Int. J. Electrochem. Sci., 12 (2017) 4745 — 4755, doi: 10.20964/2017.06.75

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Electrochemical Decolorization of Reactive Dye from Synthetic
Wastewater by Mono-Polar Aluminum Electrodes System

Rasoul Khosravi*, Hooshyar Hossini?, Mo*hsen Heidari3, Mehdi Fazlzadeh4, Hamed Biglari°,
Aliakbar Taghizadeh', Behnam Barikbin®

' Social determinants of health Research Center, Birjand University of Medical Sciences, Birjand, Iran
2 Department of Environmental Health Engineering, Faculty of Health, Kermanshah University of
Medical Sciences, Kermanshah, Iran

% Social Determinants in Health Promotion Research Center, Hormozgan University of Medical
Sciences, Bandar Abbas, Iran

* Department of Environmental Health, Faculty of Medical Sciences, Ardabil University of Medical
Sciences, Ardabil, Iran

>Department of Environmental Health Engineering, School of Public Health, Social Development &
Health Promotion Research Center, Gonabad University of Medical Sciences, Gonabad, Iran

“E-mail: b_barikbin@yahoo.com

Received: 5 November 2016 / Accepted: 11 April 2017 / Published: 12 May 2017

Azo dyes are important groups of chromospheres having a particular structure in color-contaminated
wastewater. In the present study, Reactive Red 198 (RR198) dye was chosen as a model of azo dyes
group. Electrocoagulation technique as an effective and environmental-friendly process for wastewater
treatment was applied. Hence; to determine the extent of decolorization process, the main different
parameters such as pH (4-11), contact time (80 min), initial concentrations (25-400 mg/L), current
density (1.9-23.1 mA/cm?), distance between gaps (1-4 cm), and effect of supporting electrolytes were
evaluated. Results show that optimum conditions were 20 min of operation time, 1 cm distance
between electrodes, pH equal to 4 and optimum initial concentration of dye equal to 100 mg/L as well
as NaCl was identified as the best electrolyte. Under these optimum conditions and also at both
aeration and non-aeration operating conditions decolorization efficiency was more than 90%. The
results also demonstrated that total organic carbon removal efficiency as (TOC), during 120 min of
contact time was about 80.95%. XRF analyses show that a large portion of deposited sludge (58.282%)
was aluminum oxide.
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1. INTRODUCTION

Due to environmental concerns and other serious problems such as being toxic to aquatic life,
and leading to carcinogenic and mutagenic effects on humans, today, complex structures of textile
dyes, dyeing, printing, ink and color based industries are taken into serious consideration [1-3]. Based
on chromospheres’ characteristics of dyes, azo dyes are one of the main important groups of chemical
compounds and compose the largest class (around 70%) [4]. Indeed, azo dyes form a very complex
and biorecalcitrant class of synthetic compounds by binding to aromatic rings of azo group(s) [5-7].

For these reasons, the Reactive Red 198 (RR 198) was selected as a model of azo dyes group.
There are many applied techniques for the treating of color-contaminated wastewater, such as:
adsorption, oxidation (using chlorine, ozonation and AOP), and biological process (anaerobic—aerobic)
[1, 8-10]. Recently, electrochemical technique (for example: electrocoagulation, microbial electrolysis
cell, microbial fuel cell, and etc.) as an effective and environment-friendly process for wastewater
treatment has been employed by many researchers [11-13]. This alternative ensures good quality
effluent before its disposal into aquatic environment [14]. In addition, the EC process is a suitable
potential way for the treatment of wastewater regarding the cost and the environment [15].
Contaminant removal with electrochemical methods offers several advantages, such as having no need
of chemical requirements, not producing any sludge, occupying a small area in plants and simple
operation [16]. In fact, the coagulant is generated by means of the dissolution of a sacrificial anode for
the EC process. This process can be very effective for oil removal from synthetic oily wastes, textile
dyes, suspended solids (as well as oil and greases), metal ions, and petroleum wastewaters [14, 17-23].
Expected chemical reactions, which occur near the electrodes and during the aqueous phase, are shown
as the following [24]:

Near the anode surface:

InacidicpH ~ 40H™ -4 —>2H,0+ 0, (1)
InalkalinepH ~ 2H,0-48 -0, +4H" (2)
Al —38— Al (3)
Al%) +3H,0 — AI(OH), +3H" (4)
Near the cathode surface:

InacidicpH ~ 2H,0" + 26 > H,,, +2H,0 (5)
InalkalinepH  2H,0+2e ->H,  +20H" (6)
2H,0+2e > H,, +20H" (7)
0, +2H,0+4e -»40H" (8)
Al +40H™ —[AI(OH),] +38 (9)

In the present research, decolorization of Reactive Red 198 by means of electrochemical
method using the mono-polar arrangement of aluminum electrodes was evaluated. Finally, in order to
evaluate the kinetic reaction dye decolorization, pseudo-first and second order model were used.
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2. MATERIALS AND METHODS

2.1 Materials

Dye solutions were prepared by dissolving RR198 in distilled water.

The structure and characteristics of RR 198 such as CAS number, formula and molecular
structure are presented in tablel. All reagents in analytical grade including NaCl, KCI, KNO3, NaOH,
HCI, Na,CO3, H,SO,4 were prepared by Merck and Sigma Company. Normal pH was adjusted to the
desired value by using 1 M HCI and 1 M NaOH. The NaCl, KCI and KNO3 solutions at 1g/L (0.1%)
were prepared as supportive electrolytes.

Table 1. Reactive Red 198 characteristics

CAS Number 145017-98-7
Super list Name Reactive Red 198
Formula C27H22 CI N7 O16 S5. 4 Na
Molecular 968.21
Weight
Molecular Q. o
Structure . 27 Na?
Na O| 0, J/ O
O_T_O fﬂrls\b
H’ X N:rN_, S
Na*.O’S\B 7 NH
NE’ N | =
CI-/I\N{/LI'\ /."“‘5"0 Na
N o

2.2 Analysis

In order to separate the formed flocs, all collected samples were filtered and their respective pH
was measured using a pH meter (Eutech) and then registered as final pH.. The decolorization and
removal rate of the RR 198 in the solution samples were analyzed by measuring the light absorbance
of each sample at the wavelength of 518 nm using a UV/Vis T+80 spectrophotometer and TOC
analyzer, respectively [25]. The XRF and also Scanning Electron Microscope (SEM) image were done
by KYKY-EM3200 from a portion of electrocoagulation sludge. All experiments were duplicated and
the average obtained result was recorded. Besides, all the experiments were performed at room
temperature.

2.3 Reactor Set-up

Decolorization cell includes of a glass vessel as the laboratory reactor (250 ), a DC Power
Supply (TEK-8051, 30 V and 5 A double), and a peristaltic pump (Watson Marlow 101U/R) equipped
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with aeration tubes. During this study, we used from two electrodes in mono-polar state as Al/Al
arrangement. Dimensions of Aluminum plates were equal to (65x20x2 mm)in all experiments. At the
beginning of any run of electrocoagulation process, anode and cathode plates were cleaned using 0.1
M H,SO, and then eliminate impurities by Rinse several times using distilled water. At the end of
any run, all samples were filtered by means of Whatman filter and their absorbance was detected.

3. RESULTS AND DISCUSSION

3.1 Effect of pH

The pH as a significant parameter can be influenced by electro-coagulation process and have a
principle role in the contaminant degradation mechanism during an oxidation process [4, 26]. Removal
efficiency with 5% error bar at certain conditions under different pH values for the decolorization of
Reactive Red 198 is shown in Fig 1. Removal efficiency and EC were determined at the end of 30 min
under various pH values (4-11). With regard to the results, maximum removal was obtained about
92.34% at acidic pH (pH=4). Although at the acidic phase higher rates of decolorization were seen, the
neutral pH was suitable. Due to alkaline pH, lower decolorization efficiency of about 54.63% was
obtained. According to aluminum reactions on anode, the cationic (AI** and AI(OH),"), monomeric
units (such as AI(OH)**, AI(OH),**, Al,(OH),*", and AI(OH),) and polymeric species(such as
Alg(OH)15%", AlZ(OH)17**, Alg-(OH)20"", Al1304(OH),4"", and Aly3(OH)ss’") at lower pH values (<6 )
are generated, and in this range there are two dominant mechanisms of precipitation and adsorption.

At pH values below 6, precipitation is expected; and at higher pH values (> 6.5) the adsorption
mechanism can be observed which occurred by amorphous aluminum hydroxide (Al(OH)3) formation
[19, 27]. However, generally the precipitation is a significant mechanism for higher decolorization
efficiency at neutral and acidic pH. The loss of decolorization efficiency in alkaline pH (especially
above 9) is considered to be due to the diminishment of flocks quantity, caused by consuming OH" and
amorphous spices for the formation of AI(OH),and buffering capacity [19]. Inan et al. (2004) stated
the fall of efficiency at high pH values caused by the formation of hydrosol-complexes [Al (OH),] ™
after the dissolution of Al (OH)3 in water.
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Figure 1. The effect of different pH on decolorization efficiency
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3.2 Effect of contact time

The role of time can be expressed by means of Faraday’s law that has been shown in Eq. (10).
With regard to this law, time has a significant effect on flock generation and oxidation of complex
spices; hence, a better condition for dye removal is provided during electro-decolorization process.

AW=C"T"\%_C(1O)

Where A,, is the amount of dissolved anode material (g); Cl is the current intensity (A); T is the
run time (s); M is the specific molecular weight (g/mol); n is the number of electrons involved; and C
is Faraday’s constant (As/mol) [28]. To study the effect of contact time, an operating period of about
80 min was considered. Decolonization of Reactive Red 198 vs. removal efficiency at two conditions
of aeration and non-aeration during operating process is illustrated in Fig. 2. According to the obtained
results, maximum removal efficiency is observed from minute 20, and decolorization for both
conditions rapidly occurred at a short time. Removal percentage of Reactive Red was not significant
up to min 15. Similarly, some researchers reported that decolorizations of reactive dyes occurred at
less than 20 min from the beginning [19, 29]. Somayajula et al. (2012) optimized the time of
decolorization for Reactive Red 159 and reported the minimum time to be about 50 min, necessary for
100% decolorization [30]. In order to improve dye oxidation and solution mixing, simultaneous
aeration and electrocoagulation were applied, but it was found that there was no significant difference
between the two conditions; thus, it can be inferred that aeration is not necessary for decolorization
during electrocoagulation. Furthermore, gases such as oxygen, hydrogen, and hydroxyl developed
around electrodes, which can cause both agitation and oxidation.

——with Areation

Decoloration Eff. %
.
=

0 20 40 60 80
Contact Time (min)

Figure 2. The effect of contact time on decolonization of Reactive Red 198 by electrocoagulation
[conditions: Reactor volume 250 cc , Current density 11.5 mA/cm?, pH 4, Distance 1 cm, 100
mg/L Conc. of RR 198, NaCl 1g/L].

3.3. Effect of initial concentrations of RR 198

In colored wastewaters, such as that of textile industry, the common concentration ranges
between 50 and 250 mg/L [31]. However, to evaluate electrocoagulation method regarding RR 198
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removal from colored wastewater, initial concentrations of 25, 50,100, 200 and 400 mg/L were used.
As seen in Fig 3, the effect of different concentrations of RR 198 at the end of the operating time of 20
min is demonstrated. With regard to the decolorization efficiency, large portion of dye was removed
under all concentrations. But maximum and minimum removal percentage was determined to be about
92.75% and 67.54% under 100 mg/L concentration at the optimum time, respectively. In similar cases,
Song et al. (2010) observed that higher decolorization occurred under lower concentrations and this
may be due to the faster reaction of electrochemical rather than diffusion itself. During anodic
dissolution, a constant value of removal agents such as oxidative, perceptive, and adsorbent value were
also provided. Therefore, with increasing of the initial concentration of dye (or pollutant), lower
amounts of removal and also decolorization were observed.
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Figure 3. The effect of initial concentrations on decolonization of Reactive Red 198 by
electrocoagulation [conditions: Reactor volume 250 cc, current density 11.5 mA/cm?, pH =4,
distance between gap= 1 cm, contact time= 20 min, NaCl= 1g/L].

3.4. Effect of current density and distances

During the EC process, the electrical current is one of the most important parameters affecting
removal efficiency [32], and it has a considerable effect on electrocoagulation via the coagulant dosage
rate [33]. To investigate the effect of current density, experiments were conducted under certain
conditions with current density 1.9-23.1 mA/cm?. The results of these experiments are presented in
Fig. 4a. According to the plot, in Fig.4a with increasing of the electrical crossing flow between
electrodes, decolorization rate increased through higher oxidation agents and more available
coagulants. Based on Faraday’s law, direct increasing of current intensity precipitated more amounts of
dissolved coagulants into the solution from the anode. Furthermore, higher current density generated
high levels of oxidative bubble with decreased size [27], which provided more surface area between
oxidant units and pollutants.

In order to achieve the influence of distance between electrodes gap, different distances (1-4
cm) were evaluated. Fig. 4b indicates the effect of linear distance between anode and cathode.
Although, there is no significant difference with the increasing of distance, higher dye removal in
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lower distances was seen. Maximum decolorization efficiency of about 92% was found at the distance
of 1 cm, and minimum decolorization was obtained of about 91% for both 3 and 4 cm. It is obvious
that with the enlargement of space between electrodes, the electrical current decreased due to
increasing the internal solution resistance; and also, less ions interaction with hydroxyl polymers was
expected [34].
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Figure 4. The effect of current density(a) and distances between electrodes (b) during decolorization
of Reactive Red 198 by electrocoagulation [conditions: Reactor volume 250 cc , pH= 4, RR
198 concentration=100 mg/L, C NaCl 1g/L, contact time= 20 min].

3.5. Effect of supporting electrolytes

As seen in Fig. 5, the influence of added salts for higher decolorization and needed voltage was
investigated. Selective salts included potassium chloride, sodium chloride, potassium nitrate,
andsodium carbonate. Voltage variation was performed by keeping current density about 11.5
mA/cm?. Among the salts, sodium and potassium chloride were more desirable with respect to both
responses decolorization efficiency and voltage. Generally, in presence of sodium chloride, solution
conductivity and its current density were enhanced and the necessary voltage for reaching a certain
current density decreased; which can led to a reduction in electrical energy consumed [35]. In other
words, chlorinated salts like potassium and sodium are hydrolyzed and led to produce highly oxidative
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agents such as hypochlorite, chlorine, hypochlorite ions, and hypochlorous acid(Eq. 11-13) from
chloride ions at the anode surface [8, 36].

2CI" - 2Cl, +2e (11)
Cl, +H,0 - HCIO+ HCI (12)

6HCIO + 3H,0 — 2CIO; + 4Cl" +12H" + g O, +6e" (13

100 12
| - 10
2 80 g
= s i
2 60 - z
] 6 =
= 2
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Figure 5. The effect of supporting electrolytes during decolorization of Reactive Red 198 by
electrocoagulation [conditions: Reactor volume 250 cc, pH= 4, RR 198 100 mg/L, Distance
between gap= 1 cm, Current density 11.5 mA/cm?, time 20 min].
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Figure 6. Removal percent of RR 198 by TOC analysis

During the electro-decolorization, TOC was measured. Fig.6 shows the variation of TOC
analysis for 100 mg/L RR 198. Initial TOC was approximately assessed to be 23.1 mg/L, but it was
determined to be about 4.4 mg/L, at the end of the process. With regard to the plot, the degree of
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decolorization of RR 198 was observed. After 2 minutes of reaction, TOC suddenly reduced to around
55%. Maximum removal was estimated to be about 80.95% at the end of 120 min. Based on TOC
results, electrocoagulation process removes the organic contents and dye effectively. Reduction of
TOC can occur due to the destruction of azo (-N=N-) bond on RR 198 structure by the oxidizing
agents [25, 37].

3.8. XRF and SEM analysis

To determine sludge constituents, we used XRF analysis. The results of XRF analysis are
presented in table 2. In this table L.O.l indicate the loss on ignition and shows the volatile portion of
producedsludge after the ignition of the sample, and it is also a commonly used method for
determining the organic and carbonate content of sediments [38]. As can be seen in table 2, the L.O.l is
equal to 36.73%. This portion of sludge can be representative of(RR 198) that is adsorbed on formed
flocs and precipitated in sludge and also can be related to the degradation of its byproducts. A large
portion of sludge (58.285%) includes aluminum oxide (Al,O3). Furthermore, iron oxide and zinc were
detected. The presence of sulfophenyl groups can be confirmed by the decomposition of RR 198
during electrocoagulation process. High levels of chlorine can also be derived by adding chlorinated
salts.

Table 2. Electrocoagulation sludge analysis using XRF

Constituents L.O.I.  NaO MgO  Al,O3 SiO, SO; Cl Fe 03 Zn

(%) 36.73 0.67 0.13 58.28 0.44 2.07 1.47 0.19 0.01

Fig. 7 illustrates the Scanning Electron Microscope (SEM) of the portion of sludge produced in
decolorization process. These figures range between 1 pm and 1 mm magnification, and also provide
pore diameter between 50 nm and 500 nm. Due to these pore sizes, it is expected that a suitable space
for the adsorption of dyes and their degradation products provided. With regard to the SEM image and
sediment morphology, high levels of porosity and larger surfaces formed by nanopore and micropore
spaces of amorphous structure were detected.
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Figure 7. SEM images of the generated sludge during electrocoagulation process, Imm (a) 100 um (b)
10 um (¢) 1 pm (d).

4. CONCLUSIONS

Decolorization of Reactive Red (RR) 198 using electrocoagulation method by aluminum
electrodes was investigated in batch mode. Main parameters such as pH, contact time, initial
concentration, current density, electrode gaps, and effect of supporting electrolytes were evaluated.
Optimum conditions for these parameters are: 20 min, 1 cm of distance, NaCl electrolyte, pH= 4, and
initial concentration of 100 mg/L. Under these conditions the decolorization efficiency was more than
90% both with aeration and without aeration. During 120 min, TOC removal was around 80.95%.
XRF analysis also showed that aluminum oxide formed 58.28% of the deposited sludge.

CONFLICT OF INTEREST
The authors certify that there is no conflict of interest with any financial organization regarding the
material discussed in the manuscript.

ACKNOWLEDGEMENTS
Authors would like to thank Birjand University of Medical Sciences for technically & financially
supporting this research.

References

=

P. Nigam, .M. Banat, D. Singh, and R. Marchant, Proc. Bioch., 31 (1996) 435-442.

A.R. Rahmani, A. Shabanloo, M. Fazlzadeh, and Y. Poureshgh, Desal. Wat. Treat., 57 (2016)
24387-24394.

3. A. Dargahi, M. Pirsaheb, S. Hazrati, M. Fazlzadehdavil, R. Khamutian, and T. Amirian, Desal.
Wat. Treat., 54 (2015) 1589-1593.

G. Moussavi, and M. Mahmoudi, Chem. Eng. J., 152 (2009) 1-7.

Y. Dong, K. He, B. Zhao, Y. Yin, L. Yin, and A. Zhang, Cat. Com., 8 (2007) 1599-1603.

R. Khosravi, S. Hazrati, and M. Fazlzadeh, Desal. Wat. Treat., 57 (2016) 14656-14664.

o

o ok



Int. J. Electrochem. Sci., Vol. 12, 2017 4755

7.

8.

9.

10.
11.
12.
13.

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.

24.
25.
26.
217.
28.
29.

30.
31.

32.
33.
34.
35.
36.

37
38

M. Fazlzadeh, H. Abdoallahzadeh, R. Khosravi, and B. Alizadeh, Journal of Mazandaran
University of Medical Sciences., 26 (2016) 174-186.

M.C. Wei, K.-S. Wang, C.L. Huang, C.W. Chiang, T.J. Chang, S.S. Lee, and S.H. Chang, Chem.
Eng. J., 192 (2012) 37-44.

M. Koch, A. Yediler, D. Lienert, G. Insel, and A. Kettrup, Chemosphere., 46 (2002) 109-113.

R. Maas, and S. Chaudhari, Proc. Bioch., 40 (2005) 699-705.

A. Rezaee, M. Safari, and H. Hossini, Environ. Technol., 36 (2015) 1057-1062.

H. Hossini, A. Rezaee, B. Ayati, and A.H. Mahvi, RSC Advances., 5 (2015) 72699-72708.

R. Khosravi, M. Fazlzadehdavil, B. Barikbin, and H. Hossini, Desal. Wat. Treat., 54 (2015) 3152-
3160.

F.R. Espinoza-Quifiones, M.M.T. Fornari, A.N. Modenes, S.M. Palacio, F.G. da Silva Jr, N.
Szymanski, A.D. Kroumov, and D.E.G. Trigueros, Chem. Eng. J., 151 (2009) 59-65.

Z. Zaroual, H. Chaair, A.H. Essadki, K. El Ass, and M. Azzi, Chem. Eng. J., 148 (2009) 488-495.
L. Szpyrkowicz, S. Daniele, M. Radaelli, and S. Specchia, Appl. Catal. B: Env., 66 (2006) 40-50.
C. Barrera-Diaz, B. Bilyeu, G. Roa, and L. Bernal-Martinez, Sep & Purif Rev., 40 (2011) 1-24.
N. Biswas, and G. Lazarescu, Inter. J. Env. Stu., 38 (1991) 65-75.

O.T. Can, M. Bayramoglu, and M. Kobya, Indus. & Eng. Chem. Res., 42 (2003) 3391-3396.

O.T. Can, M. Kobya, E. Demirbas, and M. Bayramoglu, Chemosphere, 62 (2006) 181-187.

M.H. El-Naas, S. Al-Zuhair, A. Al-Lobaney, and S. Makhlouf, J. Env. Manag., 91 (2009) 180-185.
X. Xu, and X. Zhu, Chemosphere., 56 (2004) 889-894.

J.R. Parga, D.L. Cocke, V. Valverde, J.A.G. Gomes, M. Kesmez, H. Moreno, M. Weir, and D.
Mencer, Chem. Eng & Tech., 28 (2005) 605-612.

H. Inan, A. Dimoglo, H. Simsek, and M. Karpuzcu, Sep & Purif. Tech., 36 (2004) 23-31.

G. Moussavi, and R. Khosravi, Bio. Technol., 119 (2012) 66-71.

N. Daneshvar, A. Oladegaragoze, and N. Djafarzadeh, J. Hazard. Mater., 129 (2006) 116-122.

B. Merzouk, K. Madani, and A. Sekki, Desalination., 250 573-577.

N. Adhoum, and L. Monser, Chem. Eng & Proc: Proc Intens., 43 (2004) 1281-1287.

A. Sakalis, K. Mpoulmpasakos, U. Nickel, K. Fytianos, and A. Voulgaropoulos, Chem. Eng. J.,
111 (2005) 63-70.

A. Somayajula, P. Asaithambi, M. Susree, and M. Matheswaran, Ultra. Son., 19 (2012) 803-811.
K. Soutsas, V. Karayannis, I. Poulios, A. Riga, K. Ntampegliotis, X. Spiliotis, and G.
Papapolymerou, Desalination., 250 345-350.

S. Aber, A.R. Amani-Ghadim, and V. Mirzajani, J. Hazard. Mater., 171 (2009) 484-490.

I. Heidmann, and W. Calmano, Sep & Purif. Technol., 61 (2008) 15-21.

N. Daneshvar, H. Ashassi-Sorkhabi, and A. Tizpar, Sep & Purif. Tech., 31 (2003) 153-162.

N. Modirshahla, M.A. Behnajady, and S. Kooshaiian, Dyes & Pigments, 74 (2007) 249-257.

L. Szpyrkowicz, C. Juzzolino, S.N. Kaul, S. Daniele, and M.D. De Faveri, Indus & Eng Chem Res,
39 (2000) 3241-3248.

. A.B. dos Santos, F.J. Cervantes, J.B. van Lier, Bio. Technol., 98 (2007) 2369-2385.

. O. Heiri, A.F. Lotter, G. Lemcke, J. Paleo., 25 (2001) 101-110.

© 2017 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



http://www.electrochemsci.org/

