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a b s t r a c t

Treatment of spent final rinse water of zinc phosphating from an automotive assembly plant was inves-
tigated in an electrochemical cell equipped with aluminum or iron plate electrodes in a batch mode by
electrocoagulation (EC). Effects of the process variables such as pH, current density, electrode material and
operating time were explored with respect to phosphate and zinc removal efficiencies, electrical energy
and electrode consumptions. The optimum operating conditions for removal of phosphate and zinc were
current density of 60.0 A/m2, pH 5.0 and operating time of 25.0 min with Al electrode and current density
of 60.0 A/m2, pH 3.0 and operating time of 15.0 min with Fe electrode, respectively. The highest phosphate
and zinc removal efficiencies at optimum conditions were 97.7% and 97.8% for Fe electrode, and 99.8%

3

lectrocoagulation
luminum electrode

ron electrode
perating cost

and 96.7% for Al electrode. The electrode consumptions increased from 0.01 to 0.35 kg electrode/m for
Al electrode and from 0.20 to 0.62 kg electrode/m3 for Fe electrode with increasing current density from
10.0 to 100.0 A/m2. The energy consumptions were 0.18–11.29 kWh/m3 for Al electrode and 0.24–8.47
kWh/m3 for Fe electrode in the same current density range. Removal efficiencies of phosphate and zinc
were found to decrease when flow rate was increased from 50 to 400 mL/min in continuous mode of
operation. The morphology and elements present in the sludge was also characterized by using SEM and

EDX.

. Introduction

Zinc phosphate (Zn3(PO4)2) is a crystalline conversion coating
hat is formed on a metal substrate utilizing the chemical reaction
etween metal ions that have been dissolved in mineral acids and
hen diluted with water to form the process solution. It is mainly
sed for the surface treatment of metal surfaces due to its economy,
xcellent corrosion resistance, wear resistance and adhesion [1].
herefore, the zinc phosphate coating process plays a significant
ole in the automotive and outdoor applications.

The zinc phosphate coating wastewater is accumulated from
ifferent processing stages such as degreasing, phosphating, rins-

ng and cleaning. The presence of various pollutants in the process
inse water such as phosphates, Zn, Mn, etc. leads to serious damage
hen discharged directly into the environment [2–4]. Almost all

utomotive industries use this type of conversion coating but zinc

hosphate has all been criticized in recent years for introducing
hosphorus compounds into surface water systems, encouraging
he rapid growth of algae (eutrophication). This will affect the water
uality through consumption of dissolved oxygen and destroys
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aquatic life [5,6]. Hence, the removal is necessary to meet the dis-
charge limit in order to control eutrophication.

A number of treatment methods such as chemical precipitation,
adsorption, biosorption, electrocoagulation (EC), ion-exchange and
membrane separation have been employed to remove zinc and/or
phosphate ions from municipal and industrial effluents [6–14]. EC
has the potential to extensively eliminate the disadvantages of the
classical treatment techniques to achieve a sustainable and eco-
nomic treatment of polluted wastewater [15–17]. Therefore, EC has
received considerable attention for treatment of wastewater since
EC treatment is characterized by simple and easy operated equip-
ment, short operation time, no addition of chemicals and low sludge
production, respectively. Iron or aluminum is generally employed
as a sacrificial electrode material in EC process. The dissolved metal
ions, at an appropriate pH, can form wide ranges of hydrocomplex
species and metal hydroxides that destabilize and aggregate the
suspended particles or precipitate and adsorb dissolved contami-
nants. Several examples for removals of phosphate and zinc from
water and wastewater such as phosphate removal from wastew-

ater using aluminum and iron plate electrodes [18,19], removal
of phosphate from drinking water using mild steel as the anode
and stainless steel as the cathode [20], remediation of phosphate-
contaminated water using aluminum, aluminum alloy and mild
steel anodes as the anodes and stainless steel as the cathode [21],

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:erhan@gyte.edu.tr
dx.doi.org/10.1016/j.jhazmat.2009.08.092
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Nomenclature

CD current density (A/m2)
COD chemical oxygen demand (mg O2/L)
Cenergy energy consumption (kWh/m3)
Celectrode electrode consumption (kg/m3)
Cchemicals chemicals consumption (kg/m3)
EC electrocoagulation
F Faraday’s constant (96486 C/mol)
I operating current (A)
M molecular weight (g/mol)
n metal valance used EC
OC operating cost (US $/m3)
pHi initial pH
pHf final pH
Q flow rate (mL/min)
Qe charge loading (F/m3)
TOC total organic carbon (mg/L)
TSS total suspended solids (mg/L)
tEC operating time (min)
U electric potential in each cell (V)
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V rinse water volume (L)
ZPO zinc phosphate

emoval of phosphate from aqueous solutions using calcined metal
ydroxides sludge waste generated from EC [6], removal of Zn2+

resent in aqueous solutions using aluminum electrode [22], treat-
ent of electroplating wastewater containing Zn2+ [12], heavy
etal removals from metal plating effluent with stainless steel

lectrodes [23], removal of zinc ions from industrial wastewater
y membrane filtration process [24], removal of zinc cyanide from
leach solution by an anionic ion-exchange resin [25], removal of

inc metal ion from its aqueous solution by adsorption [26–28], etc.
re reported in the literature.

There are a number of studies about removal of zinc and phos-
hate ions separately from synthetic and industrial wastewater by
C process in the literature but there is no direct study reported
n treatment of zinc phosphate rinse water (ZPO). Therefore, this
tudy focuses on the removal and operating costs of ZPO using iron
nd aluminum as sacrificial electrodes from ZPO by the EC process.
arious operating conditions such as pH (3.0–8.0), current density

20–100 A/m2), electrode material and operating time (5–30 min)
n a batch mode are investigated to determine optimum operating
onditions. A continuous mode of operation was investigated with
ow rates ranged in 50–400 mL/min. The surface morphology and
lements present in the dewatered sludge was also explored with
canning electron microscopy (SEM) and energy dispersive X-ray
EDX) analyzer.

. Experimental study

.1. Wastewater samples

Sample of rinse water from ZPO coating was collected from an
utomotive assembly plant in Turkey. The sample was cooled to
◦C and then transported to the laboratory for analysis and electro-
hemical treatment. The wastewater initial pH (3.8) was adjusted
y adding the required amount of 0.1 M H2SO4 or 0.1 M NaOH. The
ssential constituents of a ZPO bath were a zinc salt, which was the

ource of zinc, orthophosphoric acid and an accelerator to speed up
he rate of deposition (sodium nitrite was used to avoid polariza-
ion of the cathode). The chemical compositions of the bath and its
perating conditions were given in constituents per liter: 11.30 mL
f H3PO4 (85%), 5 g ZnO, 2 g NaNO2, pH 2.7, temperature of 27 ◦C
Materials 173 (2010) 326–334 327

and operating time of 30 min. The characteristics parameters of the
raw and treated wastewater such as the chemical oxygen demand
(COD) and total organic carbon (TOC), total suspended solids (TSS),
pH, oil and grease, conductivity, turbidity, chloride, zinc, sodium,
phosphate, sulphate and nitrate ions, were analyzed as indicated in
the Standard Methods for Examination of Water and Wastewater
[29] and characterization of ZPO rinse water before and after the
EC treatment was shown in Table 1.

2.2. Experimental procedure

The electrocoagulation experiments were carried out in batch
and continuous modes with a single-compartment electrochem-
ical reactor (Fig. 1). Aluminum and iron as sacrificial electrodes
were used as both anode and cathode, respectively. The reac-
tor thermostated and made from plexiglas with the dimensions
of 100 mm × 100 mm × 100 mm was equipped with four par-
allel monopolar electrodes; two anodes and two cathodes
with the dimensions of 46 mm × 53 mm × 3 mm for batch and
220 mm × 50 mm × 4 mm for continuous systems, made of alu-
minum (99.53% purity) or iron (99.50% purity) plates. The total
effective electrode area for batch and continuous modes was 146.3
and 660 cm2 and an electrode gap of 11 and 20 mm, respectively.
The electrical current was applied using a DC digital power sup-
ply (Topward 6306D; 30V, 6A) with potentiostatic or galvanostatic
operational options. Volumes of the spent final rinse water used for
batch and continuous reactors were 850 mL and 3500 mL, respec-
tively. The spent final rinse water was circulated through the EC
reactor in the continuous mode by means of a peristaltic pump.

Before each run, electrodes were washed with acetone to
remove surface grease, and the impurities on the aluminum or iron
electrode surfaces were removed by dipping for 5 min in a solu-
tion freshly prepared by mixing 100 mL of HCl solution (35%) and
200 mL of hexamethylenetetramine aqueous solution (2.8%) [30],
and dried and re-weighted. All runs were performed at 25 ◦C and
200 rpm. The effluent solution from the reactor was collected and
then filtered by micropore membrane filter with the pore diameter
of 0.45 �m at the end of the run.

2.3. Analyses

All chemicals used were analytical grade and used without any
further treatment. Distilled water was used in all experiments. Zinc
concentration was measured using a PerkinElmer AAS 1100 spec-
trophotometer at 214 nm. The analysis of phosphate was carried
out using the Yellow Vanadomolybdophosphoric Acid Method by
UV–vis spectrophotometer (PerkinElmer Lambda 35) according to
Standard Methods [29]. The TOC levels were determined through
combustion of the samples at 680 ◦C using a non-dispersive IR
source (Tekmar Dohrmann Apollo 9000). The COD concentration
was measured by UV–vis spectrophotometer. The pH was mea-
sured using AZ 8601 model pH meter.

2.4. SEM and X-ray analyses in the sludge

The flocs were collected over a desired period of time from the
reactor and collected samples were filtered by a Whatman no. 41
filter paper before the sludge analysis. The dry weight of the sludge
was determined after drying in the oven at 105 ◦C for 24 h. The
morphological feature and chemical analysis of the sludge were
evaluated by SEM and EDX. Samples were first gold coated to pro-

vide conductivity to the samples, and then the SEM image spectra
of the sludge were taken. The results were shown in Fig. 2 for
SEM and Fig. 3 for EDX. The existence of oxygen, zinc, phosphate,
iron and aluminum present in the sludge was confirmed through
EDX examination of the sample. The colloidal matter was destabi-
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Table 1
Characteristics of zinc phosphate rinse water before and after the EC treatment.

Parameters Raw rinse water Batch EC process Continuous EC process

Fe electrode Al electrode Fe electrode Al electrode

pH 3.8 5.6 8.7 7.8 9.6
Zn2+ (mg/L) 40 0.88 1.33 0.45 0.30
PO4–P (mg/L) 120 2.76 1.20 1.20 0.85
SO2−

4 (mg/L) 60 48 52 50 55
NO3

− (mg/L) 85 84 83 80 82
Cl− (mg/L) 100 89 91 75 80
Na+ (mg/L) 105 96 87 95 85
Conductivity (mS/cm) 8.3 5.3 5.1 4.8 4.9
Oil and grease (mg/L) 10 Nil Nil Nil Nil
Turbidity (NTU) 80 5 2 3 2
TSS (mg/L) 240 10 8 5 5
COD (mg/L) 150 45 35 45 35
TOC (mg/L) 20 5 7 10 12
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Fig. 1. Experimental setup for (a)

ized and separated from the rinse water which the aluminum or
ron generated by the electrolysis formed complexes with zinc and
hosphate in the sludge. The sludge surface with a number of dents
hown in Fig. 2 might tend to entrap microflocs and sludge particles
31,32]. The sludge might consist of formation of insoluble species
uch as Al(OH)3, Fe(OH)2, Fe(OH)3, FePO4·2H2O and AlPO4·2H2O
r mixed Al(OH)3–AlPO4 and Fe(OH)3–FePO4 form and Zn(OH)2,
espectively.

. The EC mechanism [5,33–38]

In the EC process, the coagulant is generated in situ by elec-
rolytic oxidation of Fe or Al electrode as an anode material
hich produces ions continuously in the system. The released ions
eutralize the charges of the particles and thereby initiate coagula-

ion. These ions may remove the undesirable contaminants (metal
ydroxide and metal phosphate flocs generated within the efflu-
nt) either by chemical reaction and precipitation or by causing
he colloidal materials to coalesce and then removed by electrolytic
otation.
and (b) continuous EC processes.

Phosphate and zinc from the rinse water might be removed
through three main mechanisms during EC [39]:

• chemical precipitation: the formation of the insoluble com-
pounds such as Al(OH)3, Fe(OH)2, Fe(OH)3, Zn(OH)2, AlPO4, FePO4
or Zn3(PO4)2,

• co-precipitation such as FeZn(PO4), AlZn(PO4),
• adsorption: the electrostatic binding of soluble phosphate and

zinc ions to the external surfaces of the insoluble metal hydroxide.

All three of these mechanisms might contribute towards removal
of phosphate and zinc ions.

The main reactions for zinc and phosphate removals at the cath-
ode evolution of hydrogen gas bubbles and hydroxyl ion formation
(Eq. (1)) and at the anode are aluminum or iron dissolution (Eqs.

(2) and (3)). These observations underline the following removal
mechanisms for Zn2+ and PO4

3−. Moreover, the direct reduction of
the metal cations at the cathode surface, OH− ions produces at the
cathode precipitate metal ions as hydroxides. This reaction buffers
the pH as long as zinc and phosphate ions are precipitated.
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Fig. 2. SEM image of the sludge produced in the EC process.

At acidic pH values, free Al3+ ion and Al(OH)2+ hydroxocomplex
pecies are predominate. When pH is between 4 and 9, the Al3+ and
H− ions generated by the electrodes react to form insoluble amor-
hous Al(OH)3(s). Precipitation of phosphate involves the dissolved
ations Al3+ and Fe3+ when iron or aluminum is present in the rinse
ater, FePO4·2H2O and AlPO4·2H2O or mixed Al(OH)3–AlPO4 and

e(OH)3–FePO4 form. When the solution pH reaches to optimum
H of zinc (9.0) as a result of cathodic reaction, in the absence of
arbonate zinc is completely precipitated as zinc hydroxide. The
ormation of deposit flocs is dependent on the pH value as well as on
he solubility of metal phosphate which increases with increasing
H.

The main electrochemical reactions at the electrodes are:

H2O + 2e− → H2(g) + 2OH− (reduction in cathode) (1)

l(s) → Al3+
(aq) + 3e− (dissolution of anode) (2)

e(s) → Fe2+
(aq) + 2e− (dissolution of anode) (3)

e2+ → Fe3+ + e− (generation of mediator in solution) (4)

he rinse water solution becomes green with Fe electrode used and

ubbles of gas seen at cathode during the EC process. The effluent
ets clear and, a green and yellow sludge are formed. The green and
ellow colors are attributed to Fe2+ and Fe3+ hydroxides.

e + 6H2O → Fe(H2O)4(OH)2(aq) + 2H+ + 2e− (in solution) (5)

Fig. 3. Energy dispersion spectra of the sludge produced in the EC process.
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Fe + 6H2O → Fe(H2O)3(OH)3(aq)) + 3H+ + 3e− (in solution) (6)

Fe(H2O)3(OH)3(aq) → Fe(H2O)3(OH)3(s) (7)

The principle of phosphorus removal from rinse water is to
transfer dissolved phosphates into particulate form by produc-
ing chemical precipitates of low solubility. These precipitates are
further removed by a solids separation process. The removal mech-
anism of phosphate by iron/aluminum is mainly precipitation and
adsorption depending on solution pH and iron/aluminum concen-
tration. In the case of aluminum electrode, the removal mechanism
is due to adsorption of Alx(OH)y(PO4)z (surface complex) into
freshly produced Al(OH)3 (pH > 5). Removal mechanism of phos-
phate with iron electrode is complicated with respect to solution
pH, iron concentration and presence of ferrous and ferric iron,
respectively. In the case of ferric iron, at the Fe3+/PO4: 1/1 on
the molar basis FePO4 and at higher molar ratio Fe2.5PO4(OH)4.5
is precipitated [40]. In the case of ferrous iron Fe3(PO4)2·8H2O is
precipitated.

Zinc occurs predominantly as Zn2+ species at pH < 7.5 and
is expected to form hydroxides at pH 8–10. At pH 8.5–11.5
and pH > 11.5, the dominant species of Zn2+, Zn(OH)2(aq), and
Zn(OH)3

−, respectively [41,42]. Zinc hydroxide, a typical ampho-
teric hydroxide functions as both an acid and a base:

Zn2+ + 2OH− → Zn(OH)2 → 2H+ + ZnO2
2− (8)

The hydroxy-complexes Zn(OH)2(aq), Zn(OH)3−, Zn(OH)4
2− and

Zn(OH)5
3− can be present in a strong alkaline solution.

4. Results and discussion

4.1. Effect of current density

Applied current density is one of the main operating param-
eters directly affecting process performance and operating cost.
Fig. 4 depicted phosphate and zinc removal efficiencies at ini-
tial pH 3.0 for Fe electrode and initial pH 5.0 for Al electrode as
a function of current density. The phosphate removal at current
density in the range 10.0–100.0 A/m2 were increased from 3.5%
to 99.4% for Fe electrode and from 47.8% to 99.3% for aluminum
electrode, indicating a higher current density caused a faster phos-
phate removal (Fig. 4a). The similar behavior was observed with
zinc removal (Fig. 4b). It was further noted that there were minor
differences in phosphate and zinc removals at the higher current
densities. Moreover, higher current density caused high electri-
cal energy consumption and operating cost. Therefore current
density at 60.0 A/m2 was chosen as an optimum current den-
sity for the rest of experiments. This was ascribed to the fact
that at high current densities, the extent of anodic dissolution of
aluminum and iron increased, resulting in a greater amount of
precipitate for the removal of pollutants [43]. Removal efficien-
cies of phosphate and zinc at the optimum current density were
99.0% and 96.7% for Al electrode and 97.7% and 97.8 % for Fe elec-
trode, respectively. Moreover, initial pH values with respect to
current density during the EC process were increased from 5.1
to 10.6 for Fe electrode and from 4.5 to 10.3 for Al electrode,
respectively (Table 2). The amount of metal species formed by
dissolution of the anode was calculated from Faraday’s law (Eq.
(9))

C = MIt

nFV
(9)
where M, I, t, n, F and V are the molecular weight of aluminum
(g/mol), the current (A), the electrocoagulation time (s), metal
valence (3 for Al, 2 for Fe), Faraday constant (96,500 C/mol) and
the working volume of effluent, respectively. Generally an increase
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ig. 4. Effect of current density on phosphate and zinc removal efficiencies for (a)
l and (b) Fe electrodes in the EC process (tEC = 15 min and pH 3 for Fe electrode,

EC = 25 min and pH 5 for Al electrode).

n current density causes the anodic oxidation to take place more
eadily, which in turn favors the formation of amorphous aluminum
ydroxides species adequately in the vicinity of the electrode as
ell as in the bulk.
The operating cost (OC) involves costs of chemicals, electrodes
nd energy consumptions as well as labor, maintenance, sludge
ewatering and disposal, and fixed costs [44]. In this preliminary
conomic investigation, energy and electrode material costs were

able 2
he variation of initial and final pH of solution.

Initial pH 2 3 4

Final pH (Fe electrode) 3.3 5.6 6.4
PO4–P (%) 6.0 97.7 87.3
Zn2+ (%) 6.1 97.8 85.0
Final pH (Al electrode) 3.8 6.40 7.6
PO4–P (%) 15 91.5 94.5
Zn2+ (%) 16.0 87.0 97.2

Current density (A/m2) 10 20 30

Charge loading (F/m3) 2.0 4.1 6.1
Final pH (Fe electrode) 5.1 5.2 5.3
PO4–P (%) 3.5 5.3 10.6
Zn2+ (%) 4.8 5.7 15.6
Final pH (Al electrode) 4.5 5.8 6.9
PO4–P (%) 47.8 76.5 84.0
Zn2+ (%) 28.4 56.7 88.9
Materials 173 (2010) 326–334

taken into account as major cost items in the calculation of the
operating cost (US$/m3). The energy consumed was estimated at
a cost of 0.12 US$/kWh (a). The iron electrode consumption was
estimated at a cost of 0.60 US$/kg (b), whereas a cost of 2.4 US$/kg
was considered for the Al electrode material.

OC = aCenergy + bCelectrode + cCchemicals (10)

where Cenergy (kWh/m3) and Celectrode (kg Al or Fe electrode/m3) are
consumption quantities for treatment of the ZPO rinse water. Cost
with respect to electrical energy (kWh/m3) was calculated as:

Cenergy = UItEC

V
(11)

where U is cell voltage (V), I is current (A), tEC is the time of EC
and V is the volume (m3) of the ZPO rinse water. The electrode
consumptions increased from 0.01 to 0.35 kg electrode/m3 for Al
electrode and from 0.20 to 0.62 kg electrode/m3 for Fe electrode
with increasing current density from 10 to 100 A/m2 (Fig. 5a). The
energy consumptions were 0.18–11.29 kWh/m3 for Al electrode
and 0.24–8.47 kWh/m3 for Fe electrode in the same current density
range, respectively (Fig. 5b).

4.2. Effect of charge loading

The mechanisms of EC treatment for the rinse water are very
complex since two other possible mechanisms might be involved
in which are hydroxide precipitation for zinc and adsorption or
precipitation for phosphate removals. All the mechanisms are also
related to charge loading (Qe) [45] which is defined as the charge
applied per liter of solution

Qe = nhIt

v
(12)

where nh is number of cells (n = 4). The effect of Qe on phosphate and
zinc removals by EC using Al and Fe electrodes was shown in Fig. 6. It
was seen from the figure that removal efficiencies of phosphate and
zinc for both electrodes rapidly increased over 95.6% by increas-
ing charge loading from 4.0 to 12.0 F/m3 and after that, hardly
any changes obtained from removal efficiencies with increasing
of charge loading. The optimum charge loading should be at the
end of the sharp increase stage. In this case, it was 8.18 F/m3 for
clear beyond the optimum charge loading values for both elec-
trodes. Over the optimum values there was slight improvement
in removals for phosphate and zinc with increment of the charge
loading which results from the electrochemical oxidation [45].

5 6 7 8 9

6.8 7.8 8.2 9.3 9.8
25.6 7.5 2.1 1.6 1.2
13.0 6.4 2.0 1.8 1.50

8.2 9.3 10.1 10.4 10.8
99.0 94.2 84.5 73.5 48.0
96.7 94.1 90.0 84.0 52.0

40 50 60 80 100

8.2 9.0 12.3 16.4 20.5
5.4 5.5 5.6 7.4 9.2

69 78.5 97.7 98.8 99.4
58 86.7 97.8 98.3 98.4

7.4 7.9 8.2 9.7 10.3
92.5 98.5 99.0 99.0 99.3
95.6 96.3 96.7 97.4 98.6
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Fig. 7. Effect of initial pH on removal efficiencies for a) phosphate and b) zinc in
ig. 5. Effect of current density on energy and electrode consumptions for (a) Al and
b) Fe electrodes in the EC process (tEC = 15 min and pH 3 for Fe electrode, tEC = 25 min
nd pH 5 for Al electrode).

.3. Effect of pH

pH is an important operating factor influencing the performance
f electrocoagulation process [10,45,46]. A series of experiments

as carried out to evaluate its effect, using solutions contain-

ng a sample with an initial pH varying in the range 2.0–9.0 at
0.0 A/m2, operating time of 15.0 and 25.0 min for Fe and Al elec-
rodes, respectively. Removal efficiencies of phosphate and zinc

ig. 6. Effect of charge loading on phosphate and zinc removals in the EC process
tEC = 15 min and pH 3 for Fe electrode, tEC = 25 min and pH 5 for Al electrode).
the EC process (tEC = 15 min for Fe electrode and tEC = 25 min for Al electrode, CD = 60
A/m2).

for Al and Fe electrodes were shown in Fig. 7; the phosphate and
zinc removal efficiencies are obtained from 15.0% to 99.0% and
from 16.0% to 96.3% at pH 2.0–5.0 for Al electrode and from 6.0%
to 97.7% and from 6.1% to 97.8% at pH 2.0–3.0 for Fe electrode,
respectively. This finding is consistent with the previous research
[6,18,19,20,47]. The effect of pH on the process performance was
explained as follows: the dominant aluminum species were differ-
ent according to the solution pH; Al3+ and Al(OH)2+ were dominant
at pH 2.0–3.0, and with pH between 4.0 and 9.0, various polymeric
species such as Al13O4(OH)24

7+ were formed and precipitated as
Al(OH)3(s). At acidic pHs, the oxide surfaces exhibited a net pos-
itive charge, and adsorption of anionic phosphate and zinc was
enhanced by columbic attraction. At higher pHs, the oxide surface
had a net negative charge and would tend to repulse the anionic
phosphate and zinc in solution. Therefore, the maximum amount
of zinc and phosphate removals occurred at pH 3.0 and 5.0. In
the case of iron electrode, the complexes (i.e., hydrolysis prod-
ucts) had a tendency to polymerize at pH 3.5–7.0. Insoluble metal

hydroxides formed as increase the solution pH which was precip-
itated as Fe(OH)2, Fe(OH)3, Al(OH)3, FePO4, Fe3(PO4)2·8H2O and
Zn(OH)2, respectively. Table 2 showed the effluent pH change of the
rinse water with influent pH along with EC process. A pH increase
occurred when the influent pH was low. The increase in the pH
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ig. 8. Effect of initial pH on energy and electrode consumptions for (a) Al and (b)
e electrodes in the EC process (tEC = 15 min for Fe electrode and tEC = 25 min for Al
lectrode, CD = 60 A/m2).

uring the experiment could be interpreted in terms of the elec-
rochemical and the chemical reactions that took place in the EC
eactor. Cathodic water reduction and the chemical dissolution of
luminum and iron electrode increased the pH value.

The electrode consumption values were 0.15–0.50 kg
lectrode/m3 in the initial pH range 2.0–3.0 for Fe electrode,
nd 0.14–0.54 kg electrode/m3 in pH 2.0–5.0 for Al electrode,
espectively. Values of the energy consumptions at pH 2–5 for Al
lectrode and pH 2–3 for Fe electrode were 3.10–8.04 kWh/m3

nd 1.38–6.80 kWh/m3 (Fig. 8). Above pH 3.0 and 5.0, a decrease in
lectrical energy and electrode consumptions was detected. This
onclusion indicated that pH was very important parameter as it
ffected the economic applicability of EC process.

.4. Effect of time

The influence of operating time was explored when the current
ensity was kept constant at 60.0 A/m2 and the pH of the wastewa-
er was adjusted to 3.0 and 5.0 for Fe and Al electrodes in phosphate
nd zinc removals. As seen in Fig. 9a and b, the phosphate and zinc

emovals increased up to 97.6% and 99.6% for Al in 25 min and 84.2%
nd 96.6%% for Fe electrodes in 15.0 min and further electrogener-
tion of coagulant flocs had no positive effect on phosphate and
inc removals under the optimum operating time. The optimum
perating time for this study was chosen as 25.0 min for Al and
Fig. 9. Effect of operating time on phosphate and zinc removal efficiencies for (a) Al,
(b) Fe electrodes and (c) changing of pH with operating time during the EC process
(pH 3 for Fe electrode and pH 5 for Al electrode, CD = 60 A/m2).

15.0 min for Fe electrodes since the highest removal efficiencies of
phosphate and zinc were observed at this time. The operating times

for Fe and Al electrodes in the EC process were different since the
continual agglomeration of the flocs existed (changing of pH) in a
shorter time for Fe electrode than that of Al electrode which even-
tually settled out from the wastewater. Therefore flocs appeared
to stabilize after 15.0 min of operation in the case of Fe electrode.
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Table 3
The removal efficiencies and cost parameters of phosphate and zinc as a function of flow rate.

Electrode Q (mL/min) Removal efficiency Effluent pH Cenergy (kWh/m3) Celectrode (kg/m3) Amount of sludge (kg/m3) OC ($/m3)

Phosphate (%) Zinc (%)

Al

50 99.90 99.80 8.4 13.75 0.37 1.51 14.5
100 99.50 99.60 8.5 8.93 0.27 1.12 9.5
200 97.83 99.40 8.6 7.78 0.07 0.78 8.0
400 96.83 99.20 8.8 4.00 0.06 0.71 4.2

12.60 0.59 1.22 12.9
11.30 0.48 0.74 11.5

9.74 0.32 0.53 9.9
5.45 0.18 0.20 5.6
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Fe

50 99.60 99.30 5.5
100 98.50 97.70 5.6
200 95.30 95.70 5.8
400 85.50 86.10 6.2

he effect of the operating time on the pH value was also explored
Fig. 9c). The pH value increased as the operating time of EC pro-
ess was increased due to the OH− ion accumulated in aqueous
olution during the process. The increase of pH at acidic condition
as attributed to hydrogen evolution at cathodes.

.5. Comparison of removal parameters with literature

Adhoum et al. [12] investigated the treatability of synthetic sam-
les for the electroplating wastewater containing copper, zinc and
exavalent chromium by EC with aluminum electrodes. Their study
evealed that 99.9% removal efficiency for Zn ion was obtained
hen current density of 16 mA/cm2, pH 4 at operating time of

0 min. Irdemez et al. [18] obtained 86% of phosphate removal from
astewater and 0.847 kWh/m3 of energy consumption using iron
late electrodes by EC when the operating parameters were set as
urrent density of 1 mA/cm2, 100 mg/L PO4–P concentration, pH
and 50 min. In a separate study, Irdemez et al. [19] conducted

ptimization study for phosphate removal from wastewater by EC
ith aluminum plate electrodes. They obtained the optimum con-
itions for the parameters initial phosphate concentration, initial
H of the wastewater and current density which were 50 mg/L, 4
nd 1 mA/cm2 at 20 min. They achieved a removal efficiency of 100%
nder these conditions. Vasudevan et al. [20] studied an EC process
or the removal of phosphate from drinking water using mild steel
s the anode and stainless steel as the cathode. The results showed
hat the maximum removal efficiency of 98% was achieved at a cur-
ent density of 5 mA/cm2 and a pH of 6.5. Heidmann and Calmano
22] studied EC of Zn2+, Cu2+, Ni2+, Ag+ and Cr6+ present in aque-
us solutions by using aluminum electrodes. Their results showed
hat zinc could be removed with rate of 2.1 �mol/A s at a current
ensity of 33 mA/cm2 and 10 min. Removal of zinc metal plating
ffluent by EC using stainless steel electrodes was obtained with
6% at current density of 9 mA/cm2, pH 6 and 120 min [23]. Bektas
t al. [48] achieved the optimum conditions for phosphate removal
n aqueous solution by EC using aluminum electrodes as pH 6.2,
urrent density of 10 mA/cm2 and initial concentration of 100 mg/L
t 20 min. In the present study, phosphate and zinc removal effi-
iencies at optimum conditions (60.0 A/m2, pH 5.0 and 25.0 min for
l electrode and 60.0, pH 3.0 and 15.0 min for Fe electrode) were
7.7% and 97.8% for Fe electrode, and 99.8% and 96.7% for Al elec-
rode. The electrode and energy consumptions varied in the range
.01–0.35 kg electrode/m3 and 0.18–11.29 kWh/m3 for Al electrode
nd 0.20–0.62 kg electrode/m3 and 0.24–8.47 kWh/m3 for Fe elec-
rode with increasing current density from 10.0 to 100.0 A/m2.

.6. Effect of flow rate on the removal efficiency
The removal efficiencies and cost parameters of phosphate and
inc as a function of flow rate at the optimum conditions were
hown in Table 3. As seen in Table 3, the flow rate increased
rom 50 to 400 mL/min, phosphate and zinc removal ratios were
Fig. 10. Changing of effluent pH with operating time for continuous EC process (pH
3 for Fe electrode and pH 5 for Al electrode, CD = 60 A/m2, 400 mL/min).

decreased from 99.90% to 96.83% and from 99.80% to 99.20% for Al
electrode and from 99.60% to 85.50% and from 99.30% to 86.10%
for Fe electrode, respectively. The decrease in removal efficiency
with increasing flow rate was quite expected, since slower the
flow rate higher the operating time. Higher operating time means
the untreated wastewater solution remains in the EC reactor for
more time, which in turn provided more time for the reaction.
The slower flow rate allowed the coagulant generated by electro-
chemical oxidation of the anode material and the pollutants in
the wastewater to mix properly and thereby improve the rate of
coagulation.

The result indicated in Table 3 that energy and electrode con-
sumptions, amount of sludge produced and operating costs were
decreased with increasing of the flow rate. The effect of effluent
pH with operating time for continuous EC process was shown in
Fig. 10. The pH value increased as the operating time of EC process
for both electrodes was increased which was responsible for flocs
production.

5. Conclusion

The present study was dealt with the effect of operating param-
eters such as pH, current density and operating time, on phosphate
and zinc removals from rinse water of ZPO coating in a batch mode
by EC. The results showed that the phosphate and zinc removals
were more efficiently achieved by Al electrode at pH 5.0 and
Fe electrode at pH 3.0. The highest rate for phosphate and zinc
removals was obtained in 25.0 and 15.0 min of operating time,

respectively. The energy and electrode consumptions in EC process
were increased as current density was increased. Effect of inlet flow
rate on removal efficiencies of phosphate and zinc was also studied
with continuous mode of operation. Removal rates for phosphate
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nd zinc were observed to decrease with increasing of inlet flow
ate. The dewatered sludge sample was analyzed with SEM and
DX which were conducted to obtain surface morphology and the
lements present in the sludge sample.
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