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ABSTRACT

The triclosan (TC) is classified as antibacterial compound as an emerging pollutant, which is
extensively used in pharmaceuticals and personal care products. The present study evaluated
the degradation efficiency of TC by combination of persulfate radical and electrocoagulation
(PS-EC) process from synthetic industrial wastewater. To obtain optimum condition, the effect
of influencing parameter on PS-EC process including solution pH, reaction time, current den-
sity, PS dose, concentration of electrolyte, initial concentration of TC, and electrode arrangement
were systematically investigated. The increase of the current densities from 0.67 to 2.71 mA/cm?
resulted in an increase of TC degradation efficiency from 58.7% to 65.9% after 35 min of reaction
time. Up to 99.5% of TC was degraded by PS-EC process after 35 min reaction time at optimum
condition including PS dose: 250 mg/L, current density: 2.71 mA/cm? electrolyte concentration:
2.5 g/L, and solution pH: 7. The operating cost including electrode and energy was calculated as
164,782 Rial/m® The Brunauer-Emmett-Teller analysis of produced sludge during PS-EC process
indicated that the specific surface area, total pore volume, and mean pore diameter were 97.8 m?/g,
0.19 cm®/g, and 7.8 nm, respectively.
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1. Introduction

The pharmaceutical and personal care products
(PPCPs), as an emerging pollutant, with potential toxicity
and oxidation resistance characteristics have attracted con-
siderable attention and are widely consumed for human and
animal health worldwide [1,2]. Among PPCPs, the triclosan

* Corresponding author.

(5-chloro-2-(2,4-dichlorophenoxy)-phenol) (TC) is an anti-
bacterial agent and have variety of applications including
shampoos, detergents, toothpaste, and lotions. In addition,
TC is used as an additive in many industries such as textile,
plastic, and polymer [1,3,4]. Due to extensive application
of TC, it was detected in various environments, including
groundwater, river water, sediments, and biota, which
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depicts the adverse effect on ecosystems [5]. The EPA has
designated TC as a processor in dioxins formation and tends
to accumulate in adipose tissue of humans and animals [6].
During disinfection of drinking water, the TC can react with
chlorine and to produce chloroform or chlorinated phenols
such as 2-4-dichlorophenol (2,4-dichlorophenol and 2-4
produce 6-trichlorophenol (2,4-trichlorophenol) as possible
carcinogen compounds [6,7].

Because of extensive discharge of TC into wastewater,
it is important to develop an efficient strategy for water
and wastewater treatment [8]. The various treatment meth-
ods were adopted to destroy and remove TC including
conductive diamond electrochemical-oxidation, conductive-
diamond sono-electrochemical oxidation, ozonation, mag-
netic activated carbon [9-12]. The main drawback of men-
tioned process is low efficiency due to low concentrations
of pollutants that control the electrolysis of organic waste
with mass transfer rate [11], economic considerations for
full-scale implementation [13], limited porosity and low
surface area of char [12], which attempts have been made
to find the efficient treating methods. According to the lit-
erature [14], ozone has been shown to be very effective in
TC oxidation and ultimately eliminating its antibacterial
activity. Ozone appears to be an effective tool for killing TC
antibacterial activity during wastewater treatment. Besides,
Jiang et al. [15] confirmed the effect of KMnO, on the
removal of oxidative TC in natural water and wastewater.

Nowadays, the advanced oxidation processes (AOPs)
have been commonly used for organic compounds elim-
ination, due to their advantages, such as easy operation,
high efficiency, and low cost [16]. The restricted stan-
dards of environmental and variety of constraints lead
to high attention on the application of the AOPs based
on the sulfate radical (SO;") as a strong oxidation agent
for wastewater treatment and in situ chemical oxida-
tion [17,18]. The SO;~radical has higher redox potential
(2.5-3.1 V) than hydroxyl ("OH) radicals (1.8-2.7 V) and
is highly selective [16,19]. Besides, the SO;~radicals have a
longer half-life (f,,: 3040 ps) than *OH radicals (¢,,: 1 ps),
which leads to highest mass transfer and complete con-
tact between the radicals and the organic pollutant [2]. The
persulfate anions (S,07) (redox potential: 2.01 V) are sta-
ble and strong chemical oxidizers that might be activated
by various methods to form SO;~ radicals [20]. In addi-
tion, the advantages of persulfate anion (PS) are includ-
ing low cost, high solubility, high stability of its radical
in various conditions, solid form, and ease of handling
[21]. The activation methods of PS are including applica-
tion of heat [22], ultraviolet (UV) light [22], transition metal,
ultrasonic irradiation, alkaline conditions, electrical current
and their combination as illustrated in Eqgs. (1)-(4) [23-26].

S,0;” — 52505 )
S,0; —>2S0; @)
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Among the transition metals, ferrous iron salts (Fe*")
are mostly used to activate PS with an activation energy of
50.23 k] mol™ (Eq. (5)).

S,0; +Fe’* ——S0; +Fe’* +S0; (5)

When Fe? salts were used as PS activator, consump-
tion of large amounts of iron, production of high volume of
sludge, need for high dose of Fe* to activate persulfate due
to difficulty in producing Fe*" after conversion to Fe*, and in
case of excessive presence of divalent iron, iron reacts with
sulfate radicals and acts as a scavenger and reduces effi-
ciency; these are the disadvantages of this method [24].
To overcome the mentioned drawbacks, attempts have
been made to use electrocoagulation process as an envi-
ronmental friendly technology for efficient treatment of
various industrial wastewaters [27]. In fact, this process
is the destabilization of suspended, emulsified, or soluble
pollutants in the aqueous medium by introducing an elec-
tric current into the environment. The electrocoagulation
process is the electrochemical production of metal ions
(such as Al and Fe) that act as destabilizing agents and neu-
tralize the electrical charge to remove contaminants [28].
Its advantages include economic efficiency with simple
equipment and easy operation, short working time, small or
insignificant amount of chemicals and sludge reduction [29].

In recent years, the continuous Fe* production by
applying electric current on the iron electrodes has been
proposed as a new alternative method for PS activation
according to Egs. (6) and (7).

Fe ——TFe™ +e (6)

Fe’ +e ——Fe* )

In this process, after separation of Fe*" from the anode
electrode, the Fe* reacts with PS anions to generate SO;~
radicals (Eq. (5)) and gets converted to Fe* cations and
after that, Fe* is regenerated in the cathode to Fe* and as
a consequence, iron consumption and sludge production
minimized [30]. Therefore, the electrolysis of PS anions to
generate SO;~ radicals may have a strong influence on the
oxidation and degradation of pollutants from wastewater
by the electrochemical process [31].

Song et al. [32] performed the electrochemical activation
of PS in the boron-doped diamond (BDD) anode, which
resulted in high efficiency in the electrochemical activa-
tion of PS and also Bu et al. [33] activated PS anions by
direct electric current using using BDD anode and reported
that high degradation of atrazine obtained and activation
of PS led to significant reduction of electrolyte demand.

However, to the best of our knowledge from reviewing
the literature, no report is available to date on the degrada-
tion of TC from wastewater by PS-EC process. Accordingly,
the present work was a laboratory scale study and evalu-
ated the effectiveness of operation parameters including
solution pH, current density, reaction time, PS dose, con-
centration of electrolyte, initial concentration of TC, and
electrode arrangement on degradation efficiency of TC by
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PS-EC process. In addition, the kinetics of TC degradation
was evaluated. Finally, in order to characterize the proper-
ties of produced sludge, Fourier-transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy (SEM), Brunauer-Emmett-Teller (BET), and
energy-dispersive X-ray spectroscopy (EDS) were employed.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals used in this study include TC, sodium
persulfate (Na,5,0,, CAS #: 7775-27-1), and sodium chloride
(NaCl, CAS #: 7647-14-5) were analytical grade and bought
from Merck Co. (Germany). All the working solutions were
prepared by dissolution of mentioned chemicals in the dis-
tilled water. The main characteristics of TC are summarized
in Table 1.

2.2. Setup of PS-EC process and procedure

The PS-EC process was made from plexiglass with total
volume of 1,000 mL and working volume of 500 mL and
equipped with two pair of iron and aluminum sheets as
an anode and cathode electrodes (16 cm x 6 cm x 2 mm).
During experiments, the electrodes were vertically
immersed in the treating solution and providing 147.2 cm?
of active surface of electrodes. The distance between the
paired anode and cathode was maintained constant and
taken to be 2 cm. The pair of electrodes with monopo-
lar arrangement was connected to a DC power supply
(DAZHENG PS-305D, China), which is capable of sup-
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TC cyanide. At the beginning of each experiments, the pair
of electrodes was cleaned with 15% HCI and then exten-
sively rinsed with distilled water. All batch experiments of
TC degradation by PS-EC process were performed at ambi-
ent temperature by using NaCl as electrolyte. The applied
conditions of each experiment are summarized in Table 2.

2.3. Analysis

The residual concentration of TC after each experiment
was quantified with high performance liquid chroma-
tography (HPLC, Waters, model No. 486) equipped with
UV detector (203 nm) and C18 packed column (Nucleosil®
5 pm C18 100 A, LC Column 250 x 4.6 mm, Ea). The mobile
phase was made by acetonitrile and water (volumetric
ratio of 75:25) at flow rate of 1 ml/min [34].

In order to determine the characteristics of produced sludge
during experiments, at first, the collected sludge was dried for
24 h at 105°C. Then, the dried sludge sample was subjected
to SEM observation (TESCAN, MIRA III, Czech Republic),
XRD (PHILIPS, PW1730, The Netherlands), EDS (FESEM,
TESCAN, Czech Republic), FTIR (Thermo, Avatar, United
States), and BET (BEL, BELSORP MINI II, Japan) analysis.

2.4. Operating cost
The main components of operating costs are energy

and electrode costs, which are calculated using Eq. (8).

Table 1
Main characteristics of TC

plying the highest electrical potential and current of 30 V Properties Description

and 5 A, respectively. For batch experiments of TC degra- Molecular structure Cl OH

dation by PS-EC process, 500 mL of the synthetic waste-

water containing a prespecified concentration of TC was O

transferred into the reactor equipped with the previously

described electrodes; the density of the electrical current

was regulated at the desired value, the electrical current Cl Cl

was established between electrodes, and the reaction was

started and allowed to continue up to the specified time. In Chemical formula C,H,CLO,

order to ensure well mixing of reactor content and solution Molar mass (g/mol)  289.54

pH adjustment, the magnetic stirrer at mixing intensity of Boiling point 120°C

500 rpm and HCl and NaOH (0.1 M) was used. After desired CAS Number 3380-34-5

reaction time, the suspension was centrifuged at 3,000 rpm Density (g/cm?) 1.49

for 5 min and then analyzed for residual concentration of

Table 2

Experimental conditions employed in TC degradation by PS-EC process
Studied parameter Experimental condition

pH Reaction Current density PS dose NaCl TC conc.
time (min) (mA/cm?) (mg/L) (g/L) (mg/L)

Solution pH 3-9 30 1.35 100 1 20
Reaction time 7 5-90 1.35 100 1 20
Current density 7 35 0.67-3.39 100 1 20
PS dose 7 35 2.71 100-300 1 20
Electrolyte concentration 7 35 2.71 250 1-3 20
Initial TC concentration 7 35 2.71 250 2.5 20-120
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Operation cost =C + C ectrode ®)

energy

In the above equation, C, . and C, ., . respectively,
are the energy consumption and the electrode per cubic
meter of water [35].

The electrode and energy consumption in EC process

were calculated by using Egs. (9) and (10).

Energy consumption = vit 9)
v

Electrode consumption = ™M (10)

zFv

where V is applied voltage (V), I is current (A), t is EC
time(s), v is volume of treated wastewater (m®, F is
Faraday’s constant, M_ is molar mass of iron and aluminium
and z is the number of electron transfer [36].

3. Result and discussion
3.1. Effect of solution pH

To investigate the effects of solution pH on TC degra-
dation by PS-EC process, the experiments were performed
with different solution pH ranging from 3.0 to 9.0 at initial
TC concentration of 20 mg/L with 30 min reaction time.
The variations of TC degradation efficiency as a function of
solution pH are shown in Fig. 1.

As depicted, the degradation efficiency of TC improved
from 61.4% to 68.5% with increasing pH of the solu-
tion from 3 to 7. After that, the TC degradation efficiency
promptly declined and reached to 26.3% at solution pH
of 9. The highest degradation efficiency of TC (68.5%)
was obtained at solution pH of 7 and selected as optimum
solution pH for the rest of experiments.

In the electrochemical processes, in which Fe* is used
to activate PS anion and generate SO; radical, the pH

80

70 1

60 -

50 A

40 1

30 1

TC degradation (%)

20 1

Solution pH

Fig. 1. Effect of solution pH on TC degradation efficiency by
PS-EC process (TC concentration: 20 mg/L, PS dose: 100 mg/L,
electrolyte concentration: 1 g/L, current density: 1.35 mA/cm?,
and reaction time: 30 min).

of the solution affects on the species and state of iron in
the solution, as well as the reaction rate of the SO;~ rad-
ical with organic pollutant [37]. With gradually increas-
ing the pH from acidic conditions to basic range, most
of the iron present in the system alters from Fe?" to Fe*
state; since only Fe* is capable to activate PS anions, the
degradation efficiency of process significantly reduced
with Fe?/Fe* ratio decreasing [38]. Furthermore, under
acidic conditions, the HS, O} and SO}~ are predominant
ions compared with PS anions and lead to minimizing
the SO;~ radical generation [39]. At solution pH lower
than 4, the Fe** complexes formation resulted in decreas-
ing amount of Fe? ions and consequently, the reaction
between Fe?" jons and PS anions prevented according to
Eq. (11) [30].
Fe?* +H,0—FeOH" + H" (11)
Also, formation of Fe®* oxyhydroxides such as FeOH?,
Fe(OH);", Fe(OH)*, Fe(OH), and Fe(OH);, illustrates lower
performance in PS activation to produce SO;- radicals as
depicted in Egs. (12)—(14) [30] as follows:

Fe’" + HlO——FeOH*" + H' (12)
Fe** +2H, ——Fe(OH)*" + 2H" (13)
2Fe™ +2H,0——>Fe(OH). +2H" (14)

Besides, the less ability of the catalyst to activate PS
anions at high solution pH led to lower amount of SO;-
radical and finally the degradation efficiency of TC by
PS-EC process declined [30]. During PS reactivation by
Fe ions, changing the solution pH may havc resulted in
production of other free radicals such as *OH radicals.
Based on the solution pH during process, the SO;~ radi-
cal is the dominant free radicals at solution pH ranging
from 3 to 5, both SO;~ and *OH radicals exist at solution
pH of 7-9 (Eq. (15)), and at solution pH higher than 12,
only *OH radical is present (Eq. (16)).

SO; +H,0——OH" +H" + SO (15)

SO; +OH ——OH' +SO7 (16)
Furthermore, at basic range, the oxidation potential
of *OH radicals is greatly reduced and also it can react
with SO;~ radical (Eq. (17)); thus degradation efficiency of
process depleted [40].
SOy +OH'——H" + S0 +0.50, (17)
The result obtained in the present study is consis-
tent with Lin et al. [41], who reported that degradation
efficiency of acid orange 7 by electro/Fe,O, /peroxydi-

sulfate process decreased when solution pH increased
from 3 to 9.



A. Rezaie et al. /| Desalination and Water Treatment 221 (2021) 291-302 295

3.2. Effect of reaction time

In order to evaluate variation of TC degradation effi-
ciency by PS-EC process as a function of reaction time, a
series of experiments were conducted at solution pH of 7,
initial TC concentration of 20 mg/L by varying reaction time
in the range of 5-90 min and illustrated in Fig. 2.

As can be seen, when the reaction time progress from
5 to 90 min, the degradation efficiency of TC enhanced
from 51.3% to 68.5%. The trend of TC degradation was
rapid at the beginning and reaching to equilibrium reac-
tion time after 35 min. After this reaction time, the deg-
radation efficiency of TC not significantly improved.

In fact, the reaction time is a critical factor in the pol-
lutants treatment by AOPs [18]. The data obtained in the
present study demonstrating that degradation efficiency
of TC by PS-EC process highly depends on the reaction
time. The operation PS-EC process over equilibrium reac-
tion time led to increased energy consumption, which is
not economically favorable due to the overuse of the gen-
erated coagulation [42]. According to Faraday’s law, with
increasing reaction time of EC process, the increasing
amount of iron species can limit the elimination efficiency
[39]. Farhadi et al. [43] studied the removal of COD from
pharmaceutical wastewater and reported after 30 min
reaction time, the amount of COD decreased from 330 to
311 mg/L and the efficiency increased from 31.9% to 35.9%.
In addition, Bazrafshan et al. [44] demonstrated that in
the first 15 min, the rapid removal efficiency obtained and
finally in 75 min, approximately 92.7% removal occurred.

3.3. Effect of current density

By changing applied current density from 0.67 to
3.39 mA/cm?, the effect of applied current density on deg-
radation efficiency of TC by PS-EC process was investi-
gated by using PS dose of 100 mg/L at solution pH 7 and
initial TC concentration of 20 mg/L. Fig. 3 illustrates the
variation of TC degradation efficiency as a function of
applied current density.

As can be observed, when the applied current density
increased from 0.67 to 2.71 mA/cm? the TC degradation

80

60 -
50 -
40

30 A

TC degradation (%)

20 A

0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Reactiontime (min)

Fig. 2. Influence of reaction time on degradation efficiency
of TC by PS-EC process (TC concentration: 20 mg/L, solution
pH: 7, PS dose: 100 mg/L, electrolyte concentration: 1 g/L, and
current density: 1.35 mA/cm?).

efficiency enhanced from 64.7% to 81.2%. But, further
increasing current density above 2.71 mA/cm? led to deple-
tion of degradation efficiency of TC and reaching to
76.5% at current density of 3.39 mA/cm?.

In electrochemical oxidation process, the applied cur-
rent density is the main controlling and anode corrosion
occurred by connecting to electricity and led to Fe* pro-
duction and generation of SO;~ radicals according to Eq.
(5) [45,46]. The enhancing applied current density led to
the rapid iron production and Fe* regeneration, higher
rate of PS decomposition, and finally, improvement of SO;~
radicals formation by the electron transfer reaction (Eq. (18)).

5,0 +e ——50; +507 (18)

On the other hand, increasing the applied current den-
sity resulted in the cathodic revival of Fe** (Eq. (7)) and
consequently, higher amount of PS anions got converted
to SO;~ radicals (Eq. (5)) [41,47]. Table 3 summarized the
comparison of applied current density in literature.

But, further increasing current density above 2.71 mA/
cm? led to depletion of degradation efficiency of TC and
reaching to 76.5% at current density of 3.39 mA/cm?
The excessive production of Fe* and their accumula-
tion in solution because of excessive increase of applied
current intensity led to scavenging of SO;~ and °*OH
radicals by Fe* ions, which the degradation efficiency
of PS-EC process declined, as illustrated in Eq. (21) [46].

Fe*' +50; ——>50? +Fe* (19)

3.4. Effect of persulfate dose

To assess the effect of PS dose on PS-EC process, vari-
ous doses of PS ranging from 100 to 300 mg/L were applied
in PS-EC process at solution pH of 7 under 20 mg/L of ini-
tial concentration of TC. The variations of TC degradation
performance by PS-EC process under different PS dose are
displayed in Fig. 4.

90
80 1 ]
70 1 —
60 4

50
40
30

TC degradation (%)

20 4
10 A

0.67 1.35 2.03 271 3.39

Currentdensity (mA/cm?)

Fig. 3. Effect of applied current density on TC degradation effi-
ciency by PS-EC process (TC concentration: 20 mg/L, solution
pH: 7, PS dose: 100 mg/L, electrolyte concentration: 1 g/L, and
reaction time: 35 min).
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Fig. 4. Variation of TC degradation efficiency by PS-EC process
as a function of PS dose (TC concentration: 20 mg/L, solution pH:
7, electrolyte concentration: 1 g/L, current density: 2.71 mA/cm?,
and reaction time: 35 min).

As revealed in Fig. 4, with increasing dose of PS from
100 to 250 mg/L, the degradation efficiency of TC by
PS-EC process improved from 81.2% to 94.7%. This behav-
ior related to generation of higher amount of SO;- radical
when higher dose of PS was employed. Variation of removal
efficiency as a function of dose of PS is shown in Table 4.

Application of PS dose higher than 250 mg/L led to
degradation of TC efficiency decreasing and reached to
90.3% at PS dose of 300 mg/L. When PS dose is very high,
the SO;~ radical may react with surplus PS anions (Eq. (20)),
and also with other SO;~ radicals (Eq. (21)) [50].

5,02 +50; ——S0> +5,07 (20)

SO; +S0; ——S,0%" (21)

Egs. (20) and (21) resulted in reduction of generation
rate of SO;~ radical and also degradation efficiency of PS-EC
process [18,51].

3.5. Effect of electrolyte concentration

A series of TC degradation experiments by PS-EC
process was carried out to evaluate the effect of electro-
lyte concentration ranging from 1 to 3 g/L on process
performance (Fig. 5).

As expected, the increasing electrolyte concentration
has a positive effect on degradation efficiency of TC by
PS-EC process. When electrolyte concentration increased
from 1 to 2.5 g/L, the degradation efficiency improved
from 94.7% to 97.1% and further increasing electrolyte

Table 3
Results of previous studies along with the present study

A. Rezaie et al. / Desalination and Water Treatment 221 (2021) 291-302
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Fig. 5. Influence of concentration of electrolyte on TC degrada-
tion efficiency by PS-EC process (TC concentration: 20 mg/L,
solution pH: 7, PS dose: 250 mg/L, current density: 2.71 mA/cm?,
and reaction time: 35 min).

concentration led to degradation efficiency diminishing to
96.15% at 3 g/L of electrolyte concentration. In order to flow
the electric current in the electrochemical process, presence
of minimal conductivity in the solution is critical, which is
obtained by the addition of salts such as NaCl and Na,SO,
[52]. The presence of NaCl in optimum concentration in
aqueous media led to increasing electrical conductivity, elec-
trical energy reduction, and accelerates the production of
hydrogen around the cathode [53]. At a constant current
density (or electrical potential), the increasing electro-
lyte concentration caused electrical conductivity increas-
ing too. Thus, the electric current flows more intensely,
which improve Fe* production and SO;- radicals gener-
ation and, ultimately, resulting in enhanced degradation
efficiency [54]. In addition, increasing the concentration
of NaCl can reduce the side effects of other anions such
as 502" and HCO;. The application of other salts contain
Ca? and Mg* can cause formation of insulating layer
of CaCO, and MgSO, on the electrodes surface, which
in turn greatly increases the potential between the elec-
trodes and leads to a significant reduction in current effi-
ciency [55]. Furthermore, Cl- can react with SO, to form
Cl* (Eq. (22)). Also, chlorine radical (CI*) can react with
additional chloride (CI"), forming the dichloride radical
(Cl;7) (Eq. (23)). This process can have an inhibitory effect
on sulfate radicals and then reduce them and finally reduce
the efficiency of the process [56,57].

SO; +Cl'——Cl" +50* 22)

Cl' +Cl ——Cl; 23)

Pollutant Processes Current density (mA/cm?) Increase efficiency% Refs.

Acid orange 7 Electro/Fe,O,/PDS 3.4-25.2 80.3-100 [41]
Tetracycline hydrochloride Electro-persulfate 6.67-13.3 47.5-81.1 [48]

Clofibric Electro/Fe*’PMS 8.4-33.6 40.1-22.6 [49]

Triclosan PS-EC 0.67-2.71 64.7-81.2 Current study

A21



A. Rezaie et al. /| Desalination and Water Treatment 221 (2021) 291-302 297

In the study of Ghalwa et al. [54], during the removal
of Abamectin pesticide by electrocoagulation process with
iron electrodes, with increasing electrolyte concentration,
the efficiency increased and the amount of electrolyte of
1 g/L was selected as optimal, and finally with increasing
in NaCl concentration >1 g/L removal efficiency decreased.

3.6. Influence of initial TC concentration

To find the variation of degradation efficiency of TC
by PS-EC process with changing initial concentration of
TC from 20 to 120 mg/L, the experiments were conducted
at solution pH of 7 with application of 250 mg/L of PS and
2.5 g/L of electrolyte and displayed in Fig. 6.

As can be seen, when the initial TC concentration
increased from 20 to 120 mg/L, the performance of TC deg-
radation by PS-EC process declined from 97.1% to 48.5%,
and similar to reported observation in the literature [2,46].

At constant oxidant content, the increasing concentra-
tion of the organic contaminant led to minimizing available
oxidation potential and as a result, the performance of
AOPs is decreased [54]. In addition, at high concentra-
tions of contaminants, the formation of intermediate com-
pounds in solution may consume oxidizing agents, so the
removal efficiency of AOPs is reduced [54,58]. The compar-
ison of previous studies with present study was performed
in Table 5.

3.7. Change in the characteristics of the solution

The change in the electrical conductivity (EC) of the
solution, temperature, and pH along with the reaction time
in the study is shown in Figs. 7a—c.

As illustrated in Fig. 7a, at the beginning of exper-
iment, the value of EC was 4.03 mS/cm, and increased to
5.06 mS/cm after 90 min of reaction time. The EC and
ionic resistance of the solution have a great effect on cur-
rent density efficiency and decreasing ohmic resistance by
increasing EC can lead to increasing current density. In
addition, the EC can reduce the required reaction, which
ultimately leads to a reduction in energy requirement and
operating cost [60,61]. Farhadi et al. [43] studied the COD
removal from the pharmaceutical wastewater by electro-
coagulation process and demonstrated that the EC value
decreased from 1,514 to 948 puS/cm after 90 min.

As can be seen from Fig. 7b, at the beginning of the
PS-EC process, the pH of the solution was 7 and over reac-
tion time, a gradual increase in pH was observed and
reached to 8.27 after 90 min. Farhadi et al. [43] stated that

Table 4
Results of previous studies with the present study

100
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0

TC degradation (%)
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Initial TC concentration (mg/L)

Fig. 6. Trend of TC degradation efficiency by PS-EC process
under different TC concentration (solution pH: 7, PS dose:
250 mg/L, electrolyte dose: 2.5 g/L, current density: 2.71 mA/cm?,
and reaction time: 35 min).

pH control was difficult during the electrocoagulation pro-
cess and the value of solution pH varied from 7 to 8.75 after
90 min reaction.

In order to find the changes of temperature of the solu-
tion during the PS-EC process, the temperature of the solu-
tion was measured at different time interval and shown
in Fig. 7c. As can be observed, the temperature of the
solution gradually increased from 17°C to 29°C. and are
in accordance with previously reported data by Farhadi
et al. [43], who stated that the temperature increased
from 18°C to 27°C during treatment of pharmaceutical
wastewater by electrocoagulation process.

4. Operating cost and current efficiency

To evaluate the passivity of the electrodes in terms of
the effect on efficiency and energy cost, the current effi-
ciency parameter was investigated. In previous studies,
it has been reported that the current efficiency should
not be less than 100% and, in this study, the value of this
parameter for iron and aluminum electrodes was calcu-
lated between 100 to 120 and 100 to 160%, respectively.
Calculating the operating cost of various treatment pro-
cesses is essential to determine its true function in the real
world. In this study, the operating cost for triclosan removal
from synthetic wastewater was calculated according to
the unit price of Iran market (600 Rial/kW of electricity,
225,000 Rial/kg of iron and 535,000 Rial/kg of aluminum).
The amount of energy consumed, according to Eq. (9), was
1,166 kWh/m?. Also, the amount of electrode consumed was

Type of pollutant Processes PS dose Increase efficiency% Refs.
Diclofenac Electro/Fenton/persulfate 0.25-1.5 mM 49.2-82.1 [50]
Oxcarbazepine Electro-persulfate 0.1-1 mM 22-83 [23]

Phenol Electropersulfate Above 0.5 M 93.99-63.74 [47]

Acid Orange 7 Electro/Fe,O,/PDS 10-20 mM 95.8-91.2 [41]

Triclosan PS-EC 100-250 mg/L 81.2-94.7 Current study
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Fig. 7. Variation of EC (a), solution pH (b), and temperature (c) over reaction time during TC degradation by PS-EC process
(TC concentration: 20 mg/L, PS dose: 250 mg/L, electrolyte concentration: 2.5 g/L, current density: 2.71 mA/cm?).
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Det: InBeam
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Fig. 8. SEM images of collected sludge during PS-EC process.

calculated using Eq. (10). Then the minimum cost to remove
triclosan using the process was studied in this project:

Operating cost = 1,116 kWh/m® x 600 + 0.4875 kg
Fe x (225,000 Rial) + 0.1567 kg AL x (535,000) = 164,782
Rial/m?.

5. Characteristics of the produced sludge

Using SEM observation, the morphology of the settling
sludge was determined as shown in Fig. 8.

SEM MAG: 200 kx
WD: 5.37 mm

Det: InBeam

BI: 7.00 200 nm

View field: 1.04 ym |Date{m/dly): 06/02120

As can be seen in Fig. 8, the sludge particles have the
round shape and lower than 100 nm of size. To provide
information about crystalline structures sludge, the XRD
analysis was performed and displayed in Fig. 9.

As illustrated in Fig. 9, the distinct and sharp peaks
at 20 = 21.1°, 27.7°, 31.8°, 40.8°, 45.6°, 53.9°, 56.8°, 63.8°,
66.3°, and 75.5° were detected and indicated the pres-
ence of sodium chloride (NaCl), sodium sulfate (Na,SO,),
and disodium persulfide-alpha (Na,S,) in collected
sludge.
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Fig. 9. XRD patterns of collected sludge during PS-EC process.

The functional groups of sludge were determined of TC in synthetic industrial wastewater. EDX analysis
by FTIR analysis (Fig. 10). The peak at 3,547.9 cm™ and was employed and the pattern of EDX of sludge during
3,458.6 cm™ may be related to the stretching of the amine  PS-EC process using Al-Fe electrodes is shown in Fig. 11.
N-H bond [62]. The peak at 1,633.1 and 1,469 cm™, respec- The EDX spectra of the collected sludge demonstrated
tively, was attributed to C=C stretching of aromatic rings  that the main elements of sludge are Al (15.9%), Fe (26.1%),
[63]. 1,469 cm™ can be attributed to phenyl groups and Na (2.55%), Cl (2.6%), O (51.1%), and S (1.72%). The pres-
stretching bands of C-O-H. The stretching of AI-O-H ence of Al and Fe in sludge may be related to role of Al
and magnetite appeared at 988, 715, and 540 cm™, and Fe in the EC process and precipitates with the existing
respectively [64]. contaminants [65]. Irki et al. [66] characterized the flocks

In addition, total pore volume (V,_ ), specific surface area  formed by the iron-electrocoagulation process and the
(Sgep), and pore size of the collected sludge during PS-EC  identified elements are including Al (0.4%), Fe (45.12%),
process were attained from the BET analysis to obtain the = Na (8.9%), Cl (12.54%), O (28.33%), C (4.71%).
values for S, V,__, average pore diameter as 97.8 m?/g,
0.19 cm®/g, and 7.79 nm, respectively.

Because of the presence of different elements in the col-
lected sludge during PS-EC process, the results presented Today, the overuse of pharmaceuticals and personal
in this study show that the electro-sulfate process, as one care products leads to an increase of these compounds in
of the sulfate-based AOPs, is effective for the degradation  wastewater and eventually their discharge to surface and

6. Conclusion
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Fig. 10. FTIR spectrum of collected sludge during PS-EC process.
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Table 5
Results of previous studies with current results
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Type of pollutant Processes Concentration of Reduction Refs.
the contaminant efficiency (%)
Amoxicillin Electro/Fe3O 4/Persulfate 15-100 mg/L 92.7-30.9 [46]
Aniline Fe*-activated persulfate 10-20 uM 47-42 [59]
Phenol Electro-persulfate 50-100 mg/L 93.18-15 [47]
Triclosan PS-EC 20-120 mg/L 97.1-48.4 Current study
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Fig. 11. EDX pattern of the collected sludge during PS-EC process.

groundwater. The purpose of this study was to determine
the removal efficiency of TC by the combined PS-EC pro-
cess using iron electrodes. The TC removal efficiency at dif-
ferent pH in the range between alkaline and acid pH was
investigated and the highest removal efficiency was observed
at solution pH of 7. As the PS concentration increased, the
TC removal rate increased, and with increasing initial TC
concentration, the removal efficiency decreased. Increasing
the current density to 2.71 mA/cm? resulted in improv-
ing the removal efficiency of PS-EC process. The gener-
ated sludge during PS-EC process was characterized by
SEM-EDX, XRD, and FTIR, BET. According to the sharp
peaks in the XRD analysis, the sludge contained NaCl,
Na,S,, Na,SO,. The spectra obtained from EDX analysis
demonstrated the presence of Al, Fe, Na, Cl, O, and S in
the sludge. The results presented in this study show that
PS-EC, as one of the sulfate-based AOPs, is effective for
the degradation of TC in synthetic industrial wastewater.
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