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a b s t r a c t

In this study, removal of suspended solids (SS) and turbidity from marble processing wastewaters by elec-
trocoagulation (EC) process were investigated by using aluminium (Al) and iron (Fe) electrodes which
were run in serial and parallel connection systems. To remove these pollutants from the marble process-
ing wastewater, an EC reactor including monopolar electrodes (Al/Fe) in parallel and serial connection
system, was utilized. Optimization of differential operation parameters such as pH, current density, and
electrolysis time on SS and turbidity removal were determined in this way. EC process with monopolar Al
electrodes in parallel and serial connections carried out at the optimum conditions where the pH value
was 9, current density was approximately 15 A/m2, and electrolysis time was 2 min resulted in 100% SS
removal. Removal efficiencies of EC process for SS with monopolar Fe electrodes in parallel and serial
connection were found to be 99.86% and 99.94%, respectively. Optimum parameters for monopolar Fe

electrodes in both of the connection types were found to be for pH value as 8, for electrolysis time as
2 min. The optimum current density value for Fe electrodes used in serial and parallel connections was
also obtained at 10 and 20 A/m2, respectively. Based on the results obtained, it was found that EC process
running with each type of the electrodes and the connections was highly effective for the removal of SS
and turbidity from marble processing wastewaters, and that operating costs with monopolar Al electrodes
in parallel connection were the cheapest than that of the serial connection and all the configurations for

Fe electrode.

. Introduction

Depending on rapid developments in marble proccessing
pplications due to the increasing demands for marble in civil engi-
eering applications, the number of the marble processing plants
nd the workshops and eventually the trading volume has increased
n recent years. As a result of this increasing trading volume, the

astewaters discharged into water bodies after processing of mar-
le blocks has also increased [1]. Marble proccessing plants and/or
orkshops are one of the places where the water is being used

bundantly. Lack of the availability of high quality water requires a
ecessity for reusing the water in the process [2]. Therefore, treat-

ent of the wastewater generating by marble processing plants

nd workshops via physical and/or physico-chemical methods and
ecirculating of these relatively high quality of waters into the pro-
essing after treatment is of great importance [3,4].

∗ Corresponding author. Tel.: +90 246 211 18 58; fax: +90 246 211 18 52.
E-mail address: kavi@mmf.sdu.edu.tr (M. Kılıç).
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© 2009 Elsevier B.V. All rights reserved.

Wastewaters containing a high amount of suspended solids are
resulted from several stages of the processing of marble such as
cutting, washing, smoothing, and polishing [5]. The general appli-
cation for reusing of wastewaters in small workshops is currently
proceeded with purifying the wastewater through gravitational
settling methods in pools and then including it into the process
pipeline by pumping the supernatant [6], while physico-chemical
methods are generally used in larger plants in addition to the set-
tling [5].

For the purpose of getting high quality of marble product, high
quality of water in terms of suspended solids (SS) is desired to reuse
it in marble processing works. In case of using a relatively lower
quality of water in the finishing and honing processes, which is
not well purified, a lower quality of the product is obtained since
suspended solids in the water cause scratches on the surface of the

product, and, as a result of this, the competitiveness of the producer
in the market decreases.

Electrocoagulation (EC) technology has been developed as an
alternative for breaking of stable emulsions and suspensions of
water by using of metal salts, polymers and polyelectrolytes [2]. The

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kavi@mmf.sdu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2009.07.018
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Table 1
Characterization of raw marble processing wastewater.

Parameter Value a

Total SS (mg/L) 5178 100
Chromium (Cr6+) Not detected 0.3
Oil and grease (mg/L) 20 10
pH 8.23 6–9
Conductivity (mS/cm) 0.44 –
Turbidity (FTU) 2640 –
T
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DS (g/L) 0.21 –

a Turkish Republic Ministry of Environment and Forestry The By law of Water
ollution and Control.

rinciple of EC process is based on three separation processes [7]:
i) mechanistic, (ii) electrochemistry–coagulation, and (iii) hydro-
ynamic. The process is capable of removing the metal ions and the
oluble inorganic pollutants with the aid of dissolving of charged
olymeric metal hydroxides [2]. Further, as a comparison with
he conventional chemical and biological techniques, the process
ncluding an electrical field formation can effectively remove the
nest colloidal particles in the case of their coagulation ability [8].
lso, this process has been established for the treatment of several

ypes of wastewaters discharged from olive mill [9], potato chips
anufacturing [10], and antibiotics production [11] and used for the

emoval of sulphides, sulphates, and sulphite [12]. The efficiency of
C process depends on different operational conditions such as the
ype of the electrode material used, solution pH and current density
13].

In the present study, both of the serial and parallel connection
ypes have been attempted to determine the removal efficiency of
he process for SS and turbidity in the marble processing wastew-
ter by using aluminum (Al) and iron (Fe) electrodes. Depending
n the experimental results obtained, optimization of different
perational parameters such as pH, current density, and electrol-
sis time were achieved. In the final stage, required quantity of
lectrode (kg) per one cubic meter of treated wastewater and
lectrode consumption per one kg of removed SS has been deter-
ined under the optimal conditions as well as the operational

osts.

. Materials and methods

.1. Wastewater sampling

The marble wastewater used in the study was supplied from a
lant processing the Burdur Beige type of marble in Isparta, Turkey.
haracterization of the wastewater is shown in Table 1.

.2. Experimental set-up

All of the experiments were conducted in an EC reactor mainly
onsisted of four components: (1) a direct current (DC) power sup-
ly, (2) an electrolytic EC cell, (3) a magnetic bar, and (4) a magnetic
tirrer. Schematic presentation of the reactor is shown in Fig. 1. DC
ower supply (MCH-303D, running between in a certain range of
oltage and current, 0–30 V and 0–3 A) was used in order to han-
le the current and the voltage. Mixing of the solution was done
y using a magnetic stirrer (J.P. Selecta, S.A., Agimatic-E) where
50 mL of a beaker including standard size of electrode sheets

45 mm × 60 mm × 0.1 mm of sheet size and 162 cm2 of active elec-
rode surface) and a plexiglass material was placed on its plate.
or the experiments, two types of electrode, Al and Fe, were used
n order to compare their removal efficiency. 5 mm of a distance
etween each electrode sheet was kept constant during the exper-

ments.
Fig. 1. Schematic presentation of the EC reactor used in the study.

2.3. Experiments

All of the chemicals used in the study were of analytical grade.
HCl and NaOH solutions were used to adjust the pH value. No chem-
ical was used in order to maintain the conductivity of the wastew-
ater, however, natural conductivity of the wastewater was utilized.

All of the experiments were carried out under room tempera-
ture. Prior to the experiments, the wastewater was filtered through
a filter paper having coarse pore sizes (Macharey-Nagel (MN),
751/75) in order to get a homogenized particle size distribution
in the sampling. The resulted wastewater (250 mL) was added to
the electrolytic cell. After the electrode sheets were dipped into the
cell, electrolysis was started and a rapid mixing under 500 rpm was
applied simultaneously. When electrolysis and rapid mixing was
stopped, a slow mixing under 60 rpm was applied for 2 min. After
this duration, 3 min of settling process was applied without any
additional process. The rational for using 2 min for flocculation was
determined by jar testing carried out before the experiments. Also,
the optimum value of 3 min for settling procedures was choosen
as a result of settling analysis conducted under different settling
times ranging between 1 and 5 min. After the flocculation and set-
tling procedures, the resulted supernatant was pipetted and again a
filtration procedure (MN 751/75) was applied in order to eliminate a
potential additional removal effect of the filter paper. The obtained
filtrate was analyzed for its SS and turbidity content. Each of the
electrode sheets was washed with acetone before the experiments,
rinsed with 200 mL of formic acid solution (10%, v/v) for 3 min
after the experiments in order to remove the potentially deposited
residuals on the surface of the electrode. After this procedure was
completed, the electrodes were washed with distilled water, dried
in an oven (Nüve FN 500) for 2 h and then its final weight was mea-
sured in order to estimate the electrode consumption during the
process. The used electrode was retained in a dessicator for using
in the next process.

The removal efficiency of the process for SS and turbidity was
calculated according to the following equation:

Removal, (%) =
(

(C0 − C)
C0

)
× 100 (1)

where C0 and C is the initial and final concentration of the pollutant
(mg/L and FTU), respectively.

In order to make a statistical comparison between the experi-
mental results obtained for the effect of differential parameters on
removal of SS and turbidity, each of the experiments was repeated

five times for all of the experimental conditions and the average
mean values were considered for each experimental condition. In
case of showing any data point a statistical deviation, the experi-
ment was repeated until a confidential result is obtained and the
result was included into the calculation.
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the MP-P and MP-S connection systems in case of using Fe elec-
trode. As a comparison of Al electrode with Fe electrode, it can be
observed that MP-P and MP-S connection systems with Al elec-
trode were more effective than that of Fe electrode at all pH values.
M. Solak et al. / Journal of Haza

.4. Measurements

SS measurements were done as explained in the Standard
ethod [14]. For these measurements, the resultant filtrate, which
as obtained by filtering the sample second times after electroly-

is through the coarse filter paper (MN 751/15), was shaken several
imes and filtered through a 0.45 �m of filter paper (Whatman, �
7 mm) with the aid of a vacuum effect generated by a filtration
etup (KNF Neugberger D-7800). To determine the SS removal effi-
iency of the EC process, the filter paper was dried in an oven under
03–105 ◦C for 1 h, cooled in a dessicator and then measured for the
eight loss.

Turbidity measurements were done according to the Absorpto-
etric Method by a spectrophotometer (Hach DR 2000) at 450 nm
avelength. Initial and final pH value of the solutions was measured

hrough a pH meter (Hanna Instruments HI 9321) according to the
lectrometric Method and both the conductivity and TDS values
ere determined by using a conductivity/TDS meter (Hach 44600).

To determine the zeta potential of the dried marble powder (Bur-
ur Beige type of marble), a zeta meter (Zeta Meter 3.0) was used.
he experiments were conducted under different pH conditions
anging between 5.0 and 10.0. For this purpose, the test solution
f which the solid content was 4% was prepared by adding 0.05 g
f dried marble powder to 49.5 g of distilled water. pH value of the
repared solution was then adjusted to the desired value. The resul-
ant solution was mixed by the magnetic stirrer for 2 min and then
nalyzed for its zeta potential. For each of the solutions, 10 zeta
otential measurements were done individually and the average
ean value of these 10 measurements that can be automatically

alculated by the device was taken into account [15].
Imaging of the flocculates formed after electrolysis where Al and

e electrodes were used was detected by a microscope (Olympus
Z61). 90-fold magnified images were recorded by using software
Motic Images Plus 2).

. Results and discussion

.1. Effect of pH on removal of SS and turbidity

The mechanism of EC process is affected by chemical features
nd conductivity of the environment. In addition, size of the par-
icles and concentration of the chemical species existing in the
nvironment also affect the mechanism of EC process [2]. However,
he key factor affecting the performance of the process is pH value
f the solution [16].

In case of applying an electrical potential to the wastewater dur-
ng EC processes, the anode material is exposed to an oxidation
eaction (as shown below in Eqs. (2) and (3)), while the cathode

aterial is exposed to a reduction reaction (as shown below in Eqs.
4) and (5)). The reaction equations for oxidation and reduction
tages are shown below [8]:

node; M(S) → Mn+
(aq) + ne− (2)

H2O(I) → 4H+
(aq) + O2(g) + 4e− (3)

athode; Mn+
(aq) + ne− → M(S) (4)

H2O(I) + 2e− → H2(g) + 2OH− (5)

In EC process, Al3+
(aq) ions may form hydrolysis products

uch as Al(H2O)3+
6 , Al(H2O)5OH2+, Al(H2O)4(OH)2+ and these
ydrolysis products formed may cause to form hydroxo species
nd/or polyhydroxides when Al electrode is used on hydrolysis.
8,17].

Similar to the formation of Al based ions explained above,
erric ions may be formed by electrochemical oxidation of Fe elec-
Materials 172 (2009) 345–352 347

trodes. As a result of this, monomeric ions, Fe(OH)3 and several
polymeric hydroxo species such as Fe(H2O)3+

6 , Fe(H2O)5(OH)2+,
Fe(H2O)4(OH)+

2 , Fe(H2O)8(OH)4+
2 , and Fe(H2O)6(OH)4+

4 may form
depending on the pH condition of the aqueous medium [18,8]. The
efficiency of these Fe based hydroxides, polyhydroxides or polyhy-
droxymetallic complexes is based on the concentration of Fe ions,
the nature of the colloidal solution and the pH value of the solution
[19].

For all of the experiments, the initial concentration of SS and tur-
bidity was determined in the range of 1324–1652 mg/L and 705–857
FTU, respectively. The effect of pH on SS removal efficiency was
investigated under the experimental conditions of 15 A/m2 of cur-
rent density and 1 min of electrolysis time. The results obtained
from the experiments which were individually conducted by Al
and Fe electrode revealed that SS removal efficiency was higher
than 98% for Al electrode and 95% for Fe electrode, respectively,
for both of the electrode connection systems (monopolar-parallel,
MP-P, and monopolar-serial, MP-S) (Fig. 2). Similar to the obtained
results of the present study, results of a former study [20], where
SS removal from tannery wastewaters was investigated by elec-
troflotation process, revealed that removal efficiency of the system
was found to be 95.3% when Al and Fe electrodes were used as anode
and cathode material, respectively, and to be 95.2% when Al and Fe
electrodes were used as cathode and anode material, respectively.
It is seen in Fig. 2 that the removal efficiency is higher when the ini-
tial pH value in the reactor becomes closer to the natural pH of the
wastewater (pH 8) although almost the same removal efficiencies
are resulted by Al and Fe electrodes connected as parallel. Although
differences between the removal efficiencies are lower, consump-
tion of the electrode material is higher in serial connection systems
because of the high electrode potential. Since current in MP-P con-
nection systems is divided towards electrode sheets depending on
the correlation between capacitance of the electrodes, lower elec-
trical potential is required for parallel connection systems than
required for serial connection systems [21].

It can also be seen in Fig. 2 that the MP-S connection systems
were more effective than the MP-P connection systems for all the
SS removal efficiency cases for both of the electrode types (with an
exception for MP-S connection system with Fe electrode at pH 9). In
addition to that, the maximum SS removal efficiency was obtained
at pH 9.0 for both of the MP-P and MP-S connection systems in case
of using Al electrode, while it was obtained at pH 8.0 for both of
Fig. 2. Effect of pH on removal of suspended solids (current density: 15 A/m2; elec-
trolysis time: 1 min.).
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ig. 3. Effect of initial pH on removal of turbidity (current density: 15 A/m2; elec-
rolysis time: 1 min.).

obya et al. [10] stated as a result of their study focused on the
reatment of potato chips manufacturing wastewater by EC pro-
ess that higher SS removal efficiencies could be obtained by using
f Al electrode when it was compared with Fe electrode. In the
resent study, obtaining of higher SS removal efficiencies for MP-
connection systems with Al and Fe electrode at all pH values is

esulted from the dissolution of higher amounts of dissolved elec-
rode materials in MP-S connection systems compared with MP-P
onnection systems. Therefore, it can be clearly understood that
S removal efficiency was considerably affected by pH value of the
olution and that the higher removal efficiencies could be obtained
t higher pH values (pH 8.0–9.0).

The effect of pH on turbidity removal efficiency was also investi-
ated under the same experimental conditions (15 A/m2 of current
ensity and 1 min of electrolysis time). The effect of pH value on
urbidity removal efficiency is shown in Fig. 3. According to Fig. 3,
igher removal efficiencies could be obtained when Al and Fe elec-
rode was used in MP-S connection systems, while MP-P connection
ystems led the both electrode types to remove lower turbidity. The
aximum turbidity removal efficiency was obtained at pH 9.0 for Al

lectrode and at 8.0 for Fe electrode. In addition to that, the removal
fficiency increased with increasing pH value for both of the con-
ection types and for Al electrode. Kobya et al. [10] preferred to use
l electrode in their study because Fe electrode caused an addi-

ional color formation in the effluent due to the chemical features
f Fe electrode.
Effect of final pH on SS and turbidity removal was also investi-
ated in the study and the results are presented in Table 2. For all of
he electrode types and connection systems, final pH value of the
olution increased for pH condition of 6 and 7 and decreased for pH

able 2
H change in duration of electrolysis time in the reactor.

pH conditions

pH 6 pH 7 pH 8 pH 9

P-P Al Initial pH 6.00 7.05 8.09 9.00
Final pH 6.96 7.28 7.94 8.31

P-S Al Initial pH 6.08 7.03 7.95 9.18
Final pH 6.91 7.08 7.74 8.47

P-P Fe Initial pH 6.00 6.95 7.96 9.00
Final pH 6.12 7.06 7.76 8.32

P-S Fe Initial pH 6.02 7.01 7.95 8.97
Final pH 6.31 7.19 7.65 8.21
Fig. 4. Zeta potential of raw material.

condition of 8 and 9 as per initial pH value. Recent experimental
works have showed that EC process is capable of neutralizing the
pH of wastewaters [22]. According to that, pH value of the medium
increased during the study when the initial pH was low, and it
decreased when the initial pH value was higher than 9.

3.2. Zeta potential

The zeta potential measurement is utilized in order to deter-
mine the surface charge of the particles in the solution. The colloids
are dispersed into the solution through the electrostatic repulsive
forces existing between the particles. The electrical double layer
around the colloidal particles overlaps as a result of adding of coag-
ulant materials to the solution, and this overlapping effect aids the
removal of the pollutant through aggregation itself [7,23].

The result of zeta potential measurement for the dried marble
powder is shown in Fig. 4. The results imply that the marble pow-
der has a negative surface charge at all pH values higher than pH
5.0. The negativity of the surface charge increases with increasing
pH value, reaches to a maximum value at pH 9.0, and then tends to
decrease up to pH 10.0. By keeping the given information in the pre-
vious section in view, one can notice that the maximum SS removal
was obtained at pH 9.0 for Al electrode and at pH 8.0 for Fe elec-
trode. Having negative surface charge of the colloids at these pH
values providing the maximum SS removal implies that the hydrox-
ides forming by electrolysis support the destabilization mechanism
through positive charges.

3.3. Effect of current density

The effect of current density on the removal efficiency is calcu-
lated according to the following equation:

J = I

A
(6)

where J is the current density (A/m2), I is the current (A), and A is
the active surface area of anode electrodes (m2).

The effect of current density on SS removal efficiency was stud-

ied at optimal conditions (pH: 9.0 and electrolysis time: 1 min).
Figs. 5 and 6 show the result of the effect of different current den-
sities on SS and turbidity removal provided by using Al and Fe
electrode in MP-P and MP-S connection systems. The results show
that SS removal efficiency was found to be higher than 96% for MP-P
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ig. 5. Effect of current density on removal of suspended solids (pH: 9 for MP-P Al
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nd MP-S connection systems with Al electrode. Bhaskar Raju et al.
24] reported that Al electrodes were more efficient that Fe elec-
rodes to remove SS from synthetic textile wastewaters by EC. It
an be observed from Fig. 5 that 100% of removal efficiency was
btained in MP-S connection system under the conditions of 15
nd 20 A/m2 of current density. In addition to that, SS removal effi-
iency was found to be 99.33% for MP-P connection system when
5 A/m2 of current density was applied. If both costs for energy and
lectrode are taken into account, choosing of the lower current den-
ity of 15 A/m2 as an optimum condition is of worthwhile for the
conomic feasibility of the process.

The effect of current density on SS removal efficiency was stud-
ed at optimal conditions (pH: 8.0 and electrolysis time: 1 min.).

ccording to the obtained results, maximum SS removal efficiency
as obtained for MP-P connection systems by using Fe electrode
nder the condition of 20 A/m2 current density whereas it was

ound to be 99.93% for MP-S connection system under the condi-

ig. 6. Effect of current density on removal of turbidity (pH: 9 for MP-P Al and MP-S
l, and 8 for MP-P Fe MP-S Fe; electrolysis time: 1 min.).
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tion of 10 A/m2 current density. It is clear that MP-S connection
systems resulted in higher removal efficiency than MP-P connec-
tion systems for all current density conditions studied by using Al
and Fe electrode (Fig. 5). This is due to the consumption of the
electrode material was higher for serial connection systems than
parallel connection systems. The removal efficiency for the pollu-
tant is changed by directly proportional to the consumed electrode
material. The amount of the consumed electrode material during
the electrolysis is found to be; 0.0048–0.0068 g for Al electrode and
0.0155–0.0248 g for Fe electrode in MP-S connection system and
0.0025–0.0052 g for Al electrode and 0.0159–0.0199 g for Fe elec-
trode in MP-P system. As mentioned before, since current in MP-P
connection systems is divided towards electrode sheets depend-
ing on the correlation between capacitance of the electrodes, lower
electrical potential is required for parallel connection systems than
required for serial connection systems [21]. Thus, need for elec-
trode material is higher for serial connection systems than parallel
connection systems.

The mechanism of coagulation–flocculation process takes places
as a result of two different formations: (i) charge neutraliza-
tion occuring between cationic productions of hydrolysis and
negative charged colloids, and (ii) aggregation of the impuri-
ties existing in the amorphous hydroxide precipitate (sweep
coagulation–flocculation). The most important parameters having
a great effect on these formations are pH and the dosage of the
coagulant [25]. Bukhari [26] stated that 0.05 and 0.1 A of current
applied under the condition of 5 min of electrolysis time resulted
in 40–50% and 50–60% of SS removal efficiency, respectively, and
that a removal efficiency was obtained in proportion to the amount
of dissolved materials against each of the working times ranging
between 10 and 50 min. Depending on the results, it was sug-
gested that the crucial parameter that has a great impression on
the removal mechanism was the charge neutralization. In the same
study, 80–100% of SS removal efficiency was obtained for all three
current conditions of 0.2, 0.4, and 0.8 A studied under the same
electrolysis time condition (5 min). Similarly, the removal efficiency
increased with increasing amount of the dissolved materials where
the electrolysis time was examined in the range of 10–50 min
but it could not be provided in proportion to the amount of dis-
solved materials. Consequently, it was suggested that the removal
mechanism was sweep coagulation under the current conditions
studied. In the present study, SS removal efficiency was found to
be higher than 96% for both MP-P and MP-S connection systems
under all of the current conditions studied. There was no con-
siderable change obtained for the removal efficiency although SS
removal efficiency increased with increasing amount of the dis-
solved materials. Therefore, it is thought that the key mechanism
which has an important role on the removal of SS is sweep coagu-
lation.

The effect of current density on the removal of turbidity by MP-P
and MP-S connection systems with Al and Fe electrode is shown in
Fig. 6. It can be clearly seen that the turbidity removal efficiency
is relatively high for each of the current density conditions. The
results for Al electrode revealed that the higher removal efficiency
could be obtained through MP-S connection system. The current
density where the maximum removal efficiency was obtained in
MP-P and MP-S connection systems was found to be 15 A/m2. Tur-
bidity removal efficiency of MP-S connection systems decreased at
20 A/m2 of current density condition while there was no change
for MP-P connection systems. In case of using Fe electrode, the cur-
rent density, where the maximum removal efficiency was obtained,

was also found to be 20 and 10 A/m2 for MP-P and MP-S connection
systems, respectively. Fig. 6 illustrates that the removal efficiency
tends to decrease after 10 A/m2 of current density in MP-S connec-
tion systems while it tends to increase in MP-S connection systems
under the same condition.
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ig. 7. Effect of electrolysis time on removal of suspended solids (pH: 9 for MP-P Al
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nd MP-S Al, and 20 A/m2 for MP-P Fe and 10 A/m2 for MP-P Fe).

It should be pointed out that there was a clean and colourless
ffluent in case of using Al electrode in the process, while Fe elec-
rode caused a blurriness effluent. Chen et al. [22] who studied the
urifying of restaurant wastewaters by electrocogulation process
eported that a relatively clean and stable effluent could be achieved
y using Al electrode in the process. On the other hand, using of
e electrode resulted in a greenish effluent and then the colour of
he effluent changed into yellow along the process, emphasizing
hat the electrode gives an extra turbidity loading into the effluent.
s a result, it was suggested that the forming of greenish and yel-

ow effluent after the process might be originated due to the Fe(II)
nd/or Fe(III) ions dissoluted from the surface of the electrode.

.4. Effect of electrolysis time

The effect of electrolysis time on SS removal efficiency of Al and
e electrode connected as MP-P and MP-S is represented in Fig. 7.
ccording to the results, 2 min of an electrolysis time was found to
e sufficient for both of the connection systems to get 100% of SS
emoval efficiency by using Al electrode under the optimum exper-
mental conditions (pH value: 9 and current density: 15 A/m2). It

as observed that SS removal efficiency decreased with increas-
ng amount of the dissolved Al ions after 2 min of electrolysis time
hat was choosen as the optimum condition. The same electrolysis
ime condition (2 min) was also found to be sufficient under the
ptimal conditions of 20 A/m2 of current density for MP-P connec-

2
ion system and 10 A/m for MP-S connection system and of pH 8.
n conclusion, SS removal efficiency was found to be 99.66% and
9.94% for MP-P and MP-S connection system, respectively.

It can be clearly seen in Fig. 7 that SS removal efficiency increased
ith increasing electrolysis time. In addition to that, using of Al

able 3
ost analysis of EC process (under the optimal conditions of: (i) pH: 9, current density:
ystems, (ii) pH: 8, electrolysis time: 2 min, current density: 20 A/m2 for MP-P connection

MP-P Al

nitial conductivity (mS/cm) 0.44
inal (conductivity (mS/cm) − temperature (◦C)) 0.42
araday (F/m3) 10.74
nergy consumption (Wh) 0.0568
g material/m3 0.01
g material/kg SS 0.0016
Wh/kg SS 0.0363
perating cost ($/kg SS) (electrode material + energy) 0.0137
perating cost ($/m3) (Electrode material + energy) 0.0854
Fig. 8. Effect of electrolysis time on removal of turbidity (pH: 9 for MP-P Al and MP-S
Al, and 8 for MP-P Fe and MP-S Fe; current density: 15 A/m2 for MP-P Al and MP-S
Al, and 20 A/m2 for MP-P Fe and 10 A/m2 for MP-P Fe).

electrode in both connection systems resulted in higher removal
efficiency than that of Fe electrode. İnan et al. [27] who studied
purifying of olive oil mill wastewaters by EC stated that SS removal
efficiency for Al electrode was higher than that of Fe electrode
under different electrolysis time conditions ranging between 2 and
40 min.

Fig. 8 shows the effect of electrolysis time on turbidity removal
efficiency of Al and Fe electrode in MP-P and MP-S connection sys-
tems. Similar to the result obtained for the removal of SS, 2 min of
electrolysis time was found to be sufficient for both of the electrode
types.

3.5. Operating cost analysis

Operating costs mainly include the cost of electrode materials
and electric energy consumed [28]. In the present study, the oper-
ating cost is calculated (for each of the electrode type, $/m3, and
the connection type, $/kg SS) according to the following equation:

Operating cost = a × Cenergy + b × Celectrode (7)

where a and b are the constants indicating the unit cost for Turkey’s
conditions in 2007 (a: 0.2 $/kWh, b: 2.2 and 4.0 $/kg for Fe and Al
electrode, respectively), Cenergy is the consumed electric energy to
remove 1 kg SS or to treat 1 m3 wastewater, and Celectrode is the
amount of the sacrificed electrode to remove 1 kg SS or to treat
1 m3 wastewater.
The result obtained for the calculated operating costs and the
variation of voltage is shown in Tables 3 and 4, respectively. Depend-
ing on the optimum experimental conditions, the operating cost for
Al electrode was calculated to be 0.0854 and 0.2739 $/m3 for MP-
P and MP-S connection systems, respectively, while it was 0.2868

15 A/m2, electrolysis time: 2 min for Al electrode used in both of the connection
and 10 A/m2 for MP-S connection for Fe electrode).

MP-S Al MP-P Fe MP-S Fe

0.41 0.46 0.49
0.40 0.46 0.50

10.74 44.45 22.22
0.2064 0.0757 0.0763
0.0272 0.1028 0.0848
0.0046 0.0185 0.0128
0.1384 0.0546 0.0462
0.0459 0.0517 0.0375
0.2739 0.2868 0.2476
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Table 4
The variation of voltage on determining of optimum experimental conditions.

Experiment The variation of voltage (V) for;

MP-P Al MP-S Al MP-P Fe MP-S Fe
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O –7.0 (
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c

d
t
d
[
F

C

w
s
(
c

a
w

the increasing of operating costs (including the cost for electrode
material and energy consumption) due to the higher dissolution of
the electrode material and the additional pollutant loading (higher
than the amount of the pollutant that is removed) into the reactor
ptimum pH 4.8
ptimum current density 3.2
ptimum electrolysis time (depending on optimum current density value) 6.2

nd 0.2476 $/m3 for Fe electrode, respectively. On the other hand,
he operating cost for the removed SS was calculated to be 0.0137
nd 0.0459 $/kg SS for MP-P and MP-S connection systems for Al
lectrodes, respectively, while it was 0.0517 and 0.0375 $/kg SS for
e electrodes. If studied connection and electrode configurations
re taken into account, it can be seen that MP-P/Al system is of the
ost-effective system over all of the other systems.

The total change in amount of anode and cathode electrode (MT)
as calculated according to the following equation:

T = MA + MC (8)

here MA and MC is the change in amount of the dissolved materials
rom the surface of anode and cathode electrode (g), respectively.

The energy consumption (Wh) in the process was calculated
ccording to the following equation:

= V × I × t (9)

here E is the electric energy (Wh), V is the voltage (V), I is the
urrent applied (A), and t is the time (h).

The amount of electrode materials dissolved during the process
epends on the density of current applied to the electrolytic solu-
ion. The interaction between the current and the amount of the
issolved material during the reaction is explained by Faraday’s law
8]. In this study, energy demand was calculated according to the
araday equation:

e = (I × t × MW)
(F × v × z)

(10)

here Ce is the energy demand (F/m3), F is the faraday con-
tant (96,487 C/mol), Mw is the molecular weight of aluminium

26.98 g/mol) and iron (55.84 g/mol), and z is the electron transfer
oefficient (zAl: 3 and zFe: 2).

As a result, it can be said that electric potential is higher for Al
nd Fe electrode in serial connection systems when it is compared
ith parallel connection systems. The results show that Al and Fe

Fig. 9. Microscopic visualization of natural (unused) filter paper.
6.5–26.2 2.2–6.1 6.2–24.2
6.5–26.2 2.5–6.9 11.6–28.4

0.24 V) 24.2-25.6 (0.24 V) 6.8–7.2 (0.32 V) 12.5–15.8 (0.16 V)

electrode was consumed much more 35% and 80%, respectively, in
MP-S connection system than consumed in MP-P system. When
operating costs for any removal efficiency resulted by the parallel
and the serial connection system are considered, the parallel con-
nection system in monopolar electrodes is more favourable than the
other. Kobya et al. [29] reported that the MP-P connection system
was more cost-effective than the other connection systems studied
(MP-S and bipolar serial, BP-S, systems). The disadvantages of the
serial connection system over the parallel connection system are
Fig. 10. Flocculates formed after electrolysis with Al electrode.

Fig. 11. Flocculates formed after electrolysis with Fe electrode.
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ue to the formation of additional coagulant agents in serial con-
ection system. However, obtaining of optimum removal efficiency

n shorter operation time is the advantage of the serial connection
ystem over the parallel connection system. To address the need for
uitable coagulant dosage in wastewater treatment applications,
igh electrolytic dissolution rates are required, and therefore serial
onnection systems are preferred over parallel connection systems
8].

.6. Microscopic visualization of the flocculates

The floc formation with Al and Fe electrode during the experi-
ent carried out under the same conditions was demonstrated by

maging the surface of the filter paper (MN 751/75) used before and
fter the experiments. Surface of the natural filter paper (unused
n any experiment) is shown in Fig. 9. Comparison of the figures
ives the impression that the size of the flocculates formed with
l electrode was larger than that of formed with Fe electrode

Figs. 10 and 11).

. Conclusions

EC is a highly effective process to remove SS and turbidity from
arble processing wastewaters by using of Al and Fe electrode
aterials in MP-P and MP-S connection systems. Since the wastew-

ter treated by EC process gains a great importance to reuse it in
arble processing, this makes the process a novel alternative over

he conventional technologies which are currently used by marble
rocessing workshops. Unlike Fe electrode, using of Al electrode
oes not cause any additional colour formation in the treatment of
arble wastewaters, thus making the usage of Al electrode much

asier and more advantageous over the usage of Fe electrode. Addi-
ionally, showing that the EC process is an efficient performer over

wide-range of pH conditions for the treatment of marble pro-
essing wastewaters and that the optimum pH value giving the
ighest removal efficiency is close to the natural pH of the wastew-
ter (i.e., applying the process without the need for additional pH
djustment) indicates the importance of the present study. Consid-
ring the results of the study, one can point out that the EC process
ecomes a promising and more advantageous technology for mar-
le processing workshops than other systems, where a high amount
f natural waters are used, because of the successful treatment
erformance in shorter operation times.

In this study, SS and turbidity removal efficiency related to
ach experimental configuration examined throughout the study
as found to be higher than 90% although SS removal efficiency

f each configuration tended to increase with the increasing cur-
ent density. The highest removal efficiency was obtained under
he condition of 20 A/m2 of current density while lower removal
fficiencies were even obtained under the value of 5 A/m2 which
as the lowest current density applied. As a result of this study,

t is thought that the main mechanism of the process was sweep
oagulation.
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