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ABSTRACT

Galvanizing plants contain reasonable amounts of heavy metal ions which pose a serious
risk to humans, animals and the environment. In the present study, removal efficiencies of
Cr, Ni and Zn from galvanic rinse wastewater (GRW) by electrocoagulation (EC) process
using iron plate electrodes were investigated in a laboratory scale EC reactor. The effects of
operational variables, such as operating time (0-50 min), current density (10-40 A/m?), initial
pH; (2.4-6.4) and electrode connection modes (MP-P: monopolar-parallel, MP-S: monopolar-
serial and BP-S: bipolar-serial), on the removal efficiencies of heavy metals were explored to
determine the optimum operating conditions. Removal efficiencies of 99.77% for Cr, 85.62%
for Ni and 99.04% for Zn at the optimum operating conditions (pH; 5.4, current density of
30 A/m?, operating time of 30 min and MP-P electrode connection mode) were obtained.
The results showed that Cr, Ni and Zn removal efficiencies from GRW increased with
increasing current density and pH at MP-P electrode connection mode. The results showed
that EC can effectively reduce metal ions to a very low level. Amount of sludge generated
and operating cost at the optimum conditions during the EC process were calculated as
2.32 kg/m® and 0.70€/m>. This study revealed that the EC process was very effective for
removal of Cr, Ni and Zn from GRW.

Keywords: Galvanic rinse wastewater; Electrocoagulation; Operating cost; Iron electrodes;
Electrode connection modes

1. Introduction

Galvanizing operations are widely used in the
industry because coating of metal tools with Co, Cr,
Ni, Zn, etc. can improve mechanical and chemical
properties, such as hardness, toughness and corrosion
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resistance [1]. Galvanizing plants have been identified
as an environmental risky industrial sector concerning
the potential hazardous nature of its own waste
streams, since they often contain reasonable amounts
of metals [2]. A galvanic process consists of a metal
plating bath, where a work piece is plated, followed
by a rinse system that usually consists of a series of
rinse tanks [3]. Rinsing waters become contaminated
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during the plating process due to “drag-out” from the
previous plating baths. The contaminated rinse
wastewaters may contain heavy metals, such as chro-
mium, copper, zinc, lead, nickel and iron, depending
on the plating process. Consequently, the rinse
wastewaters are major causes of water and soil pollu-
tion. Heavy metals in these wastewaters pose a
serious risk to humans, animals and the environment.
Therefore, it is necessary to treat them before being
discharged into the environment.

Spent rinsing wastewaters were treated by some
treatment techniques, such as coagulation—-flocculation,
adsorption, ion exchange, solvent extraction, mem-
brane filtration and reverse osmosis, to produce efflu-
ent concentrations that meet standards for discharge
to the sewage system [4-6]. However, the above meth-
ods still did have their own limitations during the
treatment because of the generation of a large amount
of secondary waste products and high operating costs.
Moreover, removal of toxic metals from galvanic
wastewater by conventional techniques was carried
out by precipitation as hydroxides with lime or caus-
tic, such as copper, nickel, and zinc, and afterwards
sedimented or filtered [7]. Unlike many other metals,
Cr(VID) in galvanic wastewater must be reduced to the
trivalent state Cr(Ill) for preceding the precipitation
process. The most common method used was acidic
reduction (pH 2-3) with chemicals namely, sulphur
dioxide, sodium sulphite or sodium bisulphate [8].
After chromium reduction, the pH must be raised to
9-10 to precipitate all metals effectively. This was
achieved with lime, sodium hydroxide or magnesium
hydroxide. Thus, Cr(Ill) and other metals were precip-
itated or co-precipitated as hydroxides and separated
from solution by sedimentation or filtration. Although
acidic reduction with subsequent precipitation was
shown to be quite efficient in treating industrial efflu-
ents, chemical coagulation may induce secondary
pollution caused by high amounts of added chemical
substances.

The disadvantages encouraged many studies to
use electrocoagulation (EC) processes for the treatment
of several industrial effluents, such as electroplating
processes [9-14]. EC is a process consisting of generat-
ing metallic hydroxide flocs within the water by elec-
trodissolution of sacrificial metal electrodes. The EC
process does not require any supplementary addition
of chemicals, reduces the volume of produced sludge
and is cost-effective as compared to the conventional
methods. Recently, the EC process was employed for
the removal of metals, such as Cu, Cr and Ni, from a
metal plating wastewater with Fe-Fe and Fe-Al plate
electrode pairs [10]; Ni, Cu and Cr from a galvanic
wastewater with Fe and Al electrodes [12]; Ni and Cd
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from an electroplating rinse water with Fe electrode
[13]; Cu, Pb and Cd from a synthetic wastewater with
Fe plate electrode [14]; Cu from a copper polishing
wastewater with Al-Fe electrodes [15]; Mn from a syn-
thetic wastewater with Al plate electrode [16]; Hg
from a synthetic wastewater with Fe and Al plate elec-
trodes [17]; Ni and Zn from a metal plating wastewa-
ter using steel electrodes [18], and other similar
studies [19-27]. Table 1 also provides an overview of
EC studies performed in the literature with real and
synthetic wastewaters containing heavy metals.

In this study, the removal of Cr, Ni and Zn from
galvanic rinse wastewater (GRW) by EC process using
iron plate electrodes was investigated. The effects of
operational variables, such as operating time, current
density, electrode connection mode and initial pH, on
the removal efficiencies of metals from the wastewater
were explored to determine the optimum operational
conditions and operating cost of the EC process. The
effects of those parameters were investigated to
enhance the EC process performance.

2. Materials and methods
2.1. Characteristics of GRW

GRW was obtained from a local electroplating fac-
tory located in Istanbul, Turkey. The wastewater was
stored in a 60 L high-density polyethylene container at
4C and was analysed with standard analytical meth-
ods [28]. Characterizations of GRW were depicted in
Table 2.

2.2. EC reactor and experimental procedure

The EC experiments were conducted in a batch
process using a 1,000 mL capacity EC reactor
constructed from Plexiglas having a dimension of
12x11 x11 cm. Iron (Fe) plates (purity > 99.5%) with
dimensions of 5 x 7.3 x (0.3 cm, were used for the sacri-
ficial electrodes. In each batch, four Fe plate elec-
trodes, two anodes and two cathodes, positioned
vertically and spaced by 1cm, were placed in the EC
reactor. The influence of the distance between the elec-
trodes on the efficiency of the process might be
explained by the fact that the electrostatic field which
depends on the distance between the electrodes
diminishes as this parameter increases. A low field
might result in a slower displacement of the ions
formed during the electrolysis and then facilitates
their flocculation, which renders the binding of metal
ions in solution by iron hydroxide more efficiently.
The total effective electrode area was 219 cm®. Before
each run, the impurities on the Fe electrode surfaces



1193

M. Kobya et al. | Desalination and Water Treatment 56 (2015) 1191-1201

(ponujiioD)
d~dN ‘W | =
66=0D “(IDEN) Wd/Su 9 = AJTAONPUOD p ‘oponoare ayerd
(11l “unw og =29 ‘w /v gg9 =/ ‘g 'Hd [V “I0joear yojeg (1/8w Q01 = 0D) I9jemdlsem dHIYIUAS
¥6<=1D ‘TG6<=UZ "L 16<=1D
Tedy ‘96< = Uz pue nd ‘I DUIYPUAG ‘(1D 10§ d-dIN "W (1/3w 7 = (IAID “1/8w [§=uz /3w ¢g=n) :[eay
[E31) UIW (Og-(uZ pue nY I0j [ear) unu g =9 G0 = p '9ponda[d 1/8w 06 = (IA)ID “1/8w (g = uz /8w 0g =nD duayIuhg)
[01] ‘(oneyguAs) urw O =87 “w /v 0gh =/ ‘9 'Hd [V ‘1030831 Ydjeq Ioyemajsem Suryerdoniosrg
d-dIN
‘w [ = p ‘ared
NN 96 = Ap1amy, ‘%68 =A0D apomnI3[d 3 /TV (€2 Hd ‘NN 081 = Aprany, “1/8w £z =d0D “1/3W ¢8=nD)
[6] “66="1D U 0g =9 ‘(A 0£=11) W/ V 6=/ “10)08aI1 djeyg 1yemajsem Gurysijod raddon
S-dg ‘wo
¢ =P 'Sopond9d
8L IV pue o
/Hd 66 =1D ‘56 =N ¥6 = 1D “Urw 081 =% JO UonEUIqUIO)) (61 Hd “1/8w $¢ = 1D “1/8w 0£8=nD “1/3W 10F'T = IN)
ﬁw_ \Aj\ hOwV VGl=tI \Am.m .HOwV VZ0=1 \m, NEQA QO«UMO.H yojeq JojeMalsem dIUueAfen)
/S LL€ d-dIN ‘W [ =
=350 SuneredQ ‘66 =1D ‘66 =UZ ‘001 = IN p ‘aponodae aperd (¢ Hd “1/8w p1'1=nD “1/3w
[£] ‘001 = 1D “unw gy =% “w /v £ /6= 9 'Hd 9] ‘1030831 djeg €1l =uz “1/3w 9°g0L = IN “1/3W ¢'g6 = ID) I9Jemajsem dIueA[eD)
J-dIN “Juarmd
1920Ip ‘WD G =P
(uZ 10) 696 =PD ‘(SN ‘saponoapd ajerd
10§) 9°86 = PD ‘(2 10§) £'£6=PD ‘(IV 10J) uz pue ‘S ‘9
[9-¢I T96=pD ‘unu og =% wp/y 0=/ 'Hd IV ‘1030031 Ydjeg (1/8w Oz = pD) IojemaIsem dUaYIuLg
J-dN “@po13dsa
001 = ayerd ag ‘siojoear
PD ‘001 =9d ‘001 =D U/ w g9 =0 ‘wo snonunuod
[c] §T0T=p uuQr=>% ‘w/voe=/"z'Hd pue ypyeg (1/8w §=pD “1/3w § =qq /3w T] =1ND) IjemdIsem daYIULS
d-dN ‘(sepon3da[2
U9aMlaq
DUR)SIP)
w [ =p ‘sired
apoxoa[e ajerd
001 =IN ‘001 =1D [V—2d pue 34— (1/8w p6g =1IN “1/3wW ¢p =1 “1/3w G =nD)
[1] ‘001 =nD ‘urw oz =97 “w /v 001 =/ ‘¢ '‘Hd ‘1030831 YRY 1yemaysem dunerd [erP
REN| (%) Kouamigge apowx (S)[eour SUTUTLIUOD SISJEMIISEAA

[eaowas pue suonrpuod 3unerado wnwndp

UOIO3UU0d pue
PO} “I030eAL
DH jo sadAy,

ssaooxd DHF ay3 ur spelowr AAesy SUTUTLIUOD SI9JeMI)SeM DIJBUIUAS PUE [BII Y)IM SIIPNIS SINJRISI] JO MITAISAO Uy

[ASICLAS



M. Kobya et al. | Desalination and Water Treatment 56 (2015) 1191-1201

1194

W /3 0£°0=13s00 SuneradO

‘ew/ 3y ge'g =98pn[s Jo Junowry ‘(d-dINl Ym
A>uamdyye Teaowdr 3saY3Y 9y) $0'66 = UZ
pue z9'g8 = 1IN "£L'66 = 1D “Unu og =29 “‘ud

Sdd’s
~dN “d-dIN ‘W [
=P ‘9pOId3[d 9]

(1/8w g=uz "1/8w ¢ =1IN “(7/3W 0£°¢ = (IN1D
pue 7/3w £7€ = (IA)1D) T/3w §¢ = 1D [€30%)

Apnys sny, /S 86/ = Ayanpnpuod ‘w /v o¢ =/ g 'Hd ‘1030831 D Ydreg I9)EMI)SEM ISULL DIUBATED)
1’66 =1D ‘68 = (IA)ID "UIW (g d~-dIN “uo
=°8) pue /8 =Ny ‘wr/v gp =/ (1D 107) g0 =p 9pondd[d
l61] urw 0g =297 pue /3 [ =N “w /v gp =/ [V ‘1030831 Yojeg (1/8w 0p1 =1D “1/3W G = (JA)ID) I2Jemd)ISem dHRYIUAS
(¢l HY) 96 =PD ‘(2 HD) 6'67 =PD (1
Hd) ¢:86=nD ‘(£ Hd) 296 =nD ‘unu gy =%
‘(1 Hd pue pD 105) ;w/v £z6=/"z Hd pue d-dIN "W =
pD 10§) wi/v 05¢ =/ (¢l Hd pue nD 10§) w p ‘apoxpa[a ayerd
[81] /V9y=1"(£ Hd pue n) 105) w/v 10T =/ a4 ‘1030831 djeg (1/8w g1 = pD “1/8w g1 = nD) I9jeMIISEM dIRYIULG
d-dIN “wo
¢ =p ‘9poId
6'66 = SH ‘(TV 10§) urwu Gz =8; pue w/y ajed v pue
[Z1] 0S1 =/ (3] 10§) urnu g1 =47 pue w/v 8=/ 9] “1030821 djeg (0£~£T 'Hd "1/3w 20 = SH) Iorema)sem dHRYIUAS
6'66= d-dIN (F¥ Hd “1/8wW ghp=sv /3w ¢’6=qd “1/3w g6l =nD
PO Pue uZ ‘0'86=9d PUe 1D ‘6'66 =SV “L'86 ‘arerd 9 ‘1030031 /8w gpg =pD “1/8w g'g8 =uZ “1/8w ggg =99)
[911 =95 4/ 9-€=0 ‘unu g =>% W /vy gy = [ SnonuRuo)) Io3emajsem uonpnpoid no
d-dN ‘W | =
JU/3 0’1 =13s00 SugeradQ p ‘apoxare ayerd
[s1] £66=_ND ‘¥'66=pD ‘U g =9 “ w/y 9=/ 3 ‘10)ea1 yojeg (1/8w 0z1 =_ND “1/3w 701 = pD) 123em dsulr Suneidondsdp NO-PD
d~dIN ‘wd | =
JW/3 Gp'z =1s00 SuneradQ ‘£ '66 = _ND p “‘apoxpare ayerd
[s1] ‘T66=1IN ‘unu 0g =29 “w /v og =/ 3 ‘1030831 djeg (1/8w 19¢= 1D “1/8w G£1 =1IN) 1o1em asuur Sunerdondapp ND-IN
S-dg pue
d-dN ‘W g =
(d-dN) §18=1D p ‘aponoape ayerd
[F1l (S-dg) 6'66=1D ‘U 0G =% ‘w /v z'eee =/ 3 ‘I01dRAI YoYRg (1/8w 0z81 = _[D “4'¢ HA “1/8w 004’1 = (IID1D) 121emdIsem dIYIULS
68 =UunN d-dN ‘WG =p
‘001 =uz pue ny ‘(U I0) unu ¢ =9 ‘(uz ‘apondape ayerd
[e1] pue nD 10§) uru g =4 /v 051 =/ ‘z 'Hd [V “I0joear yojeq (1/8w 0g = Uy “1/3w oG =uz /3w (g = nD) Iojemalsem dayjuig
d~dIN ‘W [ =
756 = WA ‘(IDBN) Wwd/Sur /= p ‘opoxpafo ayerd
[21] Ayagonpuod ‘urw (09 =87 ‘w /v 6 =/ 'Hd [V ‘1030831 Ydjeq (1/9w 0T = UN) I91ema)isem dRYIUAG
EEN| (%) Kouamigga apouwr (S)[eour SUTUreIuOd SISJEMIISEAA

[eaowas pue suonipuod Sunerado wmwndo

UO[OaUU0d pue
9pONOI[d “1030LdI
DH jo sadAy,

(panujuoD) 1 aqeL



M. Kobya et al. | Desalination and Water Treatment 56 (2015) 1191-1201

Table 2

Characteristics of the galvanic wastewater

Parameters Value
pH 54
Conductivity (mS/cm) 8.0
Cr (total) (mg/L) 38.0
Cr(VI) (mg/L) 32.3
Ni** (mg/L) 3.0
Zn** (mg/L) 8.0

were removed by mixing HCl-hexamethylenetetra-
mine aqueous solution [29]. Eight hundred and fifty
millilitres of sample wastewater for each experiment
was filled in the EC reactor and pH was adjusted to
the required pH;. The electrodes were connected to a
digital dc power supply (Agilent 6675A model) and
operated at galvanostatic mode. The solution was
constantly stirred at 300 rpm with a magnetic stirrer
(Heidolp MR 3000D) to reduce the mass transport
over potential of the EC reactor. Current and voltage
were held constant at desired values for each run and
the experiment was started. The samples at the differ-
ent operating times taken from the EC reactor were fil-
tered using 0.45 um Millipore membrane and total Cr,
Ni and Zn concentrations were analysed. At the end
of the run, the electrodes were washed thoroughly
with water to remove any solid residues on the sur-
faces, dried and reweighed. In addition, sludge after
the EC experiments was dried at 105 C.

2.3. Analytical procedure

Analyses of the total Cr, Ni and Zn were con-
ducted by the procedures described in the Standard
Methods for Examination of Water and Wastewater
[28]. The metal concentrations were measured with an
ICP Optical Emission Spectrometer (PerkinElmer
Optima 7000 DV model). pH and conductivity of
GRW before and after the EC process were measured
by a pH metre and a conductivity metre (Hach Lange
HQ40), respectively. Laboratory-scale experiments
were carried out at room temperature. All the chemi-
cal reagents used were of analytical grade and all
reagents were prepared in Millipore milli-Q deionized
water. All the experiments were repeated three times
and the average data were reported.

2.4. Operating cost analysis of EC

One of the most important parameters that affected
the application of any method of water and wastewa-
ter treatment greatly was the operating cost. In this
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preliminary economic investigation, the cost of the
treated GRW (OC, €/m®) was calculated by consider-
ing three parameters as major cost items [30,31], which
were amounts of energy and electrode consumptions
and chemicals consumed in the process

oC = acenergy + bcelectrode + CCchemicals (1)

where Cenergy (kWh/m?), Celectrode (kg electrode/m?®)
and Cchemicais (kg/ m®) are consumption quantities for
treated GRW. Unit prices a, b and ¢, given from the
Turkish Market in July 2013, are as follows: a is the
electrical energy price, at 0.095 €/kWh; b is the elec-
trode material price, at 0.85 €/kg for iron; and c is the
price of H,SO,, at 0.29 €/kg, respectively. Costs for
Cenergy and Celectrode Calculated from Faraday’s law
were shown in the following equations:

itgeM
Celectrode = EZCFZJ - (2)
Uit
Ccncrgy = % (3)

where U is cell voltage (V), i is current (A), tgc is the
operating time (min) and v is the volume of the trea-
ted wastewater (m®), M,, is the molecular weight of Fe
(55.86 g/mol), z is the number of electrons involved in
the oxidation/reduction reaction (z = 2) and F is
Faraday’s constant (96,487 C/mol).

3. Results and discussion

3.1. Effect of electrode connection mode on removal of
GRW

Three electrode connection modes (monopolar elec-
trodes in parallel connection (MP-P), monopolar elec-
trodes in serial connection (MP-S) and bipolar
electrodes in serial connection (BP-S)) were evaluated
for the removal of Cr, Ni and Zn effectively from
GRW at pH; 54, 30 A/ m? and 0-50 min in the EC pro-
cess using Fe plate electrodes. Batch or continuous
mode reactors contained parallel or series plate elec-
trodes with monopolar or bipolar connection [31-34].
Monopolar electrodes required an external electrical
contact to the power supply, and their two faces are
active with the same polarity. The current was divided
between all the electrodes in relation to the resistance
of the individual cells at MP-P (Fig. 1(a)). Hence, a
lower potential difference was needed in parallel con-
nection when compared with serial connections. MP-S
for each pair of sacrificial electrodes was internally
connected with each other since the cell voltages sum
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up, a higher potential difference was required for a
given current (Fig. 1(b)). There was no electrical con-
nection between inner electrodes for BP-S. The outer
electrodes were only connected to the power supply
(Fig. 1(c)). Outer electrodes were monopolar and inner
ones are bipolar. The voltage applied between the lat-
ter electrodes by the power supply caused the polari-
zation of the intermediate bipolar electrodes. This
connection mode has a simple set-up and requires less
maintenance cost during the operation.

The removal efficiencies of metal ions from GRW
at 10-50 min and pH 5.4 and 30 A/m? were varied in
the range of 72.88-99.95% for Cr, 40.57-92.01% for Ni
and 48.50-99.76% for Zn at MP-P; 62.03-99.53% for Cr,
16.93-85.62% for Ni and 44.19-96.77% for Zn at MP-S;
and 46.88-99.01% for Cr, 8.95-82.43% for Ni and
40.48-95.33% for Zn at BP-S connection modes, respec-
tively (Fig. 2). Amounts of sludge and operating costs
for the removal of metal ions at three different elec-
trode connection modes were varied as 2.32 kg/m’
and 0.70€/m® for MP-P, 3.52 kg/m> and 0.98 €/m’
for MP-S and 3.50 kg/rn3 and 1.10€/m> for BP-S,
respectively (Table 3). The lowest voltage, energy and
electrode consumptions, amount of sludge generated
and operation cost were obtained with MP-P electrode
connection mode. As a result, MP-P electrode connec-
tion mode for the metal ions removal from GRW in
the EC process was observed for the most efficient as
compared to the rest. The reason behind this was
passing of higher current through the electrodes at
MP-P connection mode than those for MP-S and BP-S

Power supply

Power supply
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connection modes, which released more Fe?* ions and
OH’ ions in the solution leading to the formation of
more flocs and thus improved the ability of system to
remove metal ions in contrast to other connections
[35]. MP-P electrode connection mode was used for
the rest of the EC experiments.

3.2. Effect of initial pH on removal of GRW

Initial pH was one of the important factors in
affecting the performance of electrochemical process
[36]. The variations of metal concentrations with oper-
ating time (0-50 min) at different initial pHs (pH; 2.4—
6.4) and MP-P connection mode for Fe electrodes were
shown in Table 4. The removal efficiencies of metal
ions for Fe electrodes increased with respect to operat-
ing time as pH; was changed from 2.4 to 6.4. The
metal concentrations listed in Table 2 decreased from
38.46 to 0.09 mg/L for Cr (98.83%), from 3.13 to
0.45 mg/L for Ni (85.62%) and from 8.35 to 0.08 mg/L
for Zn (99.04%), at pH, 5.4, 30 A/m? and 30 min.

The electrolytic dissolution of sacrificial anodes by
applying a potential through an external power source
undergoes oxidation according to the following
equations:

Fe — Fe?* 4+ 2¢~ @)

(reaction at anode)

Fe*™ — Fe®t e (5)

(reaction at anode)

Power supply

[A][V]

o0 00

/

[A][V]
90 0?

[A]LV]

oo oo

+

(a)

(b)

Fig. 1. Three different electrode connection modes used for the treatment of GRW in the EC process: (a) MP-P, (b) MP-S

and (c) BP-S.
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Fig. 2. Effects of electrode connection modes for removals
of Cr, Ni and Zn from GRW (pH; 5.4 and 30 A/m>3).
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Fe — Fe’" +3e~ (reaction at anode) (6)
The vigorous evolution of H, bubbles at the cathode
and low evolution of O, at the anode are due to the
following reactions:

2H;0 — Oy +4H" 42~ (reaction at anode) )

2H;0 +2e~ — Hy(,) +20H™  (reaction at cathode) (8)

When a direct current is applied between electrodes,
Fe’* released by anode oxidation can contribute to
coagulant formation. Fe** can subsequently be oxi-
dized in solution to produce an Fe(Ill) hydroxide or
oxyhydroxide. Coagulants are responsible for aggrega-
tion as well as precipitation of suspended particles,
and simultaneously, adsorption of dissolved pollu-
tants. Tiny bubbles of hydrogen and oxygen generated
at cathode and anode respectively collide with air
bubbles and help float the flocculated particles. The
hydroxide ions formed at the cathode increase the pH
of the wastewater and may induce precipitation of
metals in the form of its corresponding hydroxides.

Me"" (aq) +nOH™ — Me(OH),(,, )

Ferrous hydroxide particles are produced up to a
sufficient concentration to initiate polymerization or con-
densation reactions illustrated by the following reaction.

Fe(OH), + Fe(OH), — (OH)Fe — O — Fe(OH) + H,0
(10)

The appearance of polymeric complexes [Fe;(O)(OH),]
allows the removal of metallic pollutants from the
wastewater, mainly by adsorption mechanism. The
hydroxide polymeric complexes have a considerable
sorption capacity [37]. Likewise, the monomer Fe
(OH), can directly react with metallic pollutants by
surface complexation or co-precipitation (as described
by Eq. (11))

Table 3

Effect of electrode connection mode on amount of sludge and operating cost

Connection mode i(A) u () Cenergy (KWh/m?) Celectrode (kg/m?) Wtudge (kg/m?) OC (€/m
MP-P 0.63 1.89 1.20 0.68 2.32 0.70

MP-S 0.63 6.34 3.92 0.71 3.52 0.98

BP-S 0.63 6.75 4.17 0.73 3.50 1.10
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Table 4
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Effect of pH; on Cr, Ni and Zn removals from GRW at 30 A/ m? and MP-P mode

Operating time (min)

Cmetal
Initial pH (mg/L) 0 5 10 15 20 30 40 50
24 Cr 38.46 32.13 24.70 14.05 10.50 3.78 2.05 1.12
Ni 3.13 2.95 243 2.15 1.94 1.67 1.38 1.24
Zn 8.35 7.75 6.25 5.37 3.53 2.01 1.13 0.90
34 Cr 38.46 29.80 20.43 13.03 8.96 2.09 1.06 0.98
Ni 3.13 2.56 2.11 1.94 1.63 1.16 0.77 0.47
Zn 8.35 6.89 5.96 4.86 2.60 1.59 0.86 0.65
44 Cr 38.46 28.44 16.15 9.93 5.10 0.49 0.40 0.28
Ni 3.13 247 1.97 1.53 1.37 1.05 0.69 0.40
Zn 8.35 6.38 5.20 3,82 2.05 0.90 0.46 0.32
54 Cr 38.46 19.69 10.43 3.37 0.47 0.09 0.06 0.02
Ni 3.13 237 1.86 1.36 0.95 0.45 0.32 0.25
Zn 8.35 6.22 4.30 2.34 1.36 0.08 0.06 0.02
6.4 Cr 38.46 22.11 14.20 8.90 4.28 0.25 0.08 0.04
Ni 3.13 2.10 1.46 1.18 0.88 0.65 0.45 0.35
Zn 8.35 6.20 4.86 2.90 1.66 0.21 0.12 0.08
- N by surface complexation or electrostatic attraction
Fe(OH), +Me"" < Fe(OH)(,_,)(0),Meg;) + zH D followed by  co-precipitation and adsorption
[12,26,27,32,371.

Eq. (12) also illustrates the surface complexation in
which the pollutant can act as a ligand (L) to bind a
hydrous iron:

L- H(aq) + (HO)OFQ(S) — L - OFe(S> + H,O (12)
Ferric ions generated by electrochemical oxidation of
iron electrode may form monomeric species with
respect to pH of the medium, Fe(OH); and polymeric
hydroxyl complexes, such as Fe(OH)?**, Fe(OH);r ,
Fe,(OH);", Fe(OH),, Fe(H,0), Fe(H,0)sOH>",
Fe(H,0),(OH);, Fe(H,0)3(OH);" and Fey(H,0),
(OH):*. The formation of these hydroxides/polyhy-
droxides iron compounds have affinity with dispersed
particles as well as counter ions. Fe(OH),,) remains in
the wastewater solution as a gelatinous suspension,
which can remove the pollutants from the wastewater

Fe(OH), began to form at approximately pH 5. As
a result of using iron electrodes in EC, Fe*? and Fe™
ions were produced by anodic dissolution and Fe
(OH), and Fe(OH); flocs developed in the medium.
The decrease in removal efficiency at strong acidic pH
was ascribed to an amphoteric behaviour of Fe(OH),,
which led to soluble cations Fe®*, Fe(OH)** and
Fe(OH), at acidic pH in the literature [4,32]. More-
over, there are several reactions occurring in the bulk
solution. Fe?* dissolved at the anode reduces Cr(VI) to
Cr1I)

Cr,03 ™ + 6Fe?™ + 7H,0 — 2Cr*" + 6Fe™ + 140H™  (13)

A slight increase in the pH; was observed with
operating time during the EC process. Values of
effluent pHgna were changed from 6.23 to 7.26 for Fe

Table 5
Effect of pH; on amount of sludge generated and operating cost for treatment of GRW

i u Cenergy Celectmde Wsludge pr ocC
Initial pH (A) V) (kWh/m?) (kg/m?) (kg/m?) =) (€/m
2.4 0.63 1.86 1.19 0.71 2.18 6.23 0.74
3.4 0.63 1.89 1.20 0.70 2.27 6.46 0.72
4.4 0.63 1.85 1.18 0.69 2.34 6.79 0.71
5.4 0.63 1.89 1.20 0.68 2.32 6.95 0.70
6.4 0.63 1.89 1.21 0.70 2.65 7.26 0.71
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Fig. 3. Effects of current density on Cr, Ni and Zn remo-
vals from GRW (pH; 5.4 and MP-P electrode connection
mode).

electrodes when the experiment was operated at pH, in
the range 2.4-6.4 (Table 5). This slight increase of pH
value was associated to the formation of hydrogen gas
at the cathode and hydroxyl ions (OH") produced at

1199

the cathode electrode (Egs. (8), (9) and (13)) in the EC
process [29,32,38]. pH; 5.4 was taken as optimum for all
subsequent EC experiments. Amount of sludge and

operating cost were varied from 2.18 to 2.65 kg/m> and
0.74 to 0.70 €/m> at pH, 2.4-6.4 (Table 5).

3.3. Effect of current density on removal of GRW

Current density is the most important parameter
for controlling the reaction rate within the electro-
chemical reactor in all electrochemical processes
[32,39]. It is well known that the current density deter-
mines the production rate of coagulant (amount of
Fe?* ions released by the anode), also adjusts bubble
production, its size and distribution and hence affects
the growth of flocs (Fe(OH)y ) or Fe(OH)3() coagulate
particles) in the EC reactor [40].

The effect of current density at 10-40 A/m? pH;
5.4 and MP-P electrode connection mode on Cr, Ni
and Zn removals from GRW was evaluated. The resid-
ual concentrations of Cr, Ni and Zn as a function of
the operating time and current density were depicted
in Fig. 3. The residual metal concentrations decreased
with increasing operating time (0-50 min) from 38.46
to 0.01 mg/L for Cr from 3.13 to 0.21 mg/L for Ni
and from 8.35 to 0.01 mg/L for Zn as the current den-
sity varied from 10 to 40 A/m? (Fig. 3). The results in
the figure showed an important drop in the metal ion
concentrations along with an increase in the operating
time and the current density for Fe electrodes. The
efficiency of ion production on the anode and cathode
increased since the current density increased. This
behaviour was explained at high current densities that
the extent of anodic dissolution (Faraday’s law,
Eq. (2)) increased the metal-hydroxide cationic com-
plexes. Consequently, the removal efficiencies of Cr,
Ni and Zn from GRW increased or the residual con-
centrations of Cr, Ni and Zn in wastewater solution
reduced.

Higher  dissolution of electrode  material
(Faraday’s law) with high rate of formation of
monomeric and/or polymeric iron hydroxides results
in significant improvement in metal ions removals
from the wastewater mainly due to co-precipitation
and adsorption. Indeed, when the wastewater was
containing low concentrations of different metals,
several reactions occurred: precipitation, co-precipita-
tion and adsorption of metals with ferrous hydrox-
ides. There was probably a good affinity between
the metal ions and ferrous hydroxides. It is to be
noted that, metals were mainly removed by precipi-
tation, co-precipitation and adsorption using EC
[14,29,38,41].
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Table 6
Effect of current density on amount of sludge generated and operating cost for treatment of GRW

i u Cenergy Celectrode Wsludge ocC
j (A/m2) (A) V) (kWh/m?) (kg/m?) (kg/m?) (€/m?)
10 0.22 1.01 0.22 0.23 1.54 0.22
20 0.43 1.43 0.51 0.45 2.22 0.43
30 0.63 1.89 1.20 0.68 2.32 0.70
40 0.68 1.89 1.25 0.70 2.52 0.72

Values of the operating cost and amounts of Acknowledgements

sludge produced at 10-40 A/m?® and pH; 54 were
0.22-0.72 €/m’ and 1.54-2.52 kg/m’ (Table 6). The
removal of metal ions from GRW in the EC process
was found to be very effective in terms of the
removal efficiency and operating cost. As seen in
Table 1, this study provided as high removal efficien-
cies as studies in [9,12] except for Ni in terms of
operating conditions and metal concentrations present
in the wastewater but their studies had four times
higher operating cost (97.7A/m? and 45min) as
compared to this study (30 A/m” and 30min). The
operating cost was lowered considerably in the EC
process.

4. Conclusions

The present study dealt with the removal of
heavy metal ions from GRW by the EC method using
iron plate electrodes with three electrode connection
configurations. The results indicated that the EC with
Fe electrodes at MP-P connection mode was very effi-
cient and was able to achieve 99.77% Cr, 85.62% Ni
and 99.04% Zn removal at an EC time of 30 min, a
current density of 30 A/m? and pH 5.4 with operat-
ing cost of 0.70€/m>, respectively. The EC process
showed a great potential in the heavy metals removal
from GRW. Cr, Ni and Zn removal efficiency
increased with increasing current density. At higher
current density, the formation rate of iron hydroxide
flocs increased. The removal mechanism of metal
ions from the wastewater in the EC process might be
co-precipitation and adsorption with metal hydrox-
ides. The final effluent pH at the optimum operating
conditions in the EC process was 6.95, which fell into
the limit range values set by Turkish Water Pollution
Control Regulation. The results demonstrated the
technical feasibility of the EC process as a reliable
method for removal of heavy metals from industrial
wastewaters. The EC process has the potential for
cost-effective removal of heavy metals from water
and wastewaters.

The authors would like to express their apprecia-
tion for the financial support from Gebze Institute of
Technology.
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