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Abstract The aim of the present study is to investigate
the effects of operating conditions and establish the
mechanism of xanthene dye removal from aqueous
solutions by electrocoagulation (EC) using a batch-
stirred cell operated under galvanostatic regime. The
influence of the operating parameters such as: initial
pH and dye concentration, electrolysis time, current
density, electrode configuration, and electrical current
type on the EC performances was investigated. EC tests
were performed at current density values ranging from
45 to 109 A/m, initial dye concentrations ranged be-
tween 0.1 and 1 g/L, and initial pH values adjusted in the
range from 3 to 9. The effects of several electrode
configurations (aluminum-aluminum, mild steel-mild
steel, and aluminum-mild steel) and current regimes
(direct current and alternating pulsed current) on the
removal efficiency and energy and material consump-
tion are also discussed. Total organic carbon (TOC)
analysis, UV—-vis spectroscopy, Fourier transform infra-
red spectroscopy (FTIR), and cyclic voltammetry (CV)
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were employed in order to elucidate the decolorization
mechanism of Rhodamine 6G (R6G) dye by EC in
aqueous solutions. With this aim in view, chemical
coagulation tests were also carried out. The best
performance was obtained when the EC process
was conducted with iron-based electrode configu-
ration in alternative pulse current (APC) mode. It
was found that the removal of R6G is due to the
co-precipitation of polymeric iron flocs with the
phenyl-xanthene radicals remained in the bulk so-
lution after the demethylation and deamination pro-
cesses. Furthermore, the flocs are separated by flotation
with the support of the molecular hydrogen generated at
the cathode (in particular at relatively high values of
current density) or by sedimentation.

Keywords Electrocoagulation - Decolorization -
Rhodamine 6G - Mechanism - Energy consumption

1 Introduction

Dye-containing effluents raise serious environmental
issues and public health concerns if these are insuffi-
ciently treated before their discharge in rivers/seas
(Ansari et al. 2011; Khan et al. 2011; Tiwari et al.
2011; Xia et al. 2012). Their release in water bodies
obstructs the light penetration, leading to the inhibition
of the photosynthesis-based biological processes
(Tang et al. 2012). These effluents may also con-
tain chemicals that are toxic, carcinogenic, mutagenic,
or teratogenic for aquatic ecosystems and humans.
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Therefore, it is important to apply an adequate treatment
on dye effluents for the color removal before their
discharge (Aquino et al. 2013; Ciilean et al. 2013;
Khalfaoui et al. 2012; Khan et al. 2011). Due to the
consumption of large volumes of water, textile dyeing
industry is one of the most important generators of dye-
containing wastewater (Ansari et al. 2011; Bayramoglu
et al. 2013; Cailean et al. 2009). Jekel (1997) reported
that each ton of produced fabric consumes 20-350 m* of
water (Jekel 1997). The interest in environmentally
friendly wet-processing textile techniques has in-
creased in recent years and water recycling alter-
natives are considered for implementation (Babu et al.
2007; Wei et al. 2012).

Rhodamine 6G (Basic Red 1) is a monocationic
xanthene dye (Halterman et al. 2010) being used on a
large scale in the textile industry to dye silk, cotton,
wool, fibers, paper, leather, plastics, and as tracing agent
in water pollution studies (Jhonsi et al. 2009; Martinez-
Huitle and Brillas 2009). Xanthene dyes are based on
fluorescein- and Rhodamine-like structures with an in-
tensive fluorescence. They are used like molecular
probes for bioanalytical application and for cellular
imaging, in laser surgery, as an insecticide and drug
screening (Halterman et al. 2010; Khalfaoui et al.
2012; Tang et al. 2012).

Hazardous xanthene dye, R6G, has been proven to
induce chromosomal aberrations in cultured CHO
(Chinese hamster ovary) cells and has incidence of
keratoacanthomas of the skin. The carcinogenicity, re-
productive and developmental toxicity, neurotoxicity,
and chronic toxicity to humans and animals have been
experimentally proven (Ingale et al. 2012; Khalfaoui
et al. 2012).

Various conventional or advanced treatment pro-
cesses have been used to eliminate or separate
textile dye from the wastewaters like adsorption
on different materials, coagulation, flocculation, photo-
oxidation, ozonation, ultrasonication (Cailean and
Teodosiu 2012), electrooxidation (Bebeselea et al.
2008; Vlaicu et al. 2011), and electrocoagulation
(Merzouk et al. 2011; Parsa et al. 2011; Secula et al.
2011; Venkatraman et al. 2012).

R6G dye has a high molecular mass which makes it
difficult to separate by adsorption. Other conventional
methods, such as chemical coagulation, are not effective
especially due to the very good solubility of R6G in
water. Our tests showed that the conventional coagula-
tion is ineffective in separating R6G from aqueous
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solutions. R6G dye is known for its bio-refractory and
outstanding photostability (Zollinger 2003).

Electrocoagulation processes might represent a sim-
ple, reliable, and efficient method for wastewater treat-
ment, the chemicals needed being minimal (generally
not more than 60 ppm of NaCl in order to ensure the
necessary electrical conductivity) and at the same time
the treatment costs being lower than in case of chemical
coagulation. Bayramoglu et al. (2007) performed an
economical assessment showing that the operation cost
for chemical coagulation was 3.2 times more expensive
than that of electrocoagulation process (Bayramoglu
et al. 2007). Also, the sludge quantity was reduced in
comparison to the classical method of chemical coagu-
lation, which makes it a clean and eco-friendly technol-
ogy (Zhu et al. 2005). The use of renewable energies to
operate the electrocoagulation process emphasizes its
character of green technology without impact over the
climatic changes due to the electrical power from fossil
resources (Rodriguez et al. 2007). Recently, Valero et al.
(2008) demonstrated the reliability of using an
electrocoagulation system supplied directly from a pho-
tovoltaic panel (Valero et al. 2008).

Even the recognized powerful method of electro-
chemical direct oxidation, that uses expensive anodes,
such as platinum, boron-doped diamond, or ruthenium
oxide coated titanium, seems to have low efficiencies in
degrading this molecule (Zheng et al. 2012). Very re-
cently, Khalfaoui et al. (2012) found that electro-Fenton
process, which is an electrochemical indirect oxidation
method, provides relatively good efficiency in terms of
decolorization of R6G aqueous solutions. However, this
technology is expensive and might be more appropriate
as a final treatment stage before recycling in order to
remove low-concentration pollutants.

Therefore, further studies must be performed in order
to find a suitable cost-efficient treatment method for this
kind of refractory and toxic compounds.

The electrochemical technology of electrocoagulation
(EC) has captured a growing interest in the last few
decades due to its cost-effective feature, especially in
the treatment of wastewater containing refractory com-
pounds (Akyol 2012; Holt et al. 2005; Mollah et al. 2001;
Zaleschi et al. 2013). Likewise, this process results in
high energy efficiency, cost-effectiveness, as well as low
amounts of sludge (Chen 2004). Although, numerous
contributions have been reported on the enhancement
and optimization of this process, whereas the main stages
involved in mechanisms of separating pollutants from
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aqueous solutions by EC have been established only
recently (Canizares et al. 2007; Chen 2004). The mech-
anism of electrocoagulation process is very complex,
especially in the case of organic pollutants and is specific
for each pollutant—electrode system. Nevertheless, sever-
al processes such as the in situ formation of the coagula-
tion agent, adsorption, complexation, flotation, and/or
precipitation are common to most of them (Zaleschi
et al. 2012). In case of dyes, several main separation
paths have been suggested by Daneshvar et al. (2006)
as described by Eqgs. (1)+(4):

Precipitation:
Dye + monomericM => [Dye—monomericM] (1)
Dye + polymericM => [Dye—polymeric M] (2)
Adsorption:
Dye + M(OH)n(s) => [sludge] (3)

[Dye—polymeric M](s) + M(OH)n(s) => [sludge| (4)

The dye complexation with hydroxides generated
into the solution or reduced by hydrogen is also possi-
ble. R6G dye molecule can be reduced before its ad-
sorption onto the generated coagulant by the hydrogen
gas produced in the electrochemical cell at the cathode
(Sengil and Ozacar 2009).

A very recent study (Zheng et al. 2012) de-
scribed the degradation mechanism of R6G dye by an
electrooxidation process. It has been shown that the
degradation of this dye occurs mainly through the direct
oxidation by the anodic-generated active chlorine
(hypochlorite ion, hypochlorous acid, or molecular
chlorine) and hydroxyl radical. Since there are no stud-
ies reported on the mechanism of xanthene dyes by
electrocoagulation process, this subject is addressed by
the present research.

The main goal of the present work consists of the
investigation of the removal of a xanthene dye from
aqueous solutions by EC. The effects of several
operating parameters such as current density, solu-
tion pH, electrolysis time, electrode configuration,
and electrical current type were studied. The EC per-
formances operated in batch regime were assessed in
relation to removal efficiency and energy and material
consumption. Fourier transform infrared spectroscopy,

cyclic voltammetry, and chemical coagulation studies
were undertaken in order to explain the decolorization
mechanisms in addition to total organic carbon and UV—
vis spectroscopy analyses.

2 Materials and Methods
2.1 Chemicals

Rhodamine 6G (99 %) was purchased from Sigma-
Aldrich. Sodium chloride, sodium sulfate, hydrochloric
acid, and sodium hydroxide were purchased from Lach-
Ner, Neratovice, Czech Republic. FeSO47H,0 (Merck,
Germany) was used as coagulant in chemical coagula-
tion tests. All chemicals were of analytical reagent grade
and used without further purification.

R6G (Basic Red 1) with formula C,gH31N,O5Cl
(Fig. 1) is a monocationic xanthene dye having
the color index number 45160, a molecular weight of
479.02 g mol ', and the maximum absorbance corre-
sponding to a wavelength of 530 nm.

The pH of treated solution was adjusted using H,SO,
or NaOH solutions.

2.2 Experimental Set-up

Electrocoagulation tests were carried out in a two-plan
parallel electrode cell. The experimental set-up consists
of an EC cell, a direct current (DC) power supply and a
polarity changer, a magnetic stirrer, sensors connected to
a multiparameter analyzer for measuring and recording
the values of solution pH and conductivity, a data logger
multimeter, and a computer for data recording. The
experimental set-up was described in detail in our prior
work (Secula et al. 2014).

Fig. 1 Molecular structure of Rhodamine 6G
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The manufactured electrodes with an effective elec-
trode area of 183 cm? were positioned vertically and
fixed at an interpolar distance of 4 mm. Aluminum or
mild steel plate electrodes were used to investigate
several electrode configurations (Al-Al, Fe—Al, and
Fe—Fe).

The EC cell was operated in direct current and alter-
nating pulse current modes. In the latter case, a polarity
changer was employed in the electrical circuit between
the electrodes and DC power supply (IT6322, 0-30V; 0-
3A; ITECH, Nanjing, China). All the runs were per-
formed at a room temperature of 25+0.5 °C.

The experiments were carried out in a batch mode. In
each run, 1,000 cm> R6G model dye solution with
different concentrations was placed into the EC cell
and a gentle agitation was ensured along the EC test
run to get a homogenous suspension by means of a
BOECO MMS 3000 magnetic stirrer. The current
density was set to a desired value and then the
electrocoagulation was started. After drying, the elec-
trodes were weighed before and after EC by using of an
Acculab ATL-224-1 analytical digital balance (accuracy
0.1 mg).

For each decolorization analysis, less than 5 cm® of
aliquots were taken, let to settle for 1 h, centrifuged at
4,000 rpm by means of a BOECO S8 EBA20 centri-
fuge, and then spectrophotometrically analyzed.

A VC530 Volteraft data logging multimeter connect-
ed to a PC was used to measure the cell voltage (sam-
pling rate of signal, 1 value of voltage per second).
Solution pH and conductivity were measured by means
of a C863 Consort multiparameter analyzer, also con-
nected to a PC.

The chemical coagulation experimental tests
were performed by means of a Jar Test model
JLT6, VELP Scientifica using FeSO,4-7H,0 as co-
agulant. In order to compare the EC removal efficiency
in relation to R6G with that of the chemical coagulation
process, similar coagulant doses were added in case of
chemical coagulation and dosed electrically during the
electrocoagulation process. Therefore, the coagulant
doses used in chemical coagulation are equivalent to
iron doses released into solution after 5, 15, 30, and
60 min of EC process.

The chemical coagulation was carried out initially at a
fast stirring for 10 min (200 rpm), followed by gentle
agitation for 20 min (20 rpm), and sedimentation for
30 min. Samples were taken from each jar and analyzed
by UV-vis spectroscopy and total organic carbon (TOC).
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2.3 Analytical Methods

The concentration of R6G was determined at \,.x=
530 nm by using a 5100 Hitachi UV /vis spectrophotom-
eter. A distinct set of UV/VIS analyses were per-
formed in order to determine the decolorization of
some of the R6G dye aqueous solution in the
presence of a chemical oxidant (sodium hypochlo-
rite, 3 % active chlorine). A given volume of R6G
dye solution (3.5 mL), C;=20 mg/L, was mixed
with a given amount of sodium hypochlorite
(0.5 mL, 3 % NaOCI). After the solution homog-
enization, UV/VIS spectra were recorded until
complete decolorization.

Sludge samples resulted by flotation, and sedimenta-
tion were collected, dried, and analyzed as such. Fourier
transform infrared spectroscopy (FTIR) spectra of the
resulted sludge by flotation and sedimentation were
recorded in the range of 400—4,000 cm™' by using a
FTIR DIGILAB-FTS 2000 Spectrometer provided
with an ATR (ZnSe) device, according to KBr pellet
method.

The TOC was determined by a VCSN TOC analyzer
using non-purgeable organic carbon (NPOC) and
purgeable organic carbon (POC) methods.

The voltammetric studies were performed by
using a VoltaLab 32 Electrochemical System
Radiometer provided with data acquisition and
processing VoltaMaster2 software. The electrolytic cell
is provided with three electrodes, a platinum rotating
disk electrode as working electrode (=2 mm), a satu-
rated calomel electrode as reference electrode, and a
platinum wire as auxiliary electrode.

2.4 Evaluation of EC Performance

The performance of EC technique was evaluated in
terms of removal efficiency, energy, and electrode ma-
terial consumptions.

The color removal efficiency (RE, %) was calculated
using Eq. (5):

RE = (Cy—C)-100/Co (5)

where Cj is the concentration of dye before EC
(mg L"), and C is the concentration of dye after # min
of EC (mg L ™).
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TOC removal efficiency (REroc) was calculated
with the following Eq. (6):

REroc = (TOC; — TOC,) - 100/TOC; (6)

where TOC; is the total organic content before treat-
ment (mg L"), and TOC, is the total organic content
after £ min of treatment (mg L™").

Electrical energy consumption was determined in
terms of unit energy demand (UED, kWh kg '), which
is in fact the specific energy consumption (Secula et al.
2014) as follows:

t

RE
UED — I-JU-dt /<I,OOO-V-C1-W6) (7)

0

where U—cell voltage (V), —current intensity (A),
t—time (h), V—volume of treated solution (m?), and
RE——color removal efficiency at time 7 (%).

The amount of electrode material consumed can be
calculated by means of Faraday’s law and a correction
factor (Secula et al. 2012).

UEMDy = -t-A/[f -n- F-V - C;- (RE,;/100)] (8)

where UEMDy,—unit electrode material demand
(kg/kg), t—time (s), n—number of electrons involved
in oxidation/reduction reaction, F—Faraday’s constant
(C/mol), A—atomic mass of electrode material (g/mol),
and f—ratio of electrochemical dissolution.

3 Results and Discussion

The effects of current density, initial pH, current type,
electrode material and configuration, and EC time on the
performances of EC of R6G dye solution are discussed
in this section. The performance of EC is evaluated in
terms of removal efficiency, specific energy, and elec-
trode material consumption. Figure 2 shows the evolu-
tion of decolorization, TOC removal, and specific ener-
gy consumption during EC of R6G dye solution in a
batch reactor corresponding to the experimental condi-
tions described in the figure caption.

The EC process of R6G dye solution results in a
relatively fast decolorization and after only 30 min, a
value of 87.07 % is obtained for RE in relation to TOC.
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Fig. 2 Decolorization, TOC, and specific energy consumption
evolution during EC process of a R6G dye aqueous solution.
Experimental conditions: j=45 A/m% C;=0.1 g/L, pH;=5.37,
and CNaCl:1~5 g/L

However, the continuation of the EC process leads to
marginal increases in RE, up to 97.29 % in relation to
decolorization and 90.07 % in relation to TOC,
respectively.

A minimal specific energy consumption of
4.1 kWh kg ' of removed dye corresponding to a RE
of 82.87 % (Fig. 2) is reached after 10 min of EC.
Although, slightly higher values of dye removal effi-
ciency are achieved when electrolysis time increases,
the specific energy consumption increases significantly.
Therefore, a cost-efficient operation of EC process re-
quires the analysis.

3.1 Effect of Current Density

Experiments on the removal of R6G from synthetic
solution with an initial dye concentration of 100 mg/L
by EC were carried out at different current densi-
ties: 45, 65, 75; and 95 A/rnz, using iron electrodes
with a surface of 183 cm” and 1.5 g/L NaCl supporting
electrolyte. During the electrocoagulation process
(60 min), samples were drawn from the cell for the
determination of the concentration and the residual con-
tent in terms of TOC.

Based on the Faraday’s law, when the densities of the
current increased, the electro generated amount of the
iron/aluminum ions also increased. In other words, as
the applied current density is higher, more flocs will be
formed and they will contribute to embed dye mole-
cules, thus improving the removal/decolorization effi-
ciency. At high current density, the coagulant amounts
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and the gas bubbles density increase, thus helping the
removal of molecules by flotation. When using iron
anodes, the system generates Fe*" ions from the disso-
lution of the sacrificial anode. These ions form
oxyhydroxides, which are very good sorbents and co-
agulants and help to diminish the concentration of the
organic compounds.

At a relatively short EC time, the current density has
a strong effect on the aqueous solution color removal
(Bayramoglu et al. 2007). At high current densities, the
increased anodic dissolution leads to higher values of
removal efficiency. Also, the production of gas bubbles
increases while their size decreases, leading to the pol-
lutant separation by flotation (Merzouk et al. 2010).

Figure 3 presents the evolution of removal efficiency
of EC process applied to a 100-mg/L R6G solution at
different values of current density.

Different behaviours regarding the assessment of
the electrocoagulation performance for the synthet-
ic solution of R6G removal efficiency were found,
based on the electrochemical efficiency determina-
tion which was influenced by the current densities.
Applying the current density of 95 A/m?* allowed
reaching the best results of the decolorization of R6G
dye solutions. Thus, after 10 min of electrolysis, 87.97 %
removal efficiency was achieved, and after 60 min of
electrolysis, a removal efficiency of 99.68 % was
reached. In comparison with other applied current den-
sities (/=45 A/m*>—97.20 %; j=65 A/m*>—97.42 %; j=
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Fig. 3 Effect of the different current density on the evolution of
R6G removal versus electrolysis time. Operating conditions:
100 mg/L R6G, 1.5 g/L NaCl, and pH;=5.5; current density: black
square 45 A/, black circle 65 A/m?, black up-pointing triangle
75 A/m?, and black down-pointing triangle 95 A/m>
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75 A/m*—97.96 %), 95 A/m? is the most favorable
current density in terms of the dye decolorization.

However, the effect of current density should be also
considered in terms of the removal efficiency and ener-
gy and electrode material consumptions.

Figure 4 describes the evolution of specific energy
(Fig. 4a) and consumed electrode material (Fig. 4b)
during EC process.

As the current density increases, both UED and
UEMDg, are higher. At the beginning of EC process,
UED and UEMDgg, are the highest for the case of the
lowest value of the current density. This is an important
observation concerning the mechanism of EC process.
This non-proportionality between the specific consump-
tions over time shows that at the beginning, the main
removal mechanism is not the adsorption of dye on the
generated coagulant. We assume that especially at the
beginning of the EC process, as long as the cathode
surface is clean, cationic molecules of R6G may be
trapped at the cathode surface and undergo reduction
processes. Also, there is the possibility that at low pH
values, i.e., at the beginning of the EC process, hydroxyl
radicals are generated, which may further oxidize the
molecule of dye (Ghernaout 2013).

Figure 5 shows the evolution of the solution pH
during the EC process conducted in the already men-
tioned conditions.

In the case of the test performed at 45 A/m?, the pH
values are placed in the acid-neutral region for approx-
imately 4 min at the beginning of the EC process, while
at the other values of current density, the pH values
increase quickly in less than 1 min after the process
has started. This explains the sudden increase in the
UED and UEMDkg, after 5 min. Hence, the deviation
from the proportional increase of UED and UEMDk, is
explained by the important contribution of the degrada-
tion process of R6G.

3.2 Effect of the Initial pH

The performance of the EC process is usually
influenced by the pH of the sample solution (Chen
2004). In order to establish the pH influence on the
electrocoagulation process for dye removal by using
iron electrodes, different values of the initial pH
(3, 5.5, 7, and 9) were investigated.

Mollah et al. (2001) reported that the maximum
efficiency of electrocoagulation process occurs at a pH
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Fig. 4 Evolution of UED (a) and UEMDgk., (b) during EC process of 100 mg/L R6G solution (1.5 g/L NaCl, pH;=5.5)

value of 6.9, which is considered the optimum pH for
the most complex form of iron.

Figure 6 describes the evolution of removal efficien-
cies in relation to R6G removal and pH values, respec-
tively, during the EC process conducted at the highest
current density from the considered range.

The plots in Fig. 6a indicate that the removal effi-
ciencies increase with the initial pH values. The curves
in Fig. 6b show that the test at an initial pH of 3 reaches a
neutral pH value in only 3 min, a pH value of 8 in
20 min, and at the end of the process, the treated solution
has a pH value of 8.2. For the tests conducted at initial

o 10 20 30 40 50 60
Time, min
Fig. 5 The evolution of pH during EC process conducted at

different values of current densities (100 mg/L R6G, 1.5 g/L NaCl,
pH;=5.5)

pH values of 5.5, 7, and 9, respectively, the solution pH
increases in less than 5 min above 9 and stabilizes at 9.5,
9.8, and 10, respectively.

At high values of current density, the generation of
hydroxyl ions at the cathode leads to this fast increase in
solution pH, which makes the pH parameter to be of less
importance toward the EC performance.

3.3 Effects of the Electrode Material and Current Type

Different metal pairs of electrodes (Fe—Fe, Al-Al, and
Fe—Al) were used in order to study the influence of the
electrode material on the performance of EC in terms of
removal efficiency, specific energy, and electrode mate-
rial consumptions. Figure 7 presents the performance of
EC process operated with different electrode configura-
tions and types of current (direct current (DC) and
alternative pulsed current (APC)). In order to emphasize
the effects of electrode material and current type, several
test were conducted at a relatively high value of current
density, 109 A/m?, and a high concentration of
dye, 1 g/L. The initial pH of dye solution was of 5.5,
and the concentration of supporting electrolyte was of
1.5 g/L.

In terms of removal efficiency, the highest values are
obtained for iron-pair configuration operated in APC
and DC mode and Fe—Al operated in DC mode. On
the other hand, aluminum-based configurations are not
effective in removing this dye from aqueous solution.
This was mainly observed in the experimental tests,
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Fig. 6 The evolution of removal efficiency (a) and pH (b) during EC process conducted at different values of current densities (100 mg/L

R6G:; 1.5 g/L NaCl: pH;=5.5: current density, 95 A/m?)

when iron-pair configuration leads to the separa-
tion of dye by either flotation or sedimentation,
while in the case of Fe—Al configuration operated
in DC mode, a spongious layer was formed on the
cathode surface. Actually, R6G is a basic dye and
migrates towards the cathode electrode, where it is
trapped, especially when both ferric and aluminum
ions are present in the solution. It was also noticed that
the use of APC mode avoids the formation of the
spongious layer and the removal efficiency decreases
substantially.

The Fe-Fe electrode pair operated in APC mode
leads to the fastest removal of R6G, when 98 % of dye
is removed in only 30 min of EC process. This empha-
sizes the positive influence of the APC mode in com-
parison with the more common DC operation of EC
process.

Concerning the specific energy consumption, i.e.,
electric energy consumed per unit of dye removed, the
most effective electrode configuration is that based on
iron electrodes. Independently of the EC time, this con-
figuration provides the lowest values of UED, which
means high removal efficiency in relation to R6G with
low energy consumption. In the case of this electrode
configuration, the APC mode proves also to be more
economical than DC mode for the operation of EC
process. Thus, an UED of 6.84 kWh kg ' is obtained
in case of EC process based on Fe—Fe electrode config-
uration operated in APC mode. Due to the fact that UED
is proportional to the amount of dye removed, it is

@ Springer

expected that this indicator will evolve in a contrary
direction to that of the removal efficiency. However,
Fe—Al configuration operated in DC mode seems to
behave differently mostly due to the formation of the
spongious layer on the electrode. Operating in galvano-
static regime, the voltage of the EC cell increases (i.e.,
constant current intensity), resulting in higher electric
energy consumption, more obvious after 2 h of EC
processing.

Since the electrode material consumption is directly
proportionally with the current applied, it is expected
that Fe—Fe electrode configuration will provide also the
lowest values of UEMD),. However, it should be taken
into account that the anodic dissolution of iron requires
the transfer of only two electrons (Fe*"), while in case of
aluminum, three electrons are donated (AI*"). This
means that for a similar amount of electrical energy, a
higher amount of iron is dissolved than in the case of
aluminum. Nevertheless, as Eq. (3) defines the chemical
dissolution of metal is also taken into account and for
this electrode pair, the aluminum chemically dissolves,
while the amount of dissolved iron is very close to
that predicted by Faraday’s law. Figure 7c¢ shows
that the lowest values of the specific electrode
material consumption are obtained with Fe-Fe
electrode configuration operated in APC mode for
only 30 min, when a removal efficiency of 98 % is
achieved, which corresponds to a UEMDg, (iron-based
configuration) of 1.73 kg of iron per kilogram of dye
removed. If the process continues furthermore, the



Water Air Soil Pollut (2014) 225:2101

Page 9 of 14, 2101

at=30min 2t=60min Ot=120 min

100 M . =

AN

2

Al-Fe
DC

Fe-Fe Fe-Fe Fe-Al Al-Fe
APC DC DC APC

(a)

70 N
60

50 B
40
30
20

10 v 7
o i

Fe-Fe Fe-Fe Fe-Al Al-Fe Al-Al
APC DC DC APC DC

®)

UED, kWh kg

NN

= Fe, 60 min
@Al, 60 min

OFe, 120 min
@Al, 120 min

@aFe, 30 min
gAI, 30 min

UEMD,,, Kg kg-"
N W H (4, o N

i

0 B ] 7R g i
Fe-Fe Fe-Fe Fe-Al Al-Fe Al-Al  Al-Al Al-Fe
APC DC DC APC DC APC DC

()
Fig. 7 Effect of electrode configuration and current type on the
performance of EC process (removal efficiency (a), UED (b), and
UEMDy; (¢)) for R6G dye removal at different times (/=109 A/m?>,
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specific electrode material consumption doubles after
1 h of EC, while after 2 h, it increases four times.
Therefore, the operation time is a critical parameter for
this process.

3.4 Mechanism of Rhodamine 6G Separation by EC
3.4.1 Voltammetry Analysis

In order to establish the removal mechanism of R6G, it
might be of interest to establish whether direct oxidation
plays an important role in the degradation of R6G
processes occurring in an electrolytic cell. Thus, the
cyclic voltammograms of several R6G dye solutions
using NaCl as support electrolyte were recorded.

Figure 8a, b presents the cyclic voltammograms ob-
tained for aluminum and iron electrode, respectively, in
the presence of (1) 0.025 M NaCl, (2) 20 mg/L+
0.0256 M NaCl, and (3) 100 mg/L R6G+0.0256 M
NaCl, respectively, recorded in the potential range from
—0.3 to 1.25 V/SCE, in the case of iron, and —0.7+
1.25 V/SCE, in the case of aluminum, at a scan rate of
0.05 VJs.

The cyclic voltammograms recorded in the potential
ranges located just before the potential of chlorine evo-
lution present no anodic peak. This means that no direct
electrooxidation of R6G at the electrode surface oc-
curred besides the electrocoagulation process. The dis-
solution of the working electrode takes place at lower
values of current in the case of iron-based material
compared to aluminum. The presence of the R6G dye
into the electrochemical systems leads to a decrease in
current density value, which means that the electrodes
get passivated.

3.4.2 UV-VIS Analysis

The UV-VIS spectra of R6G dye solution and those
treated either with sodium hypochlorite or by
electrocoagulation were recorded and compared.
Figure 9 presents the UV—-VIS spectra of 20 mg/L
R6G aqueous dye solution (Fig. 9, line (1)), dye solution
treated by NaOCI for 1 min (Fig. 9, line (2)) and for
60 min (Fig. 9, line (3)), and dye solution treated by EC
process (Fig. 9, line (4)).

In the case of sodium hypochlorite treatment, the peak
specific to hypochlorite ion appears at A=290 nm. The
peak corresponding to the chromophore groups of R6G
disappears completely and the residual value of hypo-
chlorite peak decreases slightly. After 1 min of oxidation
with 3 % sodium hypochlorite, the initial dye concentra-
tion of 20 mg/L decreases 5 mg/L R6G dye.

Based on the recorded UV—VIS spectra of the treated
synthetic R6G dye, it can be concluded that the

@ Springer
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Fig. 8 Cyclic voltammograms for iron (a) and aluminum electrode (b), respectively, in the presence of (/) 0.0256 M NaCl, (2) 20 mg/L+

0.0256 M NaCl, and (3) 100 mg/L R6G+0.0256 M NaCl

chromophore group is destroyed by the oxidation pro-
cess. Thus, due to the fact that the concentration of dye
decreases, the aqueous solution becomes colorless.

Hypochlorite ions form constantly from NaCl during
the electrocoagulation process. If the electrocoagulation
process mechanism would have been based on the ox-
idation process, it could be expected to have a hypo-
chlorite ion peak as the dye concentration decreased.
The process was favored by the relatively strong alka-
line pH of the treated solution.

(1)——R6G 20 mg/L

(2)----R6G 20 mg/L +
NaOCl 3%, 1 min
(3)----R6G 20 mg/L +|
NaOCl 3%, 60 min
(4)—— R6G 20 mg/L,

60 min of EC

Absorbance

N et e e - ) L

0 ) -
200 300 00 500 600 700 800
Wavelenght, nm
Fig. 9 UV-vis spectra of (/) initial R6G solution, (2) R6G solu-
tion treated by EC (j=95 A/m?%; C;=20, 50, and 100 mg/L, pHi=7;
Crnaci=1.5 g/L, iron electrodes), and R6G solution treated with

NaClO after (3) 1 min and (4) 60 min, respectively
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Line (4) in Fig. 9 shows however that hypochlorite
ion is not present in the solution treated by EC; its
formation is relatively marginal. Therefore, the removal
mechanism of R6G from aqueous solutions is EC can-
not be assigned to the oxidation of dye by means of
hypochlorite ion in the bulk solution.

The efficiency of the chemical coagulation was also
studied. However, extremely low values were obtained
for the removal efficiency (approximately, 1-3 %). This
proves that the separation process by means of ferric
hydroxide in the EC process is also of low importance.

3.4.3 FTIR Analysis

The aim of the IR spectroscopy study was to
establish the mechanisms that contribute to decoloriza-
tion of aqueous solutions containing R6G by
electrocoagulation process starting from the reactions
occurring at the anode, cathode, and in the bulk solution.

R6G molecule is slightly soluble in water due to its
polar molecular structure. During the electrocoagulation
process, the R6G molecules become nonpolar, insolu-
ble, and an orange/red foam is produced, depending on
the dye concentration. In order to elucidate this phenom-
enon and determine the mechanism of foam formation,
the IR spectra of the commercial dye, foam, and
sludge which resulted after electrocoagulation pro-
cess were recorded and compared. Figure 10 shows the
recorded spectra.
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Fig. 10 Rhodamine 6G (a), flotation (b), and sedimentation (c)
sludge FTIR spectra

Thus, in order to determine the foam formation
mechanism, FTIR analysis was performed. It can be
observed that the secondary aromatic amino group peak
(3,213, 3,021 cm ") increases in intensity for the foam
case as compared to the R6G peak. This phenomenon is
attributed to the secondary amino group detachment
(Table 1 presents the characteristic groups IR frequen-
cies of R6G dye as determined by the FTIR analysis).

The peaks corresponding to the foam at 1,312 cm !
and 1,713 em ', respectively, in R6G spectra are specific
to the aryl esters (C-O-C, C=0) and in the foam spec-
trum, the intensity of these peaks is increasing. The peak
from 1,516 cm ™' corresponds to secondary amino aro-
matic group. As compared to the peak recorded in R6G
spectra, the lower intensity of this peak in foam spectra is
due to amino group detachment. In the range of
3,500-3,100 cmfl, a wide band of medium frequency
corresponding to the vibration groups N-H and O-H
appears (Bakkialakshmi and Menaka 2010; Liu et al.
1998; Moamen et al. 2011; Nieckarz et al. 2013). The
bands with the peaks at 3,213 cm ! and 3,021 cm ! are
assigned to the valence vibrations specific to N-H group

in the IR spectrum of R6G. In the spectra of the sedimen-
tation and flotation sludge, these bands are not present,
proving that the decolorization of the treated aqueous
solutions is due to the destruction of N—H groups. The
band of average intensity due to elongation vibration of
methyl group (—CHj3) occurs in the R6G spectrum at
2,974 cmﬁl, and the band due to the vibration of sym-
metric deformation occurs at 1,369 cm . The IR data of
the sludge show that the groups of the N-H and —CHj;
disappear. The decolorization of R6G dye solutions is
explained by the destruction of N-H and —CHj3 groups,
which are detached from the dye molecule.

The main mechanism of EC may be attributed to the
dye deamination and demethylation by redox processes.
Thus, it is very likely that the cationic molecule of R6G
may undergo a reduction process at the cathode surface.
Some authors consider also the possibility that hydroxyl
radicals are generated in the EC process, especially at
low values of pH (Ghernaout 2013), which may further
oxidize the molecule of dye. This mechanism is sup-
ported by FTIR analysis as well as by the experimental
observations. At the end of EC process, the cathode is
covered with a layer of foam, where dye molecules and
the side products are trapped.

The mechanism of electrocoagulation process is rath-
er complex. The IR spectroscopy analysis showed that
the dye molecule is involved in redox processes taking
place in the vicinity of the electrode surface, resulting in
its deamination and demethylation. After deamination
and demethylation, the polar molecules become non-
polar and insoluble and easier to separate. This mecha-
nism is supported by our experimental tests performed
at different inter-electrode distance. The value of remov-
al efficiencies decrease with the inter-electrode dis-
tances. This means that the dye molecule is more diffi-
cult to separate in its polar form.

Scheme 1 presents a conceptual model proposed
for the electrocoagulation of an aqueous solution
containing R6G in order to illustrate the mechanism of
decolorization.

Table 1 Characteristic groups IR

frequencies of R6G dye Group name Group R6G IR (cm ™) Foam IR (cm™") Sludge IR (cm ™)
Aryl-ester C-0-C 1,312 1,308 1,308
Carbonyl C=0 1,713 1,717 1,717
Amino N-H 3,213, 3,021 - -
Methyl —CH; 2,974, 1,369 - -

@ Springer
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Scheme 1 Schematic diagram of the aqueous solution containing R6G

The main reactions are the anodic dissolution of iron
electrode in iron ions in solution and the formation of
iron hydroxide by the reaction with hydroxyl ions gen-
erated at the cathode in the bulk solution. As the con-
centration of ferrous hydroxide increases, the polymer-
ization reaction takes place, resulting in polymeric iron
flocs, which may precipitate the phenyl-xanthene radi-
cals remained in the bulk solution after the demethyla-
tion and deamination processes. Furthermore, the
flocs are separated by flotation with the support
of the molecular hydrogen generated at the cath-
ode (especially at relatively high values of current
density),or by sedimentation.

4 Conclusions

This paper presents a study concerning the assessment
of operational parameters on the removal of R6G
(a xanthene dye) by electrocoagulation operated in
batch and galvanostatic regime.

The effects of several operating parameters such as
pH, current density, initial dye concentration,

@ Springer

electrolysis time, electrode configuration (Fe-Fe, Al-
Al, and Fe—Al), and electrical current type on the EC
performances were studied.

The best performance of EC process was obtained at
a current density of 95 A/m?, pH value of 9, using iron
electrode configuration. Under these conditions, the EC
of a 100-mg/L dye R6G aqueous solution leads to
100 % decolorization; after 60 min, the removal effi-
ciency in relation to TOC reaches the highest value of
82.98 %. The optimal electrocoagulation time is 5 min,
when 92.4 % decolorization removal efficiency is
reached with a specific energy consumption of
6.31 kWh kg .

It has been noticed that the Fe-Fe, electrode
configuration operated in APC regime provided
the best dye solution decolorization rate.

The mechanism of the R6G removal by EC was
also discussed. It was found that polymeric iron
flocs co-precipitate with the phenyl-xanthene radi-
cals remained in the bulk solution after the de-
methylation and deamination processes. The
formed flocs are easily separated by flotation or
sedimentation.
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