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Abstract: In this study, the role of electrochemical oxidation processes, inc-
luding the electro-Fenton, the electro-persulfate (PS), and the electro/Fell /PS
processes, in the removal of Basic Red 18 (BR18) from aqueous solutions was
investigated. It was found that the electro-PS process successfully removes col-
our, but after 5 h, it produced only 75 % mineralization. In the same conditions,
more effective mineralization was achieved by the electro/Fell/PS process than
by the electro-Fenton method. At pH levels of 3.0 and 5.7, very effective min-
eralization results were produced by the electro/Fell/PS process. Moreover, the
maximum mineralization current efficiency values were obtained by the elec-
tro/Fell/PS process. The mineralization efficiency of the electro/Fell/PS pro-
cess was determined to be 97 % under the following conditions: BR18 initial
dye concentration of 100 mg L™, pH of 5.7, contact time of 5 h, PS concen-
tration of 10 mM, Fe*" concentration of 0.2 mM, and a sodium sulfate concen-
tration of 0.05 M.

Keywords: advanced electro-oxidation processes; Fenton; persulfate; azo dye;
decolourization.

INTRODUCTION

The electrochemical advanced oxidation processes (EAOPs) have recently
attracted the increasing attention due to their environmental compatibility, vers-
atility, high efficiency in the removal of recalcitrant organic pollutants, and oper-
ational safety, based on the fact that they are performed in mild conditions and
degrade pollutants in wastewater by generating very powerful radicals.' Electro-
-Fenton (EF), photoelectro-Fenton (PEF), electro-persulfate (EPS) and electro/
/Fe""/persulfate (E/Fe/PS) processes are some of the most efficient EAOPs. In the
EF process, hydrogen peroxide is electrogenerated at the cathode of the cell to
achieve the O, gas reduction.” The hydroxyl radicals are generated by the Fenton
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94 GOZMEN, SONMEZ and SOZUTEK

reaction between Fe*" and H,0,. The hydroxyl radicals ("OH) are non-selective,
and very powerful oxidants (E("OH/H,0) = 2.80 Vgug):

Oz(g) + ZHJr +2e — H202 (1)
Fe*" + H,0, — Fe*" + *OH + OH™ ()

The addition of a catalytic amount of Fe*" is sufficient because it is con-
tinuously regenerated from the reduction of Fe’* at the cathode:

Fe'" + ¢ — Fe* 3)

In PEF, the EF process is enhanced by irradiation with artificial UV-A
light** or sunlight'”® to degrade end products — Fe(III)—organic acid complexes —
that hinder complete mineralization.

Persulfate possesses high solubility, good stability, and high reactivity (£ =
=2.1 V) and causes less intensive damage to the ecological functions of soil after
treatment.”® Sulfate radicals (SO,*) play an important role in oxidation tech-
niques as the hydroxyl radical has a high redox potential (£ =2.6 V). This radical
can be generated by the activation of persulfate with a transition metal, heat,
base, H,0,, UV or ultrasound (US) as follows: ™

S,05> + heat/UV/US — 2S0,* (4)

S,05” + Fe’" — 80,” + S0, + Fe’” (5)

In the EPS process, sulfate radicals result from cathodic reduction as fol-
lows: ">

S,05° + ¢ — SO, + SO~ (6)

Furthermore, persulfate anions can be regenerated from the anodic oxidation
of sulfate ions, as follows: "
280,57 = S,04% +2¢” (7)
Basically, the electro/Fe/PS process combines the EPS process with Fe** to
activate persulfate. When the energy required for the activation of persulfate with
ferrous ion to yield sulfate radicals is 12 kcal* mol™,'® 33.5 kcal mol™ is
required for thermal activation."” Although iron is cheap and non-toxic, it cannot
be remediated after the reaction shown in Eq. (5) occurs, which necessitates the
use of greater quantities of iron salt. In the electro/Fe(II)/persulfate method, Fe**
can be reproduced via cathodic reduction, so that low concentrations can be
used."” The excess ferrous ions may act as radical scavengers; therefore, the ion
dosage must be optimized. Sulfate radicals may enter into different reactions and
thereby cause the return of other oxidants, particularly *OH and H,0,.” Under
alkali conditions, Eq. (9) has an important rate constant as compared to Eq. (8)
shown below:**?

SO, + H,0 — "OH + SO~ + H" (60 M ' s7") (8)

*1kcal=4184 ]
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COMPARATIVE ELECTROCHEMICAL MINERALIZATION OF BASIC RED 18 95

SO, + OH — °OH + SO, 9)
2°0H — H,0, (10)

When comparing the two radicals, the sulfate has a higher chance of reacting
with organic pollutants at acidic pH levels owing to its longer life time (30—40
us)'' than that of *OH (20 ns).” Moreover, the oxidation potential of *OH
increases as pH decreases.”>** Apart from these properties, the sulfate radicals
have high solubility and are stable and effective over a wide pH range. As such,
they are is more effective in the degradation of recalcitrant organic compounds
than the hydroxyl radical.” Sulfate radicals have a different mechanism for react-
ing with organic pollutants than that of hydroxyl radicals — they remove their
electrons to produce an organic radical cation,”® whereas hydroxyl radicals attach
to C=C bonds or abstract hydrogen from the C—H bond.”’ Besides being a highly
effective oxidant, the sulfates are not categorized as a pollutant by US EPA as
long as its concentration does not exceed 250 mg L™ **73°

The electro/Fell/PS process was used by Zhang et al’' to enhance the
removal of organic contaminants (CODs) from landfill leachate (initial COD of
1900 mg L™"). Based on the energy consumption analysis results, the optimum
time was selected as 60 min and a 62.2 % COD removal was achieved when the
PS concentration was 62.5 mM, Fe’" concentration was 15.6 mM, initial pH was
3.0, and the current density was 13.89 mA cm2.*' Dinitrotoluenes (DNTs) were
mineralized in the industrial wastewater using an electro-activated persulfate
process in the range of 303—318 K and various nitrogen/oxygen dosages by Chen
et al.* In their study, DNTs were almost completely removed under the fol-
lowing optimal conditions: electrode potential of 6 V, temperature of 318 K, N,
dosage of 150 mL min™', pH of 0.5, and a PS concentration of 1.7 wt. %. The
authors also found that the hydrogen peroxide was electro-generated by the cath-
odic reduction of oxygen and the anodic oxidation of water made only a minor
contribution toward the elimination of DNTs.*”> The removal efficiency of bis-
phenol A showed a tendency to increase when the PS concentration was inc-
reased from 1 to 10 mM, but no further increase in the PS concentration was
found to improve the mineralization by the electro/Fe’/peroxydisulfate process."

The textile industry is one of the largest polluters in the world. After the dye-
ing process, it is estimated that 10-15 % of the dye passes into the wastewater
stream.”® In the textile industry, approximately 4065 L of wastewater is released
per kg of product.’ In this study, the performance of the EF, EPS and electro/
/Fell/PS processes in an O, or N, medium was compared at two different pH
levels (3.0 and 5.7) and the decolorization and mineralization of the model
pollutant Basic Red 18 (BR18) at room temperature was monitored. BR18 is a
cationic azo dye that is commercially used in the textile industry for fiber dyeing.
More than 50% of all the dyes produced in worldwide are azo dyes.'® Both azo
dyes and their degradation products (e.g., aromatic amines) are quiet toxic and
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96 GOZMEN, SONMEZ and SOZUTEK

mutagenic and carcinogenic effects in organisms as well as they can cause envi-
ronmental pollution.'®

EXPERIMENTAL

BR18 (cationic, MW: 426.34 g mol™, molecular formula C9H,5C1,N50,) textile dye was
supplied by the DyStar Textile firm and was used as received. Properties of BR18 dye are
given in the Supplementary material to this paper (Table S-I). Analytical grade potassium per-
sulfate (K,S,053), ferrous sulfate (FeSO,-7H,0), t-butyl alcohol (TBA) and methanol were
purchased from Merck. The supporting electrolyte chemical anhydrous sodium sulfate was
also obtained from Merck at 99.9 % purity. Sulfuric acid (Merck) was used to regulate the sol-
ution pH. Dye solution was prepared with ultra-pure water with 18.2 Millipore ohms. Oxygen
and nitrogen gases were supplied by Linde (Mersin, Turkey) at 99.9 % purity.

Electrochemical cell and apparatus

A one-compartment electrochemical cell with a 300 mL capacity and a stabilized power
supply were used for all the electrolytic experiments. As a cathode, a carbon felt electrode
(Carbone Lorraine, France) with a 3D shape and 60 cm’ physical surface area were used. For
the anode, Pt gauze electrode (9 cm®) was purchased from Aldrich. In all cases, the anode was
set up in the centre of the electrochemical cell and the carbon felt cathode was placed in the
inner wall of the cell as the interelectrode gap was ~1 cm. All the experiments were performed
at a constant current provided by a DC power supply (NEL PS2000 DC). The cell was filled
with 200 mL of aqueous solution containing 100 mg L™ BR18 and 0.05 M Na,SO,. The elec-
trolysis experiments were performed either with the pH adjusted to 3.0 by adding 0.5 M
H,SO,, or at the initial pH (5.7). A stoichiometric quantity of Fe?" and/or K,S,0¢ was added to
solutions prior to electrolysis. Moreover, prior to the electrolysis (15 min), pure oxygen or nit-
rogen gas at a rate of 20 mL min" was bubbled during the experiments. In addition, for the
purpose of comparison, gas was not used in some experiments. The solution was stirred with a
magnetic bar and all experiments were conducted at room temperature. The experiments were
repeated twice, and the averages of the results were calculated.

To determine the concentrations of the dye solutions based on the characteristic abs-
orption at 488 nm, a UV—Vis spectrophotometer (Shimadzu UV-160A, Japan) equipped with
a quartz cell with a 1.0 cm path length was used. The dye removal efficiency was calculated
from the determined concentrations.

The mineralization of the solutions was monitored by the decay of their total organic car-
bon (TOC), as measured using a Tekmar-Dohrmann Apollo 9000 TOC (USA) analyzer.

RESULTS AND DISCUSSION
Electro-Fenton (EF) experiments

The degradation of the azo dye, BR18, was performed by the EF process at
different current values (100, 200, 300 and 400 mA). The colour removal in the
solution was found to accelerate with an increase in the applied current (Fig. 1a).
When 300 and 400 mA currents were applied to the EF system, the decolour-
ization efficiency reached 100 % after 15 min. After the application of 300 mA
current for 1, 3 and 5 h, the mineralization efficiencies were 52, 72 and 86 %,
respectively (Fig. 1b). Although the mineralization efficiency was enhanced with
an increase in the applied current from 100 to 300 mA, no enhancement in the
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mineralization was produced by further increases. The decline in TOC removal

efficiency has been explained by the increasing rate of wasting reactions:

(11
(12)
(13)

0, +4e” +4H" — 2H,0
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Fig. 1. The effect of the applied current on a) decolorization efficiency (100 mA, m; 200 mA,

e; 300 mA, ¢; 400 mA, A), b) mineralization efficiency (total organic carbon (TOC)

removal) during the treatment of BR18 solution by Electro-Fenton ((BR18] =100 mg L™,

=0.05 M, pH 3.0).

0.2 mM, [Na,SO,]

[Fe']

The mineralization reaction of BR18 by electrolysis, which involves its con-
version into carbon dioxide, chloride ions, and ammonium ions, is expressed by

Eq. (14):
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98 GOZMEN, SONMEZ and SOZUTEK

C19H,5CIN5O," + 36H,0 —19CO, + 5NH, " + CI” + 77H" + 80e” (14)

From the measured TOC values, the mineralization current efficiency (MCE)
was estimated as a percentage by Eq. (15):*

100nFV,A(TOC)

exp

MCE = (15)

4.32x10 mlt
where 7 is the number of electrons in Eq. (15), F'is the Faraday constant (96487
C mol™), ¥, is the solution volume (L), A(T OC)exp 1s the experimental TOC
decay (mg L™), 4.32x10 is a conversion factor (3600 s h™'x12000 mg C mol™"),
m is the number of C atoms in BR18S, [ is the applied current (A), and ¢ is the
electrolysis time (h).

The mineralization capacity of the process was determined by calculating its
MCE. The changes in the MCE percentage over time with respect to the applied
current are shown in the inset panel of Fig. 1a. In the EF process, MCE values of
30, 25, 23 and 16 % were obtained for current values of 100, 200, 300 and 400
mA after the first 60 min of electrolysis, respectively. In the EF experiments, a
decrease in the MCE values was caused by higher currents. While the MCE
showed no significant change between 1-3 h at 100 mA, it dropped after this
time and reached 25 % at 5 h. For the other applied current values, the MCE
gradually decreased after 1 h until the end of the 5 h electrolysis period. This
behaviour can be explained by the increase in the parasitic reactions, which are
the discharge of O, at the anode and the evolution of H, at the cathode, com-
peting with the formation of H,O, (Eq. (1)).

All the MCE values were observed to continuously decrease during the elec-
trolysis over time. This situation can be explained by increasing the low mole-
cular organic matter content owing to degradation and mineralization. These deg-
radation products such as short-chain carboxylic acids are resistant to mineral-
ization. An increase in the tendency for Fe ions to react with *OH or short-chain
carboxylic acids, to give complexes, was observed at low aromatic concentra-
tions.”” As a result, the yield of mineralization can decrease with high current and
time in the EF process.

Electro/Fe’*/PS experiments

First, an experiment to investigate the combined effect of Fe*"/S,0¢”" with-
out electrolysis was conducted. In this case, a TOC removal efficiency of only 20 %
was obtained after 5 h, the details of which are provided in Supplementary mat-
erial (Table S-II). In addition, the colour removal in the solution was incomplete
even after 5 h of electrolysis.

The effects of the electro/Fell/PS and electro/PS systems was investigated at
pH levels of 3.0 and 5.7 (without adjustment) using O, gas during electrolysis.

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.
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As can be seen in Fig. 2a, the BR18 decolourization time was shortened in the
following order: electro/Fell/PS/pH 3.0 < electro/Fell/PS/pH 5.7 = electro/PS/pH

a
=X
<
- —=—Electro/Fell/PS/pH 3.0/0,
= 00
>
3]
g —=—Electro/PS/pH 3.0/0,
&
i —+Electro/Fell/PS/pH 5.7/0>
S 40
=
Q ——Electro/PS/pH 5.7/0
20 —Electro/PS/pH 5.7
time, h
@ Electro/Fell/PS/pH 3.0/0» Electro/PS/pH 3.0/02
b
& Electro/FeIl/PS/pH 5.7/0) & Electro/PS/pH 5.7/07
3
2ol
sioteae|
S 4
B 4
R s
By ;
30 B K
2 RRRSESS g S
X Bsssss s
B3 B3
RR53 B
- BEESY B
R B85
= R riossosss
> Besssss e
= s B
s B
g 60 s s
3 s e
[ B3RS B
s 5
Ry B8E
B B
9 B :
Rt 1655
gsseesd ;
o sy k
[~ B E
40 33 |
s K
s B8
% B35
= B
e s
S s
R B85
BEEEK s
R BE2555
B3 B
20 s B
St s
RS BER53
B s
BRzas e
8 s
5 5
1 3 5
time, h

Fig. 2. The results of: a) decolorization and b) mineralization of BR18 solution at 300 mA by
electro-PS ([PS] = 10 mM) and electro/Fell/PS ([Fe2+] =0.2 mM, [PS] = 10 mM) processes.

5.7 < electro/PS/pH 3.0. Moreover, the efficiencies of the electro/PS and electro/
/Fell/PS processes in the mineralization of the BR18 solution are shown in Fig.
2b. Based on the analysis results, it was observed that the electro/PS systems
have nearly the same TOC removal efficiencies at each pH values (Fig. 2b). The
obtained TOC removal values by oxidation in the electro/PS/pH 3 or pH 5.7/0,
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100 GOZMEN, SONMEZ and SOZUTEK

processes were 4446, 67 and 73 % after 1, 3 and 5 h, respectively. Sulfate rad-
icals were generated via the cathodic reduction of the PS anions,"”'*** and the PS
anions could be simultaneously regenerated from the anodic oxidation of the
sulphates,'” as given in Egs. (6) and (7). Meanwhile, the dissolved O, in the sol-
ution was reduced at the cathode to form hydrogen peroxide. A PS/H,0, oxidant
system was proposed by Block et al. (2004),*® but studies have shown the hyd-
rogen peroxide activation of persulfate to be less efficient.”

When the mineralization efficiencies of the EPS and electro/Fell/PS pro-
cesses were compared under the same conditions, an improvement in the TOC
removal efficiency with the electro/Fell/PS process was observed. An increase in
the TOC removal (31 %) by the addition of ferrous ions to the solution was
obtained at pH 3.0 for 1 h, and nearly 23 % after 3 and 5 h. In this case, the hyd-
roxyl radical may be produced by the EF process in addition to the electrored-
uction of the PS and the activation of the PS by the ferrous ions continuously
regenerated from the reduction of Fe’* at the cathode, as shown in Eq. (3). For a
more effective result, it may be necessary to increase the PS concentration. From
previous studies, it was observed that when using the electro-activated persulfate
method to remove various organic contaminants such as DNTs and aniline, a
range of 1.7-3.0 wt.% of persulfate and a temperature of 318 K are needed in
acidic conditions.***

The electrolysis experiments were performed at two different pH values. For
one, pH 3.0 was selected because that has been determined to be the optimum pH
value for the EF process. The second was selected as pH 5.7, which was the pH
value of the dye solution without any adjustment. Using the electro/Fell/PS/O,
process at both pH values, more success was achieved in terms of colour removal
and mineralization efficiency than when using the electro/PS/O, process (Fig. 3a
and b). The relatively high TOC removal efficiency values of 75, 93 and 97 %
were obtained at pH 5.7 in the electro/Fell/PS/O, process after 1, 3 and 5 h, res-
pectively. In fact, only a 2 % improvement was observed compared to the results
at pH 3.0 (Fig. 2b). The previous studies showed a neutral pH to be the most
suitable for the sulfate radical-based oxidation;*' however, the scavenging of sul-
fate radicals by themselves or by protons and protonation of PS have been per-

formed at low pH levels:*>***
SO, +H +e — HSOy (16)
820827 +H" — HS,04” (17)

The mineralization efficiency of the BR18 solution by the electro/Fell/PS
and EPS processes in which N, gas is bubbled through the solution is shown in
Fig. 3. Under this condition, smaller reductions in the TOC removal % were obs-
erved compared to those for O, gas. These small declines in the TOC removal
efficiency may be attributed to the fact that the major oxidant for mineralization

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



COMPARATIVE ELECTROCHEMICAL MINERALIZATION OF BASIC RED 18 1 0 1

are the sulfate radicals via the electro-reduction of PS anions. The oxygen sup-
plied from anodic oxidation of water remained usable for the production of hyd-
rogen peroxide.*’
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Fig. 3. The result of mineralization of BR18 solution at 300 mA by electro-PS processes
([PS] = 10 mM) and electro/Fell/PS ([Fe*'1=0.2 mM, [PS]=10 mM).

To verify our results, the TOC removal efficiencies when no gas was bub-
bled through the solution were obtained (Fig. 4). From the results, it was obs-
erved that the bubbled N, gas decreased the amount of dissolved oxygen in the
solution, which caused a decrease in the mineralization due to the decrease in the
hydrogen peroxide production (Fig. 3). Despite the high specific surface area of
the carbon felt cathode, the PS anions and oxygen compete to be absorbed at the
surface for conversion into sulfate radicals and hydrogen peroxide. In the absence
of gas, the observed TOC removal was higher than those in which N, or O, was
bubbled, especially during the first hour. Although persulfate and ferrous ions
could provide with only 1 % of mineralization after 1 h without electrolysis
(Table S-II), owing to the activation of PS with both Fe** (continuously produced
at the cathode) and cathodic reduction, a synergistic effect was observed on the
mineralization of the BR18 solution.

Different radical scavengers were used to determine the effectiveness of the
radical species in electro-oxidation processes. #-Butyl alcohol (TBA) and meth-
anol acted as radical scavengers for hydroxyl and sulfate radicals, respectively. It
is known that the kinetic constant for sulfate radicals and methanol (3.2x10° M
s ') is greater than that for TBA (4.0x10°-9.1x10° M' s7").***’ The mole ratio of
500:1 of the radical scavenger/PS was used.”” After a 5 min electrolysis period,
the colour removal of BR18 with and without radical scavengers was observed in
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102 GOZMEN, SONMEZ and SOZUTEK

Fig. 5. A 20 % reduction in colour removal was observed for both the presence
and absence of TBA in the first 5 min. As observed, the hydroxyl radical was the
predominant species at pH 3.0. When using the radical scavengers at pH 5.7, a
decrease in the formation of the hydroxyl radicals was observed in the analysis
results. The hydroxyl radical formation by the sulfate radicals at all pH values, by
the reaction shown in Eq. (8), has been reported by many previous studies. The
electro-activated PS oxidation was reported to be significantly faster than that of
PS alone by Lee et al.*® and Chen et al.*’ In addition, the generation of sulfate
radicals by electro-activated persulfate consisting of hydroxyl radicals at pH 3.0
and 30 °C has been achieved using a platinum anode and cathode.****
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Fig. 4. The result of mineralization of BR18 solution at 300 mA by electro-PS ([PS] =10
mM) and electro/Fell/PS processes ([Fe*'] = 0.2 mM, [PS] = 10 mM) without bubbling gas.
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Fig. 5. Effect of reactive radical scavengers on the decolorization of BR18 by
electro/Fe(I1)/PS process ([Fe2+] =0.2 mM, [PS] =10 mM).
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The MCE values over time for the electro/Fell/PS and electro/PS processes
at different pH values, and with and without the use of gas, are shown in Fig. 6.
When the MCE values of the electro/Fell/PS processes were compared with
those of the EPS processes under the same conditions, at the beginning of elec-
trolysis, higher mineralization current efficiency was obtained by the electro/Fe/
/PS processes. This can be explained by the subsequent generation of sulfate rad-
icals by the activation of PS with Fe*" owing to the cathodic reduction of Fe™.
This idea was also supported by the higher TOC resolution achieved by electro/
/Fell/PS processes.

-#-Electro/Fell/PS/pH 3.0/09
-5 Electro/Fell/PS/pH 5.7/07
—&Electro/Fell/PS/pH 3.0/N2
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—e—Electro/PS/pH 3.0/02

35
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— Electro/Fell/PS/pH 3.0
—*Electro/Fell/PS/pH 5.7
~Electro/PS/pH 5.7

MCE, %

time, h

Fig. 6. Evolution of the mineralization current efficiency (MCE) during the treatment of BR18
(1=300 mA, ([Fe*]= 0.2 mM, [PS] = 10 mM).

CONCLUSIONS

The electro/Fell/PS process was found to be a more effective method for the
reducing of organic pollution than the EF and EPS processes. Compared with the
EF process, the promising results at close to neutral pH values were yielded by
this process. The efficiency of the electro/Fell/PS processes with respect to the
mineralization indicates that a synergistic effect is yielded by the activation of PS
(with both electro-reduction and Fe*") and EF process. The mechanism of SO,*
reaction with compounds was expected to differ from that of “OH based oxid-
ation. In this process, it was observed that the formation of Fe—carboxylic acid
complex product, which limits the completion of the mineralization in the EF
process, is prevented and the mineralization is obtained at higher yields. From the
results, it was observed that 93 % TOC can be removed from BR18 solution (100
mg L") at room temperature at a PS concentration of 10 mM, an Fe* concen-
tration of 2 mM, an initial pH of 5.7, a constant current of 300 mA, and a react-
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ion time of 3 h. In this study, very low concentrations of PS and ferrous ions
were maintained as compared to those in the literature. It was found that the TOC
removal efficiency increased by decreasing the applied current in EF. The max-
imum MCE values were observed when using the electro/Fell/PS oxidation pro-
cesses.

SUPPLEMENTARY MATERIAL

Properties of BR18 and MCE and TOC removal values for BR18 different oxidation
methods are available electronically at the pages of journal website: http://www.shd.org.rs/
/JSCS/, or from the corresponding author on request.

U3BOJ
YIIOPEOIHA MUHEPAJIM3ALIMJA BASIC RED 18 YHAITPEBEHHWM ITPOJECOM
EJIEKTPOXEMHJCKE OKCUIOALIUJE

BELGIN GOZMEN', OZGUR SONMEZ" u AZIZE SOZUTEK*

'Department of Chemistry, Arts and Science Faculty, Mersin University, Turkey u “Department of Chemistry,
Arts and Science Faculty, Cukurova University, Turkey

Y 0BOj CTymuju je MCIMTHBAHA yjora Hpoleca €IeKTPOXEMHUjCKE OKCHOALHUje KOjU Cy
odyxBatanu enekTpo-denToH, enexTtpo-nepcyndar (PS) u enexrpo/Fe(I1I)/PS mpouece, y
yknawawy Basic Red 18 (BR18) u3 Bomenux pacrBopa. HaheHno je ma emektpo-PS mpouec
YCIIeIIHO yK/iama OBy 00jy, anu je HaKoH 5 catu mpousseo camo 75 % mMuHepanusaudje. I1pu
HCTUM YCJIOBHMA je MOCTHUTHYTa JIeJIOTBOPHHUja MHUHepanu3auydja npouecom enektpo/Fell/PS
Hero enekTpo-®enton metonoM. ITpu pH Husouma 3,0 u 5,7 ocTBapeHa je BpJIO AETOTBODHA
muHepanusaudja enextpo/Fell/PS mpouecom. IllTaBuiie, MakCHMaaHa MHUHEpalu3alyja 1o
uckopuuthewy crpyje octBapeHa je enexrpo/Fell/PS npouecom. EdrkacHOCT MUHepanu3a-
nuje enextpo/Fell/PS mpouecom je duna 97 % mnop cnemehum ycnosuma: BR18 mouerHa
KoHIleHTpanyja 100 mg L PH 5,7, Bpeme konTakTa 5 h, PS koHuentpaudja 10 mM, KkoHLIEH-
Tpanuja Fe’* 0,2mM, a xoHueHTpauuja Na-cyndara 0,05 M.

(ITpummseno 27. pedpyapa, peBuarpaHo 28. jyHa, npuxsaheno 1. aBrycra 2017)

REFERENCES

1. L.C. Almeida, S. Garcia-Segura, C. Arias, N. Bocchi, E. Brillas, Chemosphere 89 (2012)
751
C. A. Martinez-Huitle, E. Brillas, Appl. Catal., B: Environ. 87 (2009) 105
A. Wang, J. Qu, H. Liu, J. Ru, Appl. Catal., B: Environ. 84 (2008) 393
J. Anotai, S. Singhadech, C. Su, M. Lu, J. Hazard. Mater. 196 (2011) 395
C. Flox, J. A. Garrido, R. M. Rodriguez, P. L. Cabot, F. Centellas, C. Arias, E. Brillas,
Catal. Today 129 (2007) 29
R. Salazar, S. Garcia-Segura, M. S. Ureta-Zanartu, E. Brillas, Electrochim. Acta 56
(2011) 6371
7. A. Tsitonaki, B. Petri, M. Crimi, H. Mosbacek, R. L. Siegrist, P. L. Bjerg, Crit. Rev. Env-
iron. Sci. Technol. 40 (2010) 55
8. S. G. Huling, B. Pivetz, U.S. Environmental Protection Agency, National Risk
Management Research Laboratory, R.S. Kerr Environmental Research Center, Ada, OK,
EPA/600/R-06/072, 2006
9. G.J. Price, A. A. Clifton, Polymer 37 (1996) 3971
10. G. P. Anipsitakis, D. D. Dionysiou, Appl. Catal., B: Environ. 54 (2004) 155

wh LD

S

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



11.

12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

32.
33.
34.
35.

36.

37.
38.

39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

COMPARATIVE ELECTROCHEMICAL MINERALIZATION OF BASIC RED 18 1 05

M. G. Antoniou, A. A. De la Cruz, D. D. Dionysiou, Appl. Catal., B: Environ. 96 (2010)
290

S. N. Su, W. L. Guo, C. L. Yi, Y. Q. Leng, Z. M. Ma, Ultrasonics Sonochem. 19 (2012)
469

A. Khataee, H. Aleboyeh, M. Sheydaei, A. Aleboyeh, Res Chem. Intermed. 42 (2016) 571
M. L. Crimi, J. Taylor, Soil Sediment Contam. 16 (2007) 29

J. Wu, H. Zhang, J. Qiu, J. Hazard. Mater. 215-216 (2012) 138

. Lin, J. Wu, H. Zhang, Sep. Purif. Technol. 117 (2013) 18

.R. Wang, W. Chu, Water Res. 45 (2011) 3883

. W. L. Fordham, H. L. Williams, J. Am. Chem. Soc. 73 (1951) 4855
. M. Kolthoff, I. K. Miller, J. Am. Chem. Soc. 73 (1951) 3055

. R. Peyton, Marine Chem. 41 (1993) 91

. Deng, C. M. Ezyske, Water. Res. 45 (2011) 6189

. Liang, Z. S. Wang, C. J. Bruell, Chemosphere 66 (2007) 106

. Georgi, F. D. Kopinke, App. Catal., B: Environ. 58 (2005) 9

. Vinodha, S. Babithesh, P. Jegathambal, Int. J. Eng. Res. Dev. 5 (2012) 45

. Romero, A. Santos, F. Vicente, C. Gonzalez, Chem. Eng. J. 162 (2010) 257

. Von Sonntag, J. Water Supply Res. Technol. Aqua 45 (1996) 84
P. Neta, V. Madhavan, H. Zemel, R.W. Fessenden, J. Am. Chem. Soc. 99 (1977) 163
T. K. Lau, W. Chu, N. J. D. Graham, Environ. Sci. Technol. 41 (2007) 613
R. Ocampo-Pérez, M. Sanchez-Polo, J. Rivera-Utrilla, R. Leyva-Ramos, Chem. Eng. J.
165 (2010) 581
D. Salari, A. Niaei, S. Aber, M.H. Rasoulifard, J. Hazard. Mater. 166 (2009) 61
H. Zhang, Z. Wang, C. Liu, Y. Guo, N. Shan, C. Meng, L. Sun, Chem. Eng. J. 250 (2014)
76

W. S. Chen, Y. C. Jhou, C. P. Huang, Chem. Eng. J. 252 (2014) 166
V. Gomez, M. S. Larrechi, M. P. Callao, Chemosphere 69 (2007) 1151
B. Manu, S. Chaudhari, Biores. Tech. 82 (2002) 225
M. Sh. Yahya, N. Oturan, K. E. Kacemi, M. E. Karbane, C. T. Aravindakumar, M. A.
Oturan, Chemosphere 117 (2014) 447
X. Florenza, A. M. S. Solano, F. Centellas, C. A. Martinez-Huitle, E. Brillas, S. Garcia-
-Segura, Electrochim. Acta 142 (2014) 276

A. Ozcan, Y. Sahin, M. A. Oturan, Chemosphere 73 (2008) 737

P. A. Block, R. A. Brown D. Robinson, in Proceedings of the Fourth international
conference on remediation of chlorinated and recalcitrant compounds, Battelle Pres,
Columbus, OH, USA, 2004, 2A-05

M. L. Crimi, J. Taylor, Soil Sediment. Contam. 16 (2007) 29

W. S. Chen, C. P. Huang, Chemosphere 125 (2015) 175

T. Zhang, H. Zhu, J.P. Croue, Environ. Sci. Technol. 47 (2013) 2784

C. Tan, N. Gao, Y. Deng, N. An, J. Deng, Chem. Eng. J. 203 (2012) 294

C. Liang, C.P. Liang, C.C. Chen, J. Contam. Hydrol. 106 (2009) 173

B. Li, L. Li, K. Lin, W. Zhang, S. Lu, Q. Luo, Ultrasonics Sonochem. 20 (2013) 855

W. S. Chen, J. S. Liang, Chemosphere 72 (2008) 601

G. P. Anipsitakis, D. D. Dionysiou, Environ. Sci. Technol. 38 (2004) 3705

J.K.Du, J. G.Bao, X. Y. Fu, C. H. Lu, S. H. Kim, Sep. Purif. Technol. 163 (2016) 145
Y. C. Lee, S. L. Lo, J. Kuo, Y. L. Lin, Chem. Eng. J. 198-199 (2012) 2732.

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




