
Introduction

Sulfate radical (SO4
.-)-based advanced oxidation 

processes are known as a promising method for 
removal of organic contaminants present in water. 
One of the main sources of organic compounds is 
industrial wastewater, and their remediation is of basic 
significance to prevent water pollution. In recent years, 
SO4

.--based advanced oxidation processes (AOPs)  have 
been extensively investigated for removal of water 
contaminants [1-3]. SO4

.- is capable of degradation of 
organic contaminants into less harmful compounds or 
their mineralization into inorganic substances. SO4

.- can 
be generated using peroxymonosulfate (HSO5

-, PMS) 

or peroxydisulfate (S2O8
2-, PS) when these oxidants 

are activated via thermal, chemical or UV irradiation 
methods [4-5]. Among them, UV/PS (Eq.1) [6-8], 
thermal/PS (Eq.1) [9-10], UV/PMS (Eq. 2) [11] and Co2+/
PMS (Eq.3) [12] are widely used for generating SO4

.-.

     (1)

      (2)

  
(3)                         

Hydroxyl radical (OH.) is another strong oxidant. 
SO4

.--based AOPs are preferred to conventional 
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OH.-based AOPs because: (1) SO4
.- has higher redox 

potential (2.5-3.1 V) than OH. (2.8 V), (2) SO4
.- has 

longer half life (30-40 µs) than OH. (10-3 µs), and (3) 
SO4

.- can oxidize organic compounds selectively while 
OH. is not selective toward organic compounds [13-14]. 

Organic compounds (R) are degradated through 
SO4

.- chain reactions presented in Eqs. 4-7.

    (4)

    
(5)

    (6)

                      (7)
 
Since azo dyes have been widely used in the dying 

process of the textile industry, they constitute the 
largest groups of organic pollutants present in textile 
wastewater. Azo dyes have at least one –N=N– azo 
bond linking aromatic rings in their molecular structure 
and are considered mostly as non-biodegradable 
compounds [15]. The textile industry is known to be 
the most polluting industry due to the consumption 
of nearly 21-377 m3 of water per ton of textile product 
and the presence of unfixed dyes [16]. Colored textile 
effluents with high chemical oxygen demand (COD) 
and low biochemical oxygen demand (BOD) values 
should be treated prior to discharge into water bodies. 
Although a number of treatment technologies classified 
as biological, chemical and physical for remediation of 
textile wastewater have been developed so far, they are 
found to be insufficient or require further treatments. 
Consequently, SO4

.--based AOPs are considered to be an 
efficient technology for treating azo dyes.

The objective of this study was to evaluate the 
decolorization and degradation of Reactive Red 239 

(RR239), chosen as a model water contaminant by 
UV-C activated peroxydisulfate oxidation. The effect 
of process variables including initial pH, initial dye 
concentration, S2O8

2- dosage and light intensity on 
decolorization of RR239 was investigated. Besides, 
decolorization and aromatic degradation performance 
of PS and PMS were compared in terms of electrical 
energy consumptions and cost.  

Experimental

Materials

Na2S2O8 (≥99.9%, Merck), oxone 
(KHSO5.0.5KHSO4.0.5K2SO4, Sigma-Aldrich), tert-butyl 
alcohol (TBA, 99%, Merck), ethanol (EtOH, absolute 
≥99.8%, Sigma-Aldrich), HCl (37% w/w, Merck) and 
NaOH (Sigma-Aldrich) were of analytical grade and 
used without further purification. RR239 was provided 
from DyStar and its properties are given in Table 1.

Experimental Procedure

All experiments were conducted in a cylindrical 
photoreactor equipped with a water jacket to hold 
the temperature of reaction medium at 25ºC. The 
photoreactor was illuminated by UV-C lamps (Ostram, 
G8T5/8W) with a total power of 16 W. The reaction 
medium was stirred by a magnetic stirrer (IKA RH 
KT/C) during irradiation. 100 mg dm-3 stock solution 
was used to prepare RR239 solution at desired 
concentration. For each run, 500 ml of RR239 solution 
at predetermined concentration was charged to the 
photoreactor and stirred for 10 minutes before the 
addition of Na2S2O8. The initial pH of resulting solution 
was adjusted using NaOH or HCI solutions. Then, 
UV-C lamps were turned on to initiate the reaction. 
Samples taken from reaction medium at predetermined 

Molecular Structure

IUPAC Name 5-[[4-chloro-6-[4-(2-sulfooxyethylsulfonyl)anilino]-1,3,5-triazin-2-yl]amino]-3-[(1,5-disulfonaphthalen-2-
yl)hydrazinylidene]-4-oxonaphthalene-2,7-disulfonic acid

Chemical Formula C31H24ClN7O19S6

Molecular Weight 1026.373 

λmax. (nm) 540 

C.I. Number 18220

Table 1. Characteristics of Reactive Red 239.
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time intervals during the experiment were immediately 
analyzed by a double-beam Shimadzu UV-1800 
UV Spectrophotometer concentration at maximum 
wavelength of 540 nm. The decolorization and aromatic 
degradation efficiencies of the samples were calculated 
as follows (Eqs. 8 and 9): 

          (8)

(9)

…where Ao and A are initial and treated absorbance 
values of RR239 at corresponding wavelengths, 
respectively.

Results and Discussion

Effect of Initial pH

The effect of initial pH on the decolorization  
of RR239 is shown in Fig. 1. It is clear that  
considerable decolorization efficiency was observed 
after 120 minutes of reaction time for all studied pH 
values. In acidic conditions, additional SO4

.- is generated 
according to Eqs. 10 and 11. But in the presence of 
excess SO4

.-, chemical scavenging reactions (i.e., 
reactions between radical with radical (Eq. 12) or radical 
with radical scavengers (Eqs. 13 and 14) are favored 
instead of radical with RR239 [17-18]. 

        (10)

   (11)

       (12)

 (13)

 
(14)

In the case of neutral and basic conditions, SO4
.- 

generates OH. via Eqs. 14 and 15 [19]. 

    (15)

Accordingly, at low pH values, SO4
.- was the main 

reactive radical and from the results of Fig. 1 we can 
observe that scavenging reactions were not significant. 
Besides, decolorization of RR239 was not affected in 
the presence of OH.. Therefore, it can be concluded that 
initial pH of RR239 solution had no considerable effect 

on decolorization efficiency. It was also observed that 
pH of RR239 solution was decreased during reaction 
with all investigated pH values. This can be attributed 
to the generation of acidic products during degradation 
of RR239 and the release of H+ as proposed in Eq. 14. 
Similar results were recorded by Chen et al. [20].

Effect of Initial Dye Concentration

Effect of initial dye concentration on the deco-
lorization of RR239 at initial pH of 5 was investigated 
over the range of 20-50 mg dm-3 at 2 mmol dm-3 S2O8

2- 

dosage. As can be seen from Fig. 2, decolorization 
efficiency decreased upon increasing initial RR239 
concentration. This can be explained by the decrease 
in penetration of photons into dye solution at high 
concentration of RR239, thus yielding low SO4

.-  
formation. These observations were in agreement with 
studies reported in the literature [7-8].

Effect of S2O8
2- Dosage

Experiments were conducted at different S2O8
2- 

doses ranging from 0 to 3 mmol dm-3  at initial 
RR239 concentration of 40 mg dm-3. As can be 
deduced from Fig. 3, an increase in S2O8

2- dosage up 

Fig. 1. Effect of pH on decolorization of RR239  
[RR239] = 30 mg dm-3, [S2O8

2-] = 2 mmol dm-3

Fig. 2. Effect of initial dye concentration on decolorization of 
RR239   pH = 5, [S2O8

2-] = 2 mmol dm-3 
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to 2 mmol dm-3 resulted in a significant improving 
effect on decolorization efficiency of RR239 due to 
the formation of more sulfate and hydroxyl radicals. 
However, no observable increase in decolorization 
efficiency of RR239 was obtained beyond 2 mmol dm-3 
S2O8

2- dosages. This is because an excess amount of 
S2O8

2- favored radical scavenging reactions given in Eqs. 
12 and 13 [21]. Besides, an appreciable decolorization 
was not observed in the absence of S2O8

2- (i.e., direct 
photolysis). Accordingly, the optimum dosage of S2O8

2- 
was taken as 2 mmol dm-3, yielding 98% decolorization 
efficiency within 120 minutes of reaction time.

Effect of UV Lamp Power

The effect of UV lamp power on decolorization 
efficiency of RR239 was investigated in the range of 
0-16 W with 40 mg dm-3 RR239 initial concentration 
and 2 mmol dm-3 S2O8

2- dosage. Fig. 4 illustrates that 
decolorization efficiency improved from 37% to 98% 
with increasing UV lamp power from 8 to 16 W, 
respectively. This can be attributed to the promotion of 
photolysis of S2O8

2- ions, thus enhancing the formation 
of sulfate radical. Although the S2O8

2- ion is a strong 
oxidant having an oxidation potential of 2.12 V, in the 
absence of UV lamp decolorization of RR239 it was not 
observed during 120 minutes of reaction time due to the 
slow oxidation reaction of the S2O8

2-  ion. 

Radical Quenching Studies

It can be reasonably inferred from Eqs. 14 and 15 
that OH. can also be present in reaction solution of 
S2O8

2-/UV system. Therefore, determining the dominant 
radical by quenching studies is of basic importance in 
SO4

.--based AOPs. Alcohol with alpha hydrogen such as 
ethyl alcohol (EtOH) reacts with these two radicals at 
high rates and alcohol without alpha hydrogen such as 
tert-butyl alcohol (TBA) reacting with OH.  faster than 
SO4

.-. Therefore, these alcohols were used in quenching 
studies as radical scavengers [22-23]. The result of 
quenching studies was given in Fig. 5. When TBA was 
added into reaction at 50:1 molar ratio of alcohol vs. 
oxidant, corresponding to 0.1 M alcohol, decolorization 
efficiency decreased from 98 to 86%. Since only OH.  

was scavenged by TBA, decolorization of RR239 was 
achieved by SO4

.-  in the case of the addition of TBA. 
When EtOH was added into reaction at the same ratio, 
27% decolorization efficiency was obtained, indicating 
that both radicals were scavenged by EtOH. It can be 
inferred from these results that SO4

.- is the dominant 
radical.

UV-Visible Spectral Changes of RR239

UV-visible spectra of RR239 measured over the 
wavelength range of 190-800 nm during 120 min of 
irradiation are shown in Fig. 6. Two main peaks at 289 
and 540 nm appeared in the spectrum. The absorbance 
peak at 540 nm in visible region corresponds to a 
chromophoric group of dye (i.e., azo linkage), while 
peak in the UV region at 289 is attributed to benzene 
ring. A decrease in absorbance at 540 nm indicated the 
cleavage of –N=N- bond resulting in decolorization of 
RR239. Aromatic degradation of RR239 was monitored 
by following a decrease in absorbance at 289. It was 
observed from Fig. 7 that 98% and 70% decolorization 
and aromatic degradation efficiencies were obtained 
upon 120 min of irradiation time, respectively. Almost 
complete decolorization of RR239 was observed at  
120 min, while longer irradiation time was required for 
degradation. SO4

.-  reacts with organic compounds by 
electron transfer. Therefore, degradation of RR239 via 

Fig. 3. Effect of S2O8
2- dosage on decolorization of RR239 

pH = 5,   [RR239] = 40 mg dm-3
Fig. 5. Decolorization of RR239 in the presence of alcohols
[S2O8

2-] = 2 mmol dm-3, [RR239] = 40 mg dm-3, pH = 5

Fig. 4. Effect of lamp power on decolorization of RR239 
[S2O8

2-] = 2 mmol dm-3, [RR239] = 40 mg dm-3, pH = 5
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SO4
.-  precedes through successive oxidation steps of 

abstraction of electrons from aromatic rings [24].
 

Comparison Performance of S2O8
2-/UV 

and HSO5
-/UV Systems

PS is known to be a symmetric oxidant with respect 
to peroxide bond (-O-O-), while PMS is an asymmetric 
oxidant around the peroxide bond. Therefore, activation 
of PS and PMS under UV-C illumination yielded two 
SO4

.-, according to Eq. 1 and one SO4
.- and one OH., 

according to Eq. 2, respectively [11]. Decolorization 
and aromatic degradation performance of these 
oxidants were compared in terms of electrical energy 
consumption and cost. A figure of merit approach can 
be applied to determine electrical energy consumption 
for one order of magnitude treatment of pollutants in 
a unit volume for AOPs [8, 25-26]. Electrical energy 
per order (EE/O) for low concentration of pollutants is 
calculated using Eq. 16:

                    (16)

…where P is input power to the process (kW), t is 
irradiation time (min), and V is the volume of treated 
water (dm3).

The pseudo first-order kinetic model given in Eq. 17 
is applied for decolorization and aromatic degradation of 
RR239 [27-28]. 

                    (17)

…where Co and C are initial and treated dye 
concentrations, kapp is apparent first-order rate constant 
and t is reaction time. 

Hence, Eq. 18 is obtained by combining Eqs. 16  
and 17.

                   (18)

As can be seen in Fig. 8, a good linearity of ln 
(Co/C) versus t plots was obtained for PS, yielding kapp 
values as 0.0338 and 0.0092 min–1 for decolorization 
and aromatic degradation, respectively. Similarly, as 
is evident from Fig. 9, linear plots of ln (Co/C) versus 
t for PMS were observed and kapp values were found 
to be as 0.0155 and 0.0056 min–1 for decolorization 

Fig. 6. Changes of the absorption spectra of RR239 solution with 
time [S2O8

2-] = 2 mmol dm-3, [RR239] = 40 mg dm-3, pH = 5

Fig. 7. Decolorization and aromatic degradation of RR239 
[S2O8

2-] = 2 mmol dm-3, [RR239] = 40 mg dm-3, pH = 5

Fig. 8. Kinetics of decolorization and aromatic degradation of 
RR239 in a PS/UV system 
[S2O8

2-] = 2 mmol dm-3, [RR239] = 40 mg dm-3, pH = 5 

Fig. 9. Kinetics of decolorization and aromatic degradation of 
RR239 in a PMS/UV system
[HSO5

-] = 2 mmol dm-3, [RR239] = 40 mg dm-3, pH = 5
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and aromatic degradation, respectively. The electrical 
energy consumptions for decolorization and aromatic 
degradation of 0.5 dm3 RR239 solution in PS/UV-C 
and PMS/UV-C systems are given in Fig. 10. The EE/O 
values implied that requirement of electrical energy 
for decolorization of RR239 was lower than that of for 
aromatic degradation under investigated conditions for 
both systems. As expected, less energy was consumed 
for decolorization and aromatic degradation in the  
PS/UV-C system in comparison to the PMS/UV-C 
system. This can be attributed to the presence of SO4

.- as 
a dominant radical in PS/UV-C, as can be followed by 
quenching studies.

The cost of electrical energy for decolorization and 
aromatic degradation of RR239 in PS/UV-C and PMS/
UV-C systems was calculated considering one order of 
magnitude treatment of RR239. The cost of electricity 
per kWh in Turkey is taken as 0.0467 €/kWh. According 
to Fig. 11, the maximum cost of electrical energy was 
obtained for decolorization and aromatic degradation 
of RR239 in a PMS/UV-C system. Electrical energy 
cost constitutes considerable fraction of operating 
cost of AOPs. Therefore, determining an efficient and 
cost-effective treatment method based on the cost of 
electrical energy is significant. Salari et al. [8] calculated 
the electrical energy per order values for decolorization 

of 20 mg dm-3 C.I. Basic Yellow 2 dye solution using 
UV/S2O8

2- process in a rectangular continuous 
photoreactor, and found that as S2O8

2- concentration 
increases, energy per order values decrease. Khataee 
[29] reported that 29.43 kWh m-3 order-1 electrical 
energy was required for decolorization of 10 mg dm-3 

C.I. Basic Red 46 mono azo dye under optimized 
conditions using a UV/S2O8

2- process, and related 
electrical energy cost was found to be $0.68 m-3. Sharma 
et al. [30] investigated the removal and mineralization 
0.22 mM Bisphenol A using UV/H2O2 and UV/S2O8

2- 

oxidation systems. UV/S2O8
2- oxidation system 

required lower electrical energy (307 kWh m-3) than 
the UV/H2O2 system (509 kWh m-3) under optimum 
operating conditions.

Conclusions

In this study, decolorization of RR239 by UV-
activated persulfate oxidation was investigated. 
Effects of initial pH of RR239 solution, initial dye 
concentration, S2O8

2- dosage and lamp power were 
examined. The experimental results revealed that 
decolorization of RR239 increased with increasing 
S2O8

2- dosage and lamp power, while decolorization 
efficiency decreased upon increasing initial RR239 
concentration. However, initial pH of RR239 solution 
had no considerable effect on decolorization efficiency. 
As observed in quenching studies, SO4

.- is the dominant 
radical in the S2O8

2-/UV system. As expected, longer 
irradiation time was required for aromatic degradation. 
The electrical energy consumptions of decolorization 
and aromatic degradation of RR239 in PS/UV-C and 
PMS/UV-C systems was calculated. Considering 
one order of magnitude treatment of RR239, the cost 
of electrical energy for decolorization and aromatic 
degradation of the RR239 in PS/UV-C system 
was found to be 1.69 and 6.24 €m-3, respectively, 
while the cost of electrical energy for those in the  
PMS/UV-C system was calculated as 3.70 and  
10.24 €m-3, respectively. According to the results 
obtained in this study, decolorization and aromatic 
degradation of RR239 via SO4

.- were efficiently achieved 
in the S2O8

2-/UV system. 
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