represent 
a threat to the ecosystems within these environments. 
They can cause anoxic conditions which negatively 
affect both fauna and flora, reduce the penetration depth 
of sunlight, negatively affect photosynthetic activ-
ity, and reduce the concentration of dissolved oxygen 
(Adar, 2021; Cao et al., 2019; Zhan et al., 2020). Thus, 
the use of effective treatment methods to degrade any 
dyes contained within the wastewaters produced by the 
dyeing process is of great importance.

Azo dyes are known to be problematic chemicals in 
textile industry wastewaters due to their high solubility 
and low degradability (Malakootian et al., 2015; Pérez-
Calderón et  al., 2020). Many synthetic azo dyes and 
metabolites are toxic, carcinogenic, and mutagenic and 
thus pose significant health risks for humans (Balapure 
et  al., 2015; Saratale et  al., 2009). Hence, industrial 
wastewaters containing azo dyes and their metabolites 
must be treated before they are discharged into the envi-
ronment. There are many methods of removing dye-
stuffs from textile wastewaters, such as active carbon 
adsorption, chemical coagulation/precipitation, elec-
trochemical oxidation, membrane filtration, chemical 
oxidation, biological degradation, and advanced oxida-
tion processes (AOPs) (Değermenci, 2021; Meerbergen 
et  al., 2017; Santos & Boaventura, 2016; Sirajudheen 
et al., 2020). Although biological treatment is the most 
common treatment method owing to the minimal effect 
it has on the environment as well as its cost-efficiency, 
traditional wastewater treatment processes involving 
active sludge cannot fully degrade due to the stability 
and xenobiotic structure of reactive azo dyes (Ganesh 
et al., 1994; Pearce et al., 2003; Ravadelli et al., 2021). 
Despite being easily reduced under anaerobic condi-
tions, azo dyes create potentially hazardous aromatic 
amines during anaerobic degradation (Franca et  al., 
2020; Peng et  al., 2008). Chemical coagulation/pre-
cipitation treatments generally have high operational 
costs and generate chemical sludge (Kausar et  al., 
2021). Active carbon adsorption is expensive and not 
commercially attractive and merely converts pollut-
ants from one phase to another (Alaton et  al., 2002; 

Guo et  al., 2012). Thus, there is a need for new and 
more efficient technologies for the treatment of reac-
tive azo dyes in wastewater. Due to the limitations of 
traditional processes, AOPs based on very reactive spe-
cies like hydroxyl and/or sulfate radicals are new and 
potentially suitable methods of removing dyeing agents 
from wastewater (Kermani et al., 2020). In addition, the 
increasing water quality requirements for the reuse of 
wastewater, as well as the intensification of discharge 
regulations, have resulted in the increased application 
of AOPs for wastewater treatment on an industrial scale 
(Bakht Shokouhi et al., 2020; Zhang et al., 2016).

Ultraviolet (UV)-based AOPs have been accepted 
as an alternative to traditional water/wastewater treat-
ment processes due to their ability to create highly 
reactive free radicals, such as hydroxyl and/or sul-
fate radicals (Khan et  al., 2014; Klavarioti et  al., 
2009; Zhang et  al., 2016). UV-based technologies 
are simple, clean, relatively cheap, and are gener-
ally more efficient than chemical AOPs. In addition, 
these methods may disinfect water and can be used 
for the removal of pollutants (Oturan & Aaron, 2014). 
Hydrogen peroxide (H2O2), persulfate (S2O8

2−), and 
peroxymonosulfate (HSO5

−) are the oxidizing agents 
used in the removal of organic pollutants (Dhaka 
et al., 2018; Liu et al., 2016; Qi et al., 2016). These 
compounds have a similar structure, and they all con-
tain O–O bonds. H2O2 has the highest bond energy 
at 213.3  kJ/mol, while S2O8

2− has a predicted bond 
energy of 140 kJ/mol. No value for the bond energy 
of HSO5

− could be found in the literature; however, 
it is stated that the bond energy of HSO5

− may be 
between S2O8

2− and H2O2 (Kolthoff & Miller, 1951; 
Yang et al., 2011). Each of these compounds is lim-
ited in its ability to independently oxidize organic 
matter. However, they can create hydroxyl and/or 
sulfate radicals in the presence of UV. Under appro-
priate conditions, H2O2 is considered to be an envi-
ronmentally friendly oxidizing agent as its final trans-
formation products, such as water or hydroxyl ions, 
are environmentally safe. As a result, H2O2 has drawn 
a significant amount of attention in “green” chemis-
try and “green” engineering applications (Dionysiou 
et  al., 2004). The combination of UV with H2O2 
was successfully applied to the removal of different 
pollutants in water (Azam & Hamid, 2006; Zhang 
et  al., 2016). In addition, H2O2 is the most com-
mon oxidant used to create reactive hydroxyl radi-
cals (E0 = 1.9–2.7 V) (Li et al., 2017). Similarly, the 
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sulfate radical is highly efficient at removing organic 
pollutants. Both S2O8

2− and HSO5
− can be activated 

by UV and are used to create sulfate radicals (Siegrist 
et  al., 2011). The sulfate radical (E0 = 2.5–3.1  V) is 
very reactive and can easily degrade organic com-
pounds; hence, it is commonly used in the removal 
of many different organic pollutants (Cai et al., 2021; 
Lee et al., 2021; Liu et al., 2020; Zhang et al., 2014).

Within the scope of this study, the removal efficiency 
for reactive orange 122 (RO122) was assessed and com-
pared using direct UV radiation, UV/H2O2, UV/S2O8

2−, 
and UV/HSO5

− processes in a batch reactor. The effects 
of oxidant concentration, initial solution pH, initial pol-
lutant concentration, different anions (Cl−, NO3

−, and 
SO4

2−), and temperature were systematically researched. 
Finally, the total treatment cost per order was analyzed 
with the aim of showing the cost-efficiency of the three 
treatment processes. The results of this study contain 
significant practical suggestions for the application of 
UV-based AOPs in control of the discharge of RO112 
into the receiving water environment.

Materials and methods

Chemicals and analysis

Hydrogen peroxide (H2O2, 30%) was purchased from 
J.T.Baker. Potassium persulfate (K2S2O8, > 99%) and potas-
sium peroxymonosulfate (2KHSO5.KHSO4.K2SO4, ≥ 4.5%  
(active oxygen)) were purchased from Acros Organ-
ics. Sodium nitrate (NaNO3, ≥ 99%), sodium sulfate 
(Na2SO4, ≥ 99%), sodium chloride (NaCl, ≥ 99%), sodium 
hydroxide (NaOH, > 99%) and sulfuric acid (H2SO4, 
≥  95%) were obtained from Sigma-Aldrich. Potassium 
iodide (KI, > 99%) and potassium iodate (KIO3, > 99%) 
were purchased from Tekkim (Turkey). All of the chemi-
cals were used without additional purification.

RO122 had commercial purity and the chemi-
cal structure is given in Fig. 1 (Ferreira et al., 2019). 
RO122 concentrations were determined using a cali-
bration curve prepared for the maximum wavelength 
(484  nm) using a spectrophotometer (HachLange, 
DR6000). Solution pH was measured with a WTW 
brand (Multi 3620 IDS) mobile digital pH meter. 
Analysis of samples taken during the reaction dura-
tion (RO122 concentration) was completed immedi-
ately. RO122 removal efficiency was calculated with 
the following equation (Eq. (1)).

Here, C0 (mg/L) is the initial RO122 concentration 
while Ct (mg/L) represents the RO122 concentration 
at time t.

Experimental setup and procedures

Experiments used a cylindrical jacketed reactor with 
internal diameter 6 cm and height 32 cm. A low-pressure 
mercury-steam lamp (LightTech, GPH 212T5/L4 10 W, 
254  nm) was placed in a quartz sleeve aligned on the 
same axis as the reactor (Fig.  2). The volume of solu-
tions used in the experiments was 600 mL. Temperature 
was controlled by a heating–cooling circulator (Labo, 
C200-H13). A magnetic stirrer (JeioTech, TS-14S) was 
used at 600 rpm mixing rate to ensure homogeneity of 
solutions. The pH values were measured using a pH 
meter (WTW, Multi 3620 IDS). Before the lamp was 
placed in the quartz bulb, it was allowed to stand for 
15  min to reach a constant light intensity. In addition, 
all outsides of the reactor were covered with aluminum 
foil so that there will be no loss from the light source. 
The photon flux entering the solution was measured by 
the KI/KIO3 actinometer method (Bolton et al., 2011) as 
1.9912 μ Einstein/s.

(1)Removal (%) =
(

1 − Ct∕C0

)

× 100

Fig. 1   Chemical structure of RO122
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Before starting the experiments, the reactor was filled 
with 600 mL of RO122 aqueous solution at the desired 
concentration. The pH values of the solutions were 
adjusted with 0.1  M NaOH or H2SO4 solutions. No 
buffer solution was used in all the experiment to keep 
the pH constant. After the pH adjustment, the desired 
amounts of oxidant (H2O2, S2O8

2− or HSO5
−) were 

added to the reactor. Samples were removed at previ-
ously determined time intervals (i.e., 0, 5, 10, 15, 20, 
30, 45, 60, 75, 90, 105, 120 min) and immediately ana-
lyzed. Sample solutions were prepared using deionized 
water. All the experiments were performed in duplicate, 
and arithmetic average was taken. The effects of differ-
ent operating parameters such as oxidant concentration 
([H2O2] = [S2O8

2−] = [HSO5
−] = 50–200  mg/L), RO122 

concentration (50–200  mg/L), solution pH (3.0–9.0), 
and solution temperature (10–40 °C) were elucidated in 
later sections.

Kinetic analysis

Removal of organic compounds by AOPs generally fol-
lows PFO kinetics (Chen et al., 2018; He et al., 2014). 
The derived visible rate constant (k1) shows the rate 
for the whole reaction to a degree. For this reason, the 
PFO kinetic model (Eq. (2)) was adopted in this study 
to mimic the RO122 removal kinetics under a variety of 
reaction conditions.

Here, k1 (min−1) is the rate constant for the PFO 
kinetic model; t is the reaction duration; and C (mg/L) 
is the RO122 concentrations at time t. The Microsoft 
Excel solver plugin tool was used to estimate the kinetic 
model parameters with non-linear regression.

(2)dC∕dt = −k1C

Economic comparison

The efficiency of AOPs using UV radiation for pol-
lutant removal may be measured with the electrical 
energy per order (EE/O) proposed by the Photochemis-
try Commission of the International Union of Pure and 
Applied Chemistry (IUPAC). This is defined as “the 
electrical energy in kilowatts per hour (kWh) required 
to degrade the contaminant by one order of magnitude 
in 1 m3 of contaminated water or air” (Bolton et  al., 
2001). The total for electrical energy and oxidant costs 
was taken as the basis for economic comparison of the 
UV/H2O2, UV/S2O8

2−, and UV/HSO5 processes for 
RO122 removal. Electrical energy costs may be cal-
culated according to Eq.  (3), and here, electricity cost 
used 0.08 $/kWh. For UV-based AOPs, the electrical 
energy of the UV lamp (EE/OUV) for the batch reac-
tor may be expressed as in Eq.  (4). The oxidant costs 
affecting total cost were 0.051 $/mol for H2O2, 0.176 $/
mol for persulfate and 0.6762 $/mol for peroxymono-
sulfate (Zhang et al., 2014). The total cost may be cal-
culated with Eq. (5) with the total for electrical energy 
costs and oxidant costs:

where P is the UV lamp power (kW); t is the irra-
diation time (h); V is the reactor volume (L); k1 is the 
PFO kinetic rate constant (min−1); C0 is the initial 
concentration of RO122 (mg/L); and Ct is concentra-
tion at time t (mg/L).

Results and discussion

Removal of RO122 by UV, UV/H2O2, UV/S2O8
2−,  

and UV/HSO5
− processes

The comparative removal of RO122 with UV/H2O2, 
UV/S2O8

2−, and UV/HSO5
− processes was investigated, 

and the results are given in Fig. 3. Control experiments 

(3)
Electrical energy cost = EE∕OUV (kWh∕m3∕order)

× electricity cost ($∕kWh)

(4)EE∕OUV =
P × t × 1000

V × log×(C0∕Ct)
=

38.4 × P

V × k1

(5)
Cost ∕Ototal

(

$ /m3/order
)

= electrical energy cost + oxidant cost

Fig. 2   Experimental setup
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were performed with the use of H2O2, S2O8
2−, and 

HSO5
− alone for RO122 removal (in a dark environ-

ment) and during 120  min, RO122 removal was not 
observed with 50 mg/L concentration of these oxidants 
and pH 7. Due to the presence of π-bonds in the dye 
molecules, removal may be expected with UV radia-
tion (Rehman et  al., 2018). For this reason, RO122 
removal was researched using only UV in order to 
accurately assess the role of oxidants. With only UV 
radiation, at the end of 120 min, 19.5% RO122 removal 
occurred. This removal is attributed to direct UV radia-
tion of organic compounds (Beltrán et al., 1997). Simi-
lar results were reported for the removal of brilliant 
green, thiamphenicol, and sulfamethoxazole (Ao & Liu, 
2017; Rehman et  al., 2018; Wang et  al., 2017). As a 
result of the combination (activation) of H2O2, S2O8

2−, 
and HSO5

− with UV, reactive species formation occurs 
linked to the reactions given in Eqs. (6–8), and these 
reactive species significantly increase RO122 removal. 
At the end of 30  min using UV/H2O2, UV/S2O8

2−, 
and UV/HSO5

− processes, 99.8%, 87.7%, and 87.0% 
RO122 removal was observed, respectively. At the end 
of 120  min, RO122 was completely removed with all 
three processes. As a result, the synergistic effect of UV 
radiation and chemical oxidants affected removal perfor-
mance by a notable degree. When the UV/H2O2 process 
is compared with the UV/S2O8

2− and UV/HSO5
− pro-

cesses, the reaction duration for full degradation was 
clearly shorter and this proves that the UV/H2O2 process 
displayed better performance than the UV/S2O8

2− and 
UV/HSO5

− processes. The PFO kinetic rate constants 
for the three processes were ranked UV/H2O2 > UV/

S2O8
2− > UV/HSO5

− and the equivalent values were 
0.1721, 0.0819, and 0.0695 min−1.

Effect of initial solution pH

Solution pH has two important roles for removal effi-
ciency. Firstly, the active oxidation species in solution 
are largely affected by the solution pH value (Ding 
et  al., 2017; Liang et  al., 2007). Secondly, organic 
compounds convert to different forms according to 
the specific pKa values for different solution pH val-
ues, and this causes different reactivity against radi-
cal species (Zhao et al., 2013). For these reasons, the 
solution pH value is an important parameter for the 
UV radiation process. Results for RO122 removal 
linked to reaction duration for experiments per-
formed with different initial pH values are shown in 
Fig.  4. The removal of RO122 with UV/H2O2 and 
UV/S2O8

2− processes can be said to be linked to the 
initial pH value. For all three processes at the end of 
120 min, RO122 was fully removed at all initial pH 
values. The reaction kinetic models were calculated 
using non-linear methods for the PFO and pseudo-
second-order (PSO) kinetic models. All three pro-
cesses followed the PFO kinetic model at all pH val-
ues. The removal of RO122 was inhibited at initial 
pH 9 for the UV/H2O2 process. This was probably 
due to the reduction of oxidation power of hydroxyl 
radical (Zhang et al., 2016). In addition, alkaline con-
dition would enhance the reaction of hydroxyl ion 
and hydroxyl radical (Eq. 9). In the UV/S2O8

2− pro-
cess, in acidic and neutral solutions, RO122 removal 
rate remains approximately constant but then, in 
basic solutions it significantly decreases. As seen in 
Fig. 4c, it is seen that the initial pH value and RO122 
removal nearly did not change in the UV/HSO5

− pro-
cess. Related to the increasing pH value, the kinetic 
rate constants of PFO are 0.0648, 0.0724, 0.0695, 
and 0.0692  min−1, respectively (Fig.  4d). However, 
when the PFO kinetic rate constant values were cal-
culated using the non-linear method, the initial pH 

(6)H2O2 + hv → 2HO∙

(7)S2O
2−
8

+ hv → 2SO∙−
4

(8)HSO−
5
+ hv → HO∙+SO∙−

4

Fig. 3   RO122 removal with UV/H2O2, UV/S2O8
2−, and UV/

HSO5
− processes. Experimental conditions: RO122 = 50 mg/L, 

oxidant = 50 mg/L, pH = 7, T = 20 °C
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value was found to be 5 for the highest kinetic con-
stant obtained. In the UV/HSO5

− process, the removal 
rate of RO122 remains approximately constant in 
acidic and basic solutions. The highest PFO kinetic 
rate constant value for the UV/H2O2 process was at 
pH 5 (0.1897 min−1) and for the UV/S2O8

2− process 
at pH 7 (0.0819 min−1). Generally, pH values of 5 and 
7 were more productive for all three processes. With 
the aim of comparison, the optimum pH value of 5 
was chosen for all later experiments.

Effect of initial dye concentration

The effects of initial RO122 concentration on UV/
H2O2, UV/S2O8

2−, and UV/HSO5
− processes were 

investigated linked to time and the results are given in 
Fig. 5. Experiments had temperature 20 °C, initial pH 

(9)HO∙ + OH−
→ H

2
O+O∙−

value 5, and initial oxidant concentration of 50 mg/L. 
For each of the three processes with initial RO122 
concentration of 50  mg/L, full removal occurred at 
the end of 120 min. With the increase of RO122 con-
centration to 200  mg/L, removal efficiency reduced 
and was determined as 68.2%, 31.2%, and 58.0% for 
UV/H2O2, UV/S2O8

2−, and UV/HSO5
− processes. 

When removal efficiencies were ranked for initial 
RO122 concentration of 50 mg/L, the order was UV/
H2O2 > UV/S2O8

2− > UV/HSO5
−. For values with ini-

tial RO122 concentration above 50  mg/L, the order 
was UV/H2O2 > UV/HSO5

− > UV/S2O8
2−. Similarly, 

the reaction rate constant values reduced with the 
increase in initial RO122 concentration, and the high-
est reaction rate constant value (0.1897  min−1) was 
obtained for the UV/H2O2 process. The lowest reac-
tion rate constant value (0.0031  min−1) was obtained 
for the UV/S2O8

2− process. The reaction rate constants 
in the three AOPs were correlated exponentially with 
decreasing initial RO122 concentration. This situation 
could be attributed to two possible reasons. Firstly, as 

Fig. 4   Effect of pH on RO122 removal. a UV/H2O2, b UV/S2O8
2−, c UV/HSO5

−, and d the comparison of PFO kinetic rate con-
stant. Experimental conditions: RO122 = 50 mg/L, oxidant = 50 mg/L, T = 20 °C
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initial RO122 concentration increased, the penetra-
tion of photons entering into the solution decreases, so 
that a rise in its concentration induces an inner filter 
effect. Consequently, the solution becomes more and 
more impermeable to UV irradiation. However, the 
dissociation of peroxides was also reduced, and fewer 
radicals were produced to react with the target con-
taminant (Chen et al., 2018; Deng et al., 2013). Sec-
ondly, during the destruction of RO122, because of 
the oxidation of high amount of RO122 with the oxi-
dants, a large number of by-products may be formed. 
While RO122 with higher initial concentration was 
introduced into the aqueous solution, more interme-
diate products may react with reactive radicals, and 
this may lead to a decrease in radicals’ concentration. 
Among all three processes, removal efficiencies and 
reaction rate constant values reduced linked to the 
increase in initial dye concentration due to the fixed 
amount of oxidant concentration. Similar results were 
obtained for carbamazepine and antipyrine removal, 
and studies reported a reduction in PFO kinetic rate 

constant with the increase in initial pollutant concen-
tration (Deng et al., 2013; Tan et al., 2013).

Effect of initial oxidants concentration

Figure  6 shows the RO122 removal efficiencies for 
UV/H2O2, UV/S2O8

2−, and UV/HSO5
− processes with 

different oxidant concentrations. In control experi-
ments using only H2O2, S2O8

2−, and HSO5
−, RO122 

removal was identified to be insignificant. For this rea-
son, the effect of interaction between UV and different 
oxidants on RO122 removal was researched. With the 
increase of oxidant concentration in the presence of 
RO122, RO122 removal efficiency increased. At any 
specific oxidant concentration, the UV/H2O2 process 
had higher RO122 removal than UV/S2O8

2− and UV/
HSO5

−. While the UV/H2O2 process required 90-min 
reaction duration at 50  mg/L H2O2 concentration to 
provide 95% RO122 removal, it required 60-min, 
45-min, and 30-min reaction duration at 100, 150 and 
200 mg/L H2O2 concentrations, respectively.

Fig. 5   Effect of initial RO122 concentration on RO122 removal. a UV/H2O2, b UV/S2O8
2−, c UV/HSO5

−, and d the comparison of 
PFO kinetic rate constant. Experimental conditions: pH = 5, oxidant = 50 mg/L, T = 20 °C
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The amount of sulfate and hydroxyl radicals was 
used to control the removal rate of RO122. With the 
increasing oxidant concentration (H2O2, S2O8

2−, and 
HSO5

−), the amount of sulfate and hydroxyl radicals 
had been increased in UV-based AOPs, and this led 
to the improved removal rate. Generally, removal 
rate will be proportional to the amounts of radicals 
produced at low oxidant concentrations. Addition-
ally, the use of more oxidant may affect removal 
rates due to the self-scavenging effect (Chen et  al., 
2018; Deng et al., 2013). In this study, the removal 
rates increased with the increase in oxidant con-
centrations used. This shows that the oxidant con-
centrations used were below the inhibition point. 
RO122 removal with UV-based AOPs abides PFO 
kinetics. Independent of the oxidant species used, 
the PFO kinetic rate constant values displayed a 
linear correlation with the increase in oxidant con-
centration (UV/H2O2, k1 = 0.034[H2O2]0 + 0.801, 
R2 = 0.994; UV/S2O8

2−, k1 = 0.020[S2O8
2−]0 + 0.230, 

R2 = 0.994; UV/HSO5
−, k1 = 0.016[HSO5

−]0 + 0.178, 

R2 = 0.984). Similar results were reported in studies 
about removal of different organic matter (Gao et al., 
2009; Tan et al., 2013).

Effect of different anions on the degradation

Anions such as Cl−, NO3
−, and SO4

2− are commonly 
present in both natural water and wastewater. These 
anions can scavenge free radicals and can thus affect 
pollutant removal. Therefore, the effects of Cl−, 
NO3

−, and SO4
2− on the removal of RO122 dye by 

UV/H2O2, UV/S2O8
2−, and UV/HSO5

− processes 
were monitored (Fig.  7). The effect of these anions 
was investigated under the following experimental 
conditions: a temperature of 20 °C, an initial pH value 
of 5, an initial RO122 concentration of 100  mg/L, 
and an initial oxidant concentration of 100  mg/L. 
An anion concentration of 250 mg/L was used for all 
compounds investigated. Anion species were found to 
have a negligible effect on the performance of the UV/
H2O2 treatment process. In contrast, the presence of 

Fig. 6   Effect of oxidant concentration on RO122 removal. a UV/H2O2, b UV/S2O8
2−, c UV/HSO5

−, and d the comparison of PFO 
kinetic rate constant. Experimental conditions: pH = 5, RO122 = 100 mg/L, T = 20 °C
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1 3
Vol.: (0123456789)

NO3
− significantly decreased the removal rate of the 

UV/S2O8
2− process, while Cl− and SO4

2− increased 
the rate of removal. A previous study reported that 
the formation of reactive chlorine species (e.g., 
Cl2•− and ClHO•−) at high chlorine doses during 
the UV/S2O8

2− treatment process can compensate 
for the consumption of SO4

•− and even increase the 
efficiency of the process (Ding et al., 2020). Overall, 
the removal rate of the UV/S2O8

2− process was great-
est in the presence of Cl− followed by SO4

2−, while 
NO3- reduced the removal rate of the treatment. The 
addition of Cl−, NO3

− and SO4
2− slightly decelerated 

the removal of RO122 during the UV/HSO5
− process; 

this was similar to the results observed when the UV/
HSO5

− process was used in the removal of diethyl 
phthalate (Lei et  al., 2020). The negligible effect of 
Cl−, NO3

−, and SO4
2− may be due to their lower reac-

tivity with free radicals or the formation of secondary 
radicals such as SO4

•−.and Cl2•−.

Effect of solution temperature

Temperature is one of the most important factors 
affecting reaction rates. Additionally, it is a technique 
used for H2O2, S2O8

2−, and HSO5
− activation (Devi 

et al., 2016). For this reason, the RO122 removal was 
researched over time for the three processes using 
different solution temperatures. Figure  8 shows the 
effect of temperature in the interval 10–40 °C at pH 
5 for removal of RO122 with UV/H2O2, UV/S2O8

2−, 
and UV/HSO5

− processes. Temperature encourages 
formation of hydroxyl radicals from hydrogen per-
oxide and increases the reactivity of these radicals 
against pollutants (Sanz et  al., 2013). For all three 
processes, an increase in removal rate was observed 
as the temperature increased. However, no notable 
variation was observed for the removal rate with 
the increase from 30 to 40 °C for the UV/H2O2 pro-
cess. A study of leachate stated that the increase in 

Fig. 7   Effect of different anions on RO122 removal. a UV/H2O2, b UV/S2O8
2−, c UV/HSO5

−, and d the comparison of PFO kinetic 
rate constant. Experimental conditions: pH = 5, RO122 = 100 mg/L, oxidant = 100 mg/L, T = 20 °C
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temperature from 30 to 40  °C increased the degra-
dation rate of H2O2. This is because higher tem-
peratures ensure free radical scavenging of H2O2, 
and thus, the concentration of hydroxyl radicals was 
stated to reduce (Hu et  al., 2011). Generally, as the 
process temperature increased, the separation of 
H2O2, S2O8

2−, and HSO5
− into HO• and SO4

•− radi-
cals accelerates. This increases removal of organic 
pollutants and thus shortens the removal duration.

Economic comparison of the UV/oxidant

Electrical energy is generally the main factor in operat-
ing costs for UV-based AOPs (Deng et al., 2013). With 
the increase in oxidant concentration, the EE/OUV was 
observed to reduce (Fig.  9). For RO122 removal, EE/
OUV values were calculated as 4.67, 9.47, and 9.82 kWh/
m3 for UV/H2O2, UV/S2O8

2−, and UV/HSO5
− systems, 

respectively, at 200 mg/L oxidant concentration. When 
oxidant costs are calculated, the UV/S2O8

2− process 

had lowest oxidant costs. However, when the total costs 
(electrical energy and oxidant cost) are calculated, the 
UV/H2O2 process had the lowest cost at all oxidant 

Fig. 8   Effect of temperature on RO122 removal. a UV/H2O2, b UV/S2O8
2−, c UV/HSO5

−, and d the comparison of PFO kinetic rate 
constant. Experimental conditions: RO122 = 100 mg/L, pH = 5, oxidant = 100 mg/L

Fig. 9   Economic comparison of UV/H2O2, UV/S2O8
2−, and 

UV/HSO5
− processes for the removal of RO122. Experimental 

conditions: RO122 = 100 mg/L, pH = 5, T = 20 °C
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concentrations. In terms of total costs, the order was 
UV/H2O2 > UV/HSO5

− > UV/S2O8
2− for 50  mg/L oxi-

dant concentration. At higher oxidant concentrations, 
the order was UV/H2O2 > UV/S2O8

2− > UV/HSO5
−. 

The results show that AOP using UV/H2O2 is the most 
suitable and economic for RO122 removal. The lowest 
cost/Ototal value for the UV/H2O2 process was 0.67 $/
m3/order, while this value was 0.94 and 1.98 $/m3/order 
for UV/S2O8

2− and UV/HSO5
− processes, respectively. 

While the most important finding in the cost analysis 
is that the UV/S2O8

2− process is recommended in the 
existing studies in the literature, the UV/H2O2 process is 
recommended for RO122 removal in this study.

Conclusions

This article assessed RO122 removal with UV/H2O2, 
UV/S2O8

2−, and UV/HSO5
− processes. The combi-

nation of UV with chemical oxidants (H2O2, S2O8
2−, 

and HSO5
−) improved RO122 removal by a signifi-

cant degree. At the same oxidant concentration, the 
UV/H2O2 process had better removal performance 
compared to the UV/S2O8

2− and UV/HSO5
− pro-

cesses. Under all tested conditions, RO122 removal 
abided well with PFO kinetics. When the effect of 
solution pH is investigated, the highest rate constant 
values were obtained at pH 5 for the UV/H2O2 process 
(0.1897  min−1), at pH 7 for the UV/S2O8

2− process 
(0.0819  min−1) and at pH 5 for the UV/HSO5

− pro-
cess (0.0724 min−1). For the UV/HSO5

− process, the 
pH variation had nearly no effect on RO122 removal. 
A linear correlation was found between the initial oxi-
dant concentration and PFO kinetic rate constant (k1). 
The addition of anions was an insignificant impact 
on the UV/H2O2 process; however, it caused inhibi-
tion in the UV/HSO5

− process. RO122 removal rate 
was determined to increase as temperature increased 
and reduce as initial RO122 concentration reduced. 
Energy consumption and cost analysis showed that 
EE/OUV was the dominant factor for application of 
the batch advanced oxidation process. Results show 
that increased oxidant concentration and resulting 
EE/OUV lowered the total costs of the process. Under 
the reaction conditions adopted in the study, the UV/
H2O2 process was concluded to be more economic 
compared to the other processes linked to total costs 
of electrical energy and oxidant.
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