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Abstract

Most synthetic dyes are toxic and hardly biodegradable compounds that enter the environment mainly through the discharged
of non-treated textile industry effluents. The present study investigated the removal of the textile monoazo dye Reactive Red
198 (RR-198) from aqueous solutions using the ultraviolet light and ozonation alone and in combination (i.e., UV/O;) fol-
lowed by a Sequencing Batch Reactor (SBR). The pH (5 <pH <9) and dye initial concentration (50-300 mg/L) parameters
were optimized in the ozonation process at reaction time of 0—60 min. Then, TOC removal and dye discoloration percentage
was compared with the O;, UV and O5/UV processes. In order to compare the performance of the SBR in dye discolora-
tion of RR-198 and TOC removal, four types of effluent, including Raw dye, O;-pretreated dye, UV-treated dye and UV/
O;-pretreated dye were separately treated in the SBR system. In the ozonation process, by increasing the pH and reducing
the initial dye concentration increased the discoloration percentage. The highest dye discoloration percentage and TOC
removal obtained in the hybrid UV/O,/SBR process. Combining biological systems and Advanced Oxidation Processes is
an appropriate option for the decomposition of resistant pollutants and increasing the biodegradability of these compounds
and is applicable in the water and wastewater industry.
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Introduction

Most synthetic dyes are recalcitrant and toxic compounds
that are used in many industries such as the textile indus-
try. More than 70,000 tons of synthetic dyes are produced
annually worldwide and discarded in the industrial efflu-
ents but not all the produced dyes are discarded (Parvathi
and Maruthavanan 2010). About 50% of the used reactive
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dyes are discharged into the environment through industrial
effluents (Fontana et al. 2016). Dye-containing wastewater
is the most important problem in textile factories because
it contains pollutants of complex structure with toxic-
ity, carcinogenicity, mutagenicity, non-biodegradability
and sustainability in the environment (Haque et al. 2015;
Sivashankar et al. 2015). The discharge of untreated or
improperly treated dye-containing wastewater from the tex-
tile industry into receiving waters leads to reduced sunlight
penetration, impaired vision, eutrophication and interfer-
ence with the ecosystem. Thus, the increase in turbidity of
the aquatic bodies receiving these types of effluents pro-
vokes the decrease of the photosynthesis of aquatic plants
(Dasgupta et al. 2015; Sivashankar et al. 2015). In Iran,
many textile, carpet-weaving and cloth-printing industries
produce a lot of wastewater containing non-biodegradable
dyes that cause environmental pollution (Malakootian and
Golmirzaee 2015). Reactive sulfonated dyes are highly solu-
ble in water but they are resistant to degradation by aerobic
biomass (Dasgupta et al. 2015). The monoazo textile dye
Reactive Red 198 (RR-198) was selected to perform this
study due to it is largely used in the textile industry, and
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it has the two groups monochloro-triazine and sulfone in
its composition and is environmentally important due to its
non-degradability. The processes currently used to treat tex-
tile effluents include coagulation and flocculation, chemical
oxidation, biological treatment, electrochemical techniques,
ion exchange, adsorption and hybrid processes including
ozonation and coagulation or coagulation and ion exchange
(Gupta et al. 2015; Khosravi et al. 2017; Mahmoodi et al.
2006; Moussavi and Mahmoudi 2009; Pourfadakari et al.
2016; Satapanajaru et al. 2011). These methods, however,
have some disadvantages. For instance, in the adsorption
process, pollution is only transferred from an aqueous phase
to a solid phase. The removal of xenobiotic pollutants in
biological systems takes place slowly and under particular
biological conditions (Alsager et al. 2018; Farzadkia et al.
2014). As for the chemical oxidation, the high consump-
tion of chemicals and the generation of secondary pollution
by the addition of chemical compounds make this method
disadvantageous. Therefore, the application of the above-
mentioned techniques in the industry is not practical.

One of the most effective methods for removing hazard-
ous pollutants is the use of Advanced Oxidation Processes
(AOPs) based on the production of hydroxyl free radicals
with high oxidizing ability (Farzadkia et al. 2014; Rahimi
et al. 2018). The main advantages of the AOPs are that they
prevent the contamination by secondary products, eliminate
the risk of an increased concentration of oxidizing agents
and have a high speed and efficiency (Asghar et al. 2015;
Malakootian et al. 2019a). The UV/Oj; process is an AOP
whose oxidation mechanism consists of hydroxyl radical
production and effective decomposition of the pollutant
(Egs. 1-4)(Beltran 2003; Malakootian et al. 2019a, 2019b).

Table 1 The molecular structure and characteristics of RR-198 [8]

O; + H,0 + hv - O, + H,0, €h)
H,0 + hv — 2HO 2
0; + H,0, —» HO," + HO + O, 3)
H,0, < HO? + H' )

Ozone is a highly oxidizing agent with two oxidation
mechanisms: (1) Direct oxidation and (2) Indirect oxida-
tion by radical species (HO,™*, HO®) resulting from ozone
decomposition in water (Beltran 2003; Chaturapruek 2003).
Treatment by ozone can be boost by adding hydrogen per-
oxide, ultraviolet radiation and metal cations (Beltran 2003;
Chaturapruek 2003).

Chemical treatment processes are associated with sub-
stantial costs for industries and companies, whereas active-
sludge biological systems, such as SBR, cannot provide the
required output quality and standards for effluents containing
hardly biodegradable compounds such as azo dyes. Thus,
combining both systems has attracted a lot of attention from
researchers in the last years (Mojiri et al. 2018). Since the
author has not found a comprehensive study of the com-
bined AOP/SBR for removal and mineralization of reactive
azo dyes, in the present study the degradation of the textile
reactive azo dye (RR198) using an AOP (i.e., ozonation,
UV, UV/O;) followed by an SBR was studied in order to
determine the most effective pretreatment. Also, this pro-
cess (hybrid UV/O,;/SBR) has high efficiency with simple
operation.

Parameter Characterization
Formula Cy; Hi3 C; N;Na, Oy5 S5
Type of dye Azo0

Dye number 18,221

Molecular weight)g/mol( 967.5

Wavelength) nm( 518

molecular structure

N
NEN
NaO,S N N TNH  OH

Cl

N

S0,CH,CH,0S0,Na
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Fig.1 (1) Oxygen cylinder; (2) Rotameter; (3) Ozone generator; (4)
Sampling port; (5) Contact reactor; (6) UV lamp; (7) Gas trap; (8)
Inlet valve for the SBR; (9) Sequencing batch reactor (SBR); (10)
Outlet valve for the SBR

Materials and methods
Chemicals

High-purity potassium iodide, sodium hydroxide, sulfuric
acid, hydrochloric acid, sodium dihydrogen phosphate,
potassium dihydrogen phosphate and sodium sulfite were
purchased from Merck & Co. (Germany). The azo dye Reac-
tive Red 198 (RR-198) with a purity of 99.8% was purchased
from Alvan Paint & Resin Production Co. (Iran). The chemi-
cal structure and the characteristics of RR-198 are shown
in Table 1.

Reactor design and set up

This experimental study was carried out in a laboratory scale
reactor. The schematic of the reactor is shown in Fig. 1.
The reactor was made of chemically-resistant stainless
steel 315 and consisted of a cylindrical vessel 5 cm in inner
diameter and 50 cm in height. The reactor operated in semi-
batch conditions. The ozone gas was introduced into the
reactor continuously in up-flow mode at a rate of 40 mg/L
min, and the dye solution was supplied into the reactor. Tub-
ing made of ozone-resistant silicone was used to connect the
different reactor parts. A polychromatic UV-C lamp (125-
W) was placed inside a quartz chamber inside the contact
reactor to generate UV radiation. The dye solution previ-
ously treated by UV, O; and UV/O; was then introduced
into a 1-L. SBR made of glass. The SBR was inoculated
with condensed aerobic sludge from a municipal wastewater
treatment plant representing the 33.3% working value of the

reactor. The MLSS was 3500 mg/L, and air was supplied
from the bottom of the reactor at a flow rate of 3.5 L/min.

Experimental procedure

A 1000-mg/L stock solution of the dye RR-198 was pre-
pared in distilled water. Different dye concentrations were
prepared by appropriate dilution of the stock solution in
distilled water.

The effect of the initial pH (5, 6, 7, 8 and 9) of the dye
solution, the dye concentration (50, 100, 200 and 300 mg/L)
and the contact time (0, 5, 10, 15, 30, 45 and 60 min) on
dye discoloration and TOC removal by ozonation (O5), pho-
tolysis (UV radiation) and the hybrid system UV/O; were
studied, and the optimal values for each process were deter-
mined. Then, the untreated dye and the dye pretreated by
each one of the above-mentioned processes (i.e., O;, UV
and UV/O;) under optimal conditions were transferred to
the SBR system. The duration of the processes in the SBR
reactor included 2 min of filling, 4 h and 53 min of aeration
and 5 min of sedimentation and discharge. The amount of
organic matter was measured at different times from zero
to 5 h. The Hydraulic Retention Time (HRT) was obtained
as 10 h given a 50% discharge of the effluent at the end of
the SBR period. The temperature was maintained at 20 °C.
The dye and TOC removal attained by each system were
determined. The initial pH of the solution was adjusted by
H,SO, and NaOH solutions (0.1 N).

Analytical determinations

In order to determine the Total Organic Carbon (TOC),
10 mL of the process effluent was collected and injected
with 0.1 mL of 1 N hydrochloric acid. The NPOC amount
was then measured at 800 °C in the furnace by Jena-C3100
TOC meter (Germany). Dye discoloration was determined
spectrophotometrically (DR/2500, Hach USA) at the maxi-
mum visible wavelength of the dye (i.e., 518 nm). Dye dis-
coloration was expressed in terms of percentage according
to the following equation:

Discoloration (%) = (A, —A,) /A X 100 5)

where A is the absorbance of the dye solution at time zero,
and A, is the absorbance of the dye solution at a particular
time ¢.

All experiments were performed in duplicate, and the
mean and standard deviation values were calculated using
the Microsoft Excel software.
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Fig.2 The effect of the initial pH (5, 6, 7, 8 and 9) of the solution
on dye discoloration (2a) as well as TOC removal and the changes in
pH during the reaction time (2b) in the ozonation process ([RR-198]:
50 mg/L and ozone dose: 40 mg/L min)

Results and discussion
Ozonation
Effect of initial pH on dye and TOC removal

In Fig. 2, the effect of the initial pH (5, 6, 7, 8 and 9) of the
solution on RR-198 discoloration (2a), TOC removal and
the changes in pH during the reaction time in the ozonation
process (2b) is shown.

The initial pH of the solution is one of the most important
parameters in AOPs for the degradation of organic com-
pounds present in wastewater. By increasing the initial pH
of the solution from 5 to 9, the discoloration percentage
increased from 59 to 81% in 15 min and from 66 to 94% in
30 min. Due to the fact that the effluent pH of most indus-
tries is usually in the range of 6-8, the pH of 8 was chosen as
the optimal level. At the end of the 60 min of reaction time,
pH decreased from 8 to 6.6, and dye discoloration and TOC
removal reached 98% and 53%, respectively.

In the ozonation process, in acidic conditions, ozone
directly attacks a specific portion of organic compounds
that have aromatic rings with carbon double bonds (C=C)
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Fig. 3 Effect of the initial dye concentration on dye discoloration (2a)
and TOC removal (2b) in the ozonation process at an initial pH of 8

and converts them to final products such as aldehydes and
carboxylic acid. Also, at a low pH, the high concentration
of proton (H'), which has a high tendency to combine with
hydroxyl anions, prevents the formation of hydroxyl radicals
(Andreozzi et al. 1999; Kurniawan et al. 2006).

The ozone decomposition rate increases by an increase in
pH followed by an increase in the concentration of OH™ as
the initiator of ozone decomposition, thus resulting in the
formation of radical species containing oxygen and second-
ary oxidizing agents that are very strong and more active
than the ozone molecules, such as superoxide ions (O,7),
OH,  radicals and HO radicals (Eqs. 6—7) (Chaturapruek
2003; Pillai et al. 2009).

0; + OH™ — O, + HO; (6)

O; + HO; — intermediate products (O; - Oy - OH') (7)

These radicals have a high oxidizing power and decom-
pose organic compounds and convert them into mineral
compounds such as H,O CO, (Kurniawan et al. 2006).

In studies by Mousavi and Mahmoudi on discoloration
in a catalytic ozonation process with manganese crystals,
the results showed that by increasing the initial pH of the
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solution from 3 to 11, the discoloration efficiency also
increases (Moussavi and Mahmoudi 2009). Qi et al. also
examined a catalytic ozonation process for removing 2, 4,
6-trichloroanisole and reported the most suitable pH for dis-
coloration and mineralization in the ozonation process with
magnesium oxide nanoparticles as over 8, which constitutes
alkaline conditions (Qi et al. 2009). Their results are consist-
ent with the present findings.

Effect of initial dye concentration on dye and TOC removal

In Fig. 3, the effect of different initial dye concentrations on
dye discoloration and TOC removal is presented.

In the ozonation process of a dye, a portion of the sol-
uble ozone is used in the reaction to produce active radi-
cals, which have a higher ability to break dye into minerals
and hydroxyl intermediates; another portion of the ozone
reacts directly with the molecules and their intermediate
compounds (Chaturapruek 2003). Since dye is effectively
removed in the ozonation process, the amount of it used in
the process is an important parameter contributing to the
efficiency of the process. The initial concentration of the
pollutant therefore plays an important role in the efficiency
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Fig.4 Comparing the discoloration (a) and TOC (b) removal effi-
ciency in photolysis (UV), ozonation (O3) and hybrid Os/UV pro-
cesses; ini pH=8, [RR-198]=50 mg/L, O; =40 mg/L.min

of oxidation and its elimination by AOPs, such that the rate
of removal is directly linked to the amount of ozone, the
production of hydroxyl radicals and interaction with the
amount of pollutants (Pillai et al. 2009) The results obtained
by assessing the effect of dye concentration on the ozona-
tion process showed that the highest dye discoloration (98%)
and TOC removal (53%) were obtained for a concentration
of 50 mg/L at the end of the reaction time (i.e., 60 min).
By increasing the dye concentration to 300 mg/L, the dis-
coloration and TOC efficiency dropped to 68% and 19% at
the end of the reaction time (i.e., 60 min). In AOPs, under
similar conditions, only certain amounts of active radicals
are produced. These process types are capable of oxidizing
and eliminating certain amounts of organic compounds. It
is thus obvious that, by increasing the pollutant concentra-
tion, the removal efficiency is reduced, because the number
of hydroxyl radicals produced is smaller than the number of
dye molecules, and these radicals are not sufficient for the
degradation of all the pollutant molecules.

Comparing the discoloration and TOC removal
efficiency in photolysis (UV), ozonation (0,)
and hybrid O;/UV processes

Figure 4a and b presents a comparison of the discolora-
tion efficiency and TOC removal between photolysis (UV),
ozonation (O;) and photo-oxidation (O5/UV) processes for
a constant initial dye concentration of 50 mg/L. Figure 4a
presents the synergistic effect of ozonation and UV pro-
cesses using Eq. 8.

Synegistic effect (%) = UV/COP — (UV + COP) 8)

In the photolysis process (UV), at the end of 60 min of
reaction time, the dye discoloration and TOC removal were
6% and 4%, respectively (Fig. 4b). The photolysis process
has less decomposition power due to its low hydroxyl radical
production. The dye thus showed a high resistance to UV
degradation. In the ozonation process, however, the dye dis-
coloration and TOC removal at the end of the reaction time
60 min were 94 and 53%, respectively. The mechanism for
the decomposition of organic compounds in aquatic environ-
ments by ozone takes two forms. The first mechanism is the
direct oxidation of organic compounds due to the electro-
philic attack of the ozone molecules, and the second one is
indirect oxidation due to the attack of the hydroxyl radicals
resulting from ozone decomposition. The oxidation potential
of OH radicals is 2.33 V, while the oxidation potential of
ozone is 2.07 V (Egs. 9-14) (Beltran 2003; Chaturapruek
2003; Malakootian et al. 2019a).

0; + OH™ — O, + HO; )
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0, + HO, — HO, + 05’ (10)
HO, — O; +H* (11)
0,+0; - 0} +0, (12)
0; +H* - HO;, (13)
HO, - O, + OH’ (14)

In the O3/UV process, at the end of 60 min of reaction
time, dye discoloration and TOC removal were 100 and
74%, respectively. In the O5/UV system, the decomposi-
tion of the ozone molecules was intensified according to
Egs. 15-16, and more free radicals were produced (Mala-
kootian et al. 2019a).

0; — 0, + OCP) (15)

OCP) + H,0 — 20H (16)

The highest removal efficiency thus occurred in the
photo-oxidation (O5/UV) process followed by the O; and
photolysis (UV) systems.

The results also showed that, according to Eq. 2, O; and
UV processes have a synergistic effect on each other, which
is at its maximum in 30 min of reaction time and equals 8%
Similar studies have also reported the synergistic effect of
ozone and other radical producing agents (Dadban Shahamat
et al. 2016). In a study by Castro et al. for the removal of azo
dye from effluents, the efficiency of AOPs was compared,
and the ozonation process was reported to remove a higher
organic pollutant load over a shorter period of time in com-
parison with other AOPs, such as Fenton and UV, but the
TOC removal rate associated with it was not high. A pH
above 8 is required for the ozonation process to be efficient.
In addition, the application of ozonation alone increases the
costs of operation. Combining the ozonation process with
biological aerobic systems thus led to satisfactory results
and helped not only increase the degradability of the organic
materials, but also reduced the costs of wastewater treatment
(Castro et al. 2014).

Biological treatment using an SBR system

In order to compare the performance of the SBR in dye
discoloration of RR-198 and TOC removal, four types of
effluent, including (1) Raw dye, (2) O5-pretreated dye, (3)
UV-treated dye and (4) UV/O;-pretreated dye were sepa-
rately treated in the SBR system. The initial dye and TOC
concentrations were 100 and 106 mg/L, respectively.
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Effect of the pretreatment on dye discoloration and TOC
removal in a SBR system

Figure 5 presents the results of assessing the SBR biological
system efficiency in RR-198 discoloration and TOC removal
in raw effluent without any pretreatment, ozonated effluent
and photolysis (UV-treated) effluent.
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A comparison of the discoloration and TOC removal efficiency
for the effluent of the UV/O; process by the SBR biological
system

The discoloration and TOC removal efficiency of the effluent
exiting the UV/O; reactor by the SBR biological system was
investigated. The results are shown in Fig. 6.

As shown in Fig. 6, the dye and TOC concentrations after
chemical oxidation reduced from 200 and 183 to 50 and
105 mg/L in the UV/Oj; process. In the biological process,
the dye concentration reduced from 50 to 5, 8 and 9 mg/L
in the SBR reactor in three consecutive phases of treatment.
Nonetheless, as an indicator of the mineralization of organic
matters with an initial concentration of 105 mg/L, TOC
reduced to 25, 27 and 30 mg/L in three consecutive phases
in the SBR reactor.

The results of assessing treatment with the biological sys-
tem showed that dye discoloration efficiency in the effluent of
all three reactors was more than the dye mineralization effi-
ciency using the TOC index. This phenomenon, which has
been observed in most removal processes by AOPs, is caused
by the formation of hardly-degradable compounds as well as
some intermediate compounds such as organic acids in the
process of dye oxidation that continue to produce organic mat-
ter; carboxylic acids are the most important oxidation interme-
diates that still have TOC, and as shown in Fig. 4b, reduced
the initial pH of the solution from 8 to 6.6 at the end of the
process (Altenor et al. 2009; Santos et al. 2005). In studies by
Pachhade et al. on the removal of reactive azo dye, ozone gas
was used with a flow of 2 g/h in the presence of catalyst ions
of Mn, Cu, Fe and Co under the ozonation process, and the
results showed that discoloration was faster than organic mat-
ter removal. After 30 min of reaction time, the efficiency of
dye, COD and TOC removal was 97%, 80% and 75%, respec-
tively (Pachhade et al. 2009). These results are consistent with
the present findings.

The results showed that discoloration and TOC removal
occurred more quickly in the hybrid UV/O5/SBR system. The
presence of the ozone gas led to the decomposition of heavy
and hardly-degradable molecules into simpler and more bio-
degradable molecules; the TOC of the wastewater was thus
reduced and organic carbon materials eventually decomposed
into minerals such as CO, and H,O. Combining advanced
oxidation and biological processes helped achieve the decom-
position and removal of organic compounds and also ensured
effluent discharge quality standards (Gommers et al. 2007).

The results obtained by Gommers et al. to remove non-
biodegradable COD using ozonation and the MBR bio-
logical system showed that the combination of oxidation
and biological systems increases the BOD/COD ratio. They
also concluded that the application of ozone compared to

UV and H,0, was a more appropriate technique for waste-
water biological degradation (Gommers et al. 2007). The
results of a study by Pocostales et al. on the elimination of
pharmaceutical products showed that the mineralization
of pollutants increases by the application of ozonation due
to the production of degrading radicals (Pocostales et al.
2011). The results of a study by Li et al. on the catalytic
ozonation process of chlorinated nitroaromatic compounds
(CNAC) with Mn/Co catalyst in the SBR biological reac-
tor showed that the treatability degree or BOD/COD ratio
increased after treatment (Li et al. 2010). These results
are consistent with the present findings. Nonetheless, since
industrial wastewaters have a high organic load and hardly-
degradable compounds, the use of ozone alone or in combi-
nation with a catalyst increases the costs of operation. This
study therefore used a combination of biological systems
for wastewater treatment and AOPs for the mineralization
of organic compounds and discoloration. Combining ozone
with biological systems is a good solution for treating
wastewaters with high organic load and hardly biodegrad-
able materials.

Conclusion

The discoloration and TOC removal efficiency in aqueous
solutions were investigated by photolysis (UV radiation),
O; and UV/O; systems, and their optimal conditions were
determined. The effluent of each system was introduced
into the SBR for further degradation. The pH and dye initial
concentration parameters were optimized in the ozonation
process. Increasing the pH and decreasing the initial dye
concentration will increase the dye removal efficiency. Then,
the removal of TOC and dye discoloration percentage was
compared with the O3, UV and O;/UV processes. In order to
compare the performance of the SBR in dye discoloration of
RR-198 and TOC removal, four types of effluent, including
(1) Raw dye, (2) O5-pretreated dye, (3) UV-treated dye and
(4) UV/O;-pretreated dye were separately treated in the SBR
system. In this study, the hybrid UV/O,/SBR system showed
the highest dye discoloration percentage and TOC removal.
Biological systems are not highly efficient in decomposing
resistant and hardly-degradable compounds and do not meet
the water quality standards for receiving water. Combin-
ing biological systems and AOPs to treat wastewater with
hardly-degradable pollutants is very efficient and is thus
advised.
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