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ABSTRACT

Sulfate radical based advanced oxidation processes gained great attention for the removal of refrac-
tory organic pollutants from wastewaters. In this study, heat and solar activated persulfate were
tested for the removal of Reactive Black 5 from water matrices. Experiments were carried out under
1/30, 1/50, 1/100, 1/500 and 1/1,000 dye/potassium persulfate ratio at room temperature, 40°C and
60°C. Experiments that were conducted at 1/500 and 1/1,000 molar ratios and 60°C resulted in
299% color removal after reasonable reaction time (5-10 min). 99% of mineralization was observed
after 90 min of treatment. Outdoor oxidation runs were conducted in July at the main campus of
the European University of Lefke and resulted in complete de-colorization after 30 min at 1/1,000
molar ratio while 70% de-colorization observed when molar ratio was adjusted to 1/100. An increase
of temperature from 25°C to 40°C was observed during the 90 min of reaction time without any
additional heating.

Keywords: Sulfate radicals; Reactive Black 5 removal; Heat-activated persulfate; Advanced oxidation

processes

1. Introduction

Dealing with recalcitrant water pollutants has always
been a problematic issue, particularly, elimination of the
dye molecules from textile wastewaters. Today, more than
10.000 types of dyes are being produced in the world. The
most important types can be listed as azo, anthraquinone,
phthalocyanine and triarylmethane [1]. Azo dyes comprise
more than half of the total produced amount of dyes [2].
Moussavi and Mahmoudi [1] reported this number as 70%
azo and 15% anthraquinone types of dyes. About 1%-20% of
the total produced amount of dyes are lost during the dyeing
process and discharged to the environment through textile
effluents [3] which possess a threat to human health and
are known to be toxic and carcinogenic. Dyes can be treated
with physical and physicochemical methods such as coagula-
tion/floatation, adsorption, ultrafiltration, precipitation, etc.

* Corresponding author.

Although these methods are effective for the removal of dye
molecules, they are not destructive methods. They concen-
trate and transfer problematic molecules from one phase to
another [3-5]. Conventional secondary treatment methods
are also ineffective to decompose dye molecules because of
their toxic and low biodegradable nature. Oxidation and
advanced oxidation processes (AOPs) are therefore consid-
ered as an alternative for the treatment of such wastewaters
since it is possible to oxidize and remove organic mole-
cules through oxidation and even more effectively through
advanced oxidation techniques [6,7].

Conventional AOPs rely on hydroxyl radical (OH")
formation which is the most powerful radical that attacks
unselectively and causes the elimination of the pollutants.
During the last decade, sulfate radical (SO,~) based AOPs
gained great attention as an alternative for hydroxyl rad-
ical based AOPs [8]. Sulfate radicals” oxidation potential is
comparable to hydroxyl radicals” oxidation potential. Sulfate
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radicals have a greater half-life than hydroxyl radicals which
enables them to have higher contact time with the targeted
molecule and increases mass transfer possibility through
mediums. Sulfate radicals were also reported to react with
organic molecules more selectively than the hydroxyl rad-
icals [9]. Sulfate radical based AOPs rely on activation of
persulfate (PS) or peroxymonosulfate by processes such as;
UV radiation, heat addition or contacting with transition
metals [6,8].

In literature, activation of persulfate (PS) by UV, solar
and visible light irradiation process found promising for
water decontamination and disinfection. 91.8% proprano-
lol (20 uM) was removed after 30 min by the application
of UV/PS (PS concentration: 0.4 mM) and the reaction rate
constant was found as 0.0817 min™ [10]. In another study,
UV/PS (PS concentration: 2 mM) process caused 100%
removal of cyclohexanoic acid (0.39 mM) within 30 min
and the reaction rate constant was calculated as 0.17 min™
[11]. Complete elimination of dichloroacetonitrile (2 uM) by
UV/PS (PS concentration: 1 mM) treatment was achieved
after 20 min [12]. In the UV-C/PS system, near complete
degradation of sulfadiazine (99.8%) was observed within
10 min under 50 mg L™ of PS concentration [13]. The removal
percent of propylparaben (200 pug L) after 30 min of UV-A/
PS (PS concentration: 500 mg L) exposure was 100% and
the reaction rate constant was found as 0.039 min [14].
Solar/PS (PS concentration: 0.5 mM) process was tested for
disinfection purposes and resulted in the efficient removal
of two model fecal indicators [15]. Water disinfection was
achieved after 120 min by visible light/PS (PS concentration:
2 mM) process [16].

Various hydroxyl radical based AOPs have been studied
recently [17-22] for the investigation of Reactive Black 5 (RB
5) removal from water. However, there is a lack of informa-
tion concerning sulfate radicals” efficiency for the removal
of RB 5. In this study, heat-activated PS was used to observe;
reaction kinetics between the dye and sulfate radicals, dye
removal and mineralization efficiencies under different reac-
tion conditions. Our study also included a pair of preliminary
test run for solar activated PS. The examined parameters
include PS dosage and reaction temperature. Dye removal
was monitored with an ultraviolet-visible spectrophotome-
ter (UV-vis) while mineralization and reaction by-products
monitored with total organic carbon (TOC) analyzer and
gas chromatography-mass spectrometer (GC-MS). RB 5 con-
tains an azo bond (N=N) which is mainly responsible for the
color of the molecule as well as benzene and naphthalene
aromatic rings [23]. Possible degradation products after the
radical attack were also monitored and discussed.

2. Materials and methods
2.1. Materials

Potassium persulfate (ACS reagent > 99%) and Reactive
Black 5 (dye content 50%) were purchased from Isomer
Laboratory and Medical Supplies Ltd., North Cyprus and
supplied from Sigma Aldrich, USA. Potassium hydrogen
phthalate (Reag. Ph Eur) and acetonitrile (gradient grade
for liquid chromatography) were supplied from Merck
Millipore, Germany and obtained from Tin Miihendislik,

Turkey. Distilled water was produced from Sartorius 61316
system and purchased from Sartonet, Turkey. C18 SPE car-
tridges were supplied from Cayman chemical company, USA
and purchased from Energon Ltd., Cyprus.

2.2. Oxidation reactions

The initial concentration of aqueous dye solutions was
adjusted to 50 mg L. Reactions were conducted in a beaker
that was placed in a water bath and stirred continuously.
Prior to the experiments, the temperature of the water bath
was adjusted to the desired temperature values and the
reaction started after the addition of potassium persulfate.
Reactions were conducted under ambient pH conditions
(pH 5) and pH was not adjusted during the experiments.
The solution pH decreased to 3 + 0.1 at the end of the exper-
iments due to the by-product formation. Aliquots were
collected at predetermined time intervals, cooled down
immediately and analyzed. Parameters that were studied
are dye/potassium persulfate molar ratio and temperature.
Molar ratios examined were 1/30 1/50, 1/100, 1/500 and
1/1,000 and reaction temperatures were between room tem-
perature (25°C) and 70°C. In addition, a preliminary exper-
iment was conducted to reveal the activation effect of solar
radiation on the generation of sulfate radicals.

2.3. Analytical methods

RB 5 concentrations were analyzed by a UV-visible spec-
trophotometer at 590 nm (Rayleigh UV 1601). Mineralization
was observed with TOC measurements (Shimadzu, Kyoto,
Japan, V_, -TOC analyzer via non-purgeable organic carbon
method). No quenching agent was required prior to TOC
and UV analyzes since the samples were cooled down imme-
diately. No significant changes in color or TOC content was
observed after sampling at ambient temperature. Samples
for selected runs were also analyzed by GC-MS (Shimadzu,
Kyoto, Japan) for the estimation of oxidation by-products.
Prior to analysis, solid-phase extraction was performed and
the procedure was as follows: Finisterre C18 cartridges were
conditioned by 5 mL acetonitrile and 5 mL distilled water
after that 50 mL sample were filtered by a vacuum pump and
finally samples were collected in 5 mL acetonitrile. GC-MS
temperature program was adjusted following EPA Method
8270 [24] recommendation (initial oven temperature 100°C
was increased to 260°C at a 5°C min™ rate. Injection tempera-
ture and interface temperatures were 260°C and ion source
temperature was kept at 250°C). Teknokroma TRB-5MS
(5% dimethyl-95% diphenyl polysiloxane) column having
30 m x 0.25 mm x 0.25 um dimension was used for chromato-
graphic separation. Helium was selected as the carrier gas at
a flow rate of 1 mL min™. WILEY 7 library (USA) was used
for the identification of by-products.

3. Results and discussions

Experiments were conducted with different persul-
fate dosages at room temperature, 40°C and 60°C. Results
showed that the de-colorization rate and efficiency sig-
nificantly increased with increased persulfate dosage and
temperature. Organic carbon removal which shows total



O.A. Andrew et al. / Desalination and Water Treatment 177 (2020) 393-399 395

oxidation efficiency [7] was also monitored and removal effi-
ciency over 99% was recorded for experiments conducted at
60°C with molar ratios of 1/500 and 1/1,000. No significant
color and TOC removal were observed in the runs conducted
at room temperature.

3.1. Effect of potassium persulfate dosage

Significant dye removal was recorded for the runs con-
ducted at 40°C and 60°C. However, de-colorization and
mineralization were not observed when experiments were
carried out at room temperature. Figures showing dye
removal at 40°C and 60°C under various potassium per-
sulfate dosages are given in Fig. 1. TOC removals are also
reported in Fig. 2.

It can be observed from Figs. 1 and 2 that the increased
persulfate dosage resulted in increased decolorization rate,
de-colorization efficiency and TOC removal for the studied
dosages. This result is expected since the reaction rate is
directly proportional to the reactant concentration. Results
also indicate that the studied dosages did not have any inhib-
iting effect on oxidation of dye solutions. It is also reported
in the literature that increased sulfate dosage had a positive
effect on the oxidation rate and efficiency of targeted pollut-
ants [25-28].
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TOC removal was observed in the runs conducted
with dye/potassium persulfate molar ratios of 1/500 and
1/1,000. TOC removal of 10% and 25% were observed for
the mentioned sulfate dosages at 40°C while almost com-
plete mineralization was achieved in the runs conducted
at 60°C.

Our findings also suggested that the sulfate radicals
needed to be activated by heat to be able to observe de-
colorization within the reaction time provided. Similar
results were also reported in the literature for heat-activated
persulfate oxidation [29]. Oxidation at room temperature did
not have any effect on mineralization even for the periods
that can be expressed in days. Only slight de-colorization
was observed at the highest potassium persulfate dosage
(1/1,000; dye/potassium persulfate molar ratio).

3.2. Effect of temperature

An increase in temperature favored reaction rate for
both sulfate-dye oxidation and the oxidation of by-prod-
ucts. It is reported in the literature that decomposition of
persulfate molecules which result in the formation of sulfate
radicals are favored at higher temperatures [26,30-33]. In
literature, heat-activated persulfate oxidation reactions com-
monly expressed with pseudo-first-order reaction kinetics
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Fig. 1. Dye removal at different potassium persulfate dosages. (a) 60°C and (b) 40°C, initial pH = 5, initial dye concentration = 50 mg L
potassium persulfate dosages were reported in terms of molar ratio; dye/potassium persulfate.

@ !

0.9 --1/500
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

-A-1/1000

TOC/TOC,

0 10 20 30 40 50 60 70 80 90

Time (min)

(b) 1.00

0.95
0.90

0.85

e
to
=3

TOCITOC,
=
1
h

e
a
=]

0.65
-+1/500

& 1/1000

0 10 20 30 40 50 60 70 30 90

Time (min)

Fig. 2. TOC removal at various potassium persulfate dosages. (a) 60°C and (b) 40°C, initial pH =5, initial dye concentration =50 mg L.
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[25-28,30-35], the model equation for a batch reactor can be
given as below:

dc
_Tdye _ k. xC

1
" )

dye

where k__is observed reaction rate constant for the pseudo-
first-order reaction that is used to define de-colorization
kinetics of dye solution. The pseudo-first-order reaction rate
constant can be obtained from the plot of In(C clye/C aye0) VS
time through linear regression.

The difference in de-colorization rates obtained in the
runs conducted at different temperatures is presented in Fig. 3
with In(C/C)) vs. time plots. It can be seen from the figures
that linear regression fits well with the experimental data.
De-colorization data obtained in this study also suggested
a pseudo-first-order reaction kinetics for de-colorization of
RB 5 with heat-activated persulfate oxidation.

Fig. 3 also clearly demonstrates the increase in pseudo-
first-order reaction rate constants as temperature increases
from 40°C to 70°C. Similar analyses were conducted for all of
the runs in this study which showed that heat-activated per-
sulfate oxidation of RB 5 followed pseudo-first-order reac-
tion kinetics for the given reaction conditions. Temperature
dependence of the observed reaction rate constant was also
investigated by using the Arrhenius equation. Arrhenius
equation can be given as;

“E,
k. = AekT @)
where A is a pre-exponential factor, E is apparent activa-
tion energy, T is temperature (K), R is universal gas constant
(8.314 ] mol™ K™). Eq. (2) can be linearized and plotted to
estimate the apparent activation energy of the reaction
using Eq. (3):
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Fig. 3. In(C/C,) vs. time. Dye/potassium persulfate = 1/500, initial
pH =5, initial dye concentration =50 mg L™, k , can be reported
with a mean standard deviation of +0.01.

Fig. 4 represents the plot of In k, vs. 1/T. The apparent
activation energy was calculated as 141 k] mol™ which is in
good agreement with the values reported in the literature
[26]. The values which were obtained in several other stud-
ies are [26]; 141, 108, 144, and 141 kJ mol™ for oxidation of
atrazine, trichloroethene, cis-1,2-dichloroethene, trans-1,2-
dichloroethene, respectively.

3.3. Oxidation by-products

Treated samples at 60°C and 1/100, 1/500, and 1/1,000
dye/potassium persulfate molar ratios were extracted and
injected to GC-MS to identify the oxidation by-products.
The GC-MS method used can only reveal the semi-vola-
tile organic molecules in the mixture. Therefore no peak
was observed when the initial RB 5 solution was injected.
Mixtures that were treated with 1/100 dye/potassium per-
sulfate ratio showed no significant peaks in GC-MS chro-
matogram which can be explained by the TOC analyses
where no mineralization was observed. From Fig. 2a it
can be observed that almost complete mineralization was
obtained for the run conducted with 1/1,000 molar ratio and
GC-MS chromatograms also support this finding by not
showing any significant peaks that can be attributed with
by-product formation. On the other hand, some by-products
were observed in the samples extracted from the run con-
ducted with a 1/500 molar ratio. The fragmentation pattern
of the observed peaks was found similar to 1-Hexacosene
and 1-Naphthalenecarboxylic acid by using NIST approved
WILEY 7 library (USA) (Table 1). According to the literature,
after the cleavage of the N=N azo bond releases benzene,
naphthalene, quinone types of aromatic compounds to the
mixture [36,37]. Further cleavage of the by-products and RB
5is the reason for the formation of aliphatic by-products [23]
as presented in Fig. 5.

3.4. Solar assisted persulfate oxidation

This study suggests an energy demand for the activation
of sulfate radicals. This may result in a major problem for
industrial applications of this suggested advanced oxidation
method (heat-activated persulfate). The energy requirement
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Fig. 4. Ink ,_ vs. 1/T plot for calculation of E. Dye/potassium
persulfate = 1/500, initial pH= 5, initial dye concentration =
50 mg L™, T=25°C-70°C.
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Table 1

Observed degradation products (1/500 dye/potassium persulfate molar ratio at 60°C)

Similarity percent % By-product

Name: 1-Hexacosene

Molecular formula: C, H,,

Molecular weight: 365 g mol™

84
m/z: 57.05 (100), 97.05 (93), 43.05 (87.99)
///\“x_n/A“‘\_,/’\“"n.,//n\\“u/ﬂx‘x./ﬂ\_//’\n.r/’\‘“u/n\\u//\\“x;/‘\“x../’.H“'w//
Name: 1-Naphthalenecarboxylic acid, decahydro-1,4a-dimethyl-6-methylene-5-
(3-methyl-2,4-pentadienyl)-, methyl ester, [1S-[1.alpha.,4a.alpha.,5.alpha.(Z),8a.beta.]]-
Molecular formula: C, H,,0,
Molecular weight: 316 g mol™!
mi/z: 73.00 (100), 147.05 (67.05), 221.05 (61.40)
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Fig. 5. Proposed degradation pathway for RB 5.

of the method discussed in this study can be supplied from
solar energy combined with the activation effect of UV radi-
ation that will be received from the sun. Outdoor oxidation
runs without external heating experimented as preliminary
trials for a possible future study based on solar activated
persulfate oxidation study. Batch oxidation using potassium
persulfate under sunlight was conducted by using potas-
sium persulfate with ratios of 1/100 and 1/1,000. Experiments
were carried out in July at the main campus of the European
University of Lefke which is located at Lefke, Northern
Cyprus. The runs in which molar ratio was adjusted to
1/1,000, complete decolorization was achieved after 30 min of
reaction time while de-colorization over 70% was observed
in the run conducted with a molar ratio of 1/100 after 90 min
of total reaction time. A temperature increase from 25°C
to 40°C was observed during the 90 min of reaction time

without any additional heating. Fig. 6 shows dye removal
percentages obtained after solar oxidation experiments. It is
worth to note that no de-colorization was observed for the
control run which was conducted without the addition of
potassium persulfate.

4. Conclusions

Complete oxidation of RB 5 solutions was achieved in
the runs conducted with the dye/potassium persulfate ratio
of 1/500 and 1/1,000 at 60°C with a reaction time of 90 min.
Room temperature experiments only resulted in 36% dye
removal with a molar ratio of 1/1,000 after 180 min. Solar
oxidation experiments also proved that there is a prom-
ising potential of solar activated persulfate oxidation in
Northern Cyprus for wastewater treatment.
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Fig. 6. Dye removal observed after solar assisted persulfate
oxidation. Initial pH = 5, initial dye concentration = 50 mg L7,
initial temperature = 25°C, and final temperature = 40°C.

The maximum duration for the experiments was kept
as 180 min and less for some experiments. Duration of the
experiments can be increased in future studies to achieve
increased de-colorization and mineralization with lower dos-
ages of potassium persulfate as consumption of high persul-
fate might cause accumulation of sulfate ions in the medium
that can be classified as a pollutant in high concentrations.
A future study focusing on solar activated persulfate should
also be conducted with a better-designed reactor in order to
use the solar irradiation at an optimum level.
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