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ARTICLE INFO ABSTRACT

Article Type: Electrocoagulation (EC) process is an economical and environmental
Original Research option for water and wastewater treatment systems. In the present
study, a laboratory-scale electrocoagulation unit with a volume of 1.2
liters, equipped with iron and aluminum electrodes with dimensions
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of 1x50x120 mm, was used to remove nickel. Influence of the
electrode type and distance, initial concentration, voltage, and pH on
the nickel removal efficiency were studied in addition to reaction
kinetics. Energy and electrode consumptions of these mentioned
arrangements were obtained for different current intensities. The
results demonstrated that the Ni removal efficiency changed from
93.7% to 98.1% by electrocoagulation using different arrangements
of iron and aluminum electrodes at 20 V and 60 min. EC with an
Fe(+)/Al(-) electrode pair after 60 min was able to achieve a 93.7%
removal efficiency at 20 V, pH 7, and 250 mg/1 initial concentration.
The present study demonstrated that nickel removal increased with
increasing voltage, pH and initial concentration. The increase in
current intensity led to an increase in the energy consumption, which
was obtained less for the pair of iron electrodes than other
arrangements. Corresponding electrode consumptions of iron and
aluminum anodes were determined as 0.87-1.31 and 0.28-0.45
kg/m3, respectively. In addition, the first-order model demonstrated
an acceptable agreement with the experimental data.
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EXTENDED ABSTRACT

Introduction

World population growth and water resources depletion have made wastewater
recovery an urgency. The presence of heavy metals in wastewater is known as a serious
environmental problem. Nickel is a heavy metal that is classified as moderate pollution
intensity. Industrial sources such as printing, silver refineries, battery manufacturing,
petrochemicals, and particularly electroplating industries are subjected to nickel metal. In
addition, the increasing amounts of toxic pollutants in groundwater above the threshold
raises questions on the efficiency of current wastewater treatments. Various techniques
have been employed for the treatment of heavy metals, including physicochemical,
electrochemical, bioremediation techniques.

Electrocoagulation (EC) is based on the electrochemical method of decontamination.
Simple operation, high efficiency, environmental friendliness, low cost, and the lack of need
to add chemicals to promote coagulation are some advantages of the EC process. This
method is an adsorption-, precipitation-, and flotation-based procedure. Basically, the
physicochemical phenomena in EC can be summarized as anodic oxidation and cathodic
reduction, generation and migration of flocculating agents in the aqueous phase,
coagulation and adsorption of pollutants on flocculating agents, and electro-flotation of
coagulated aggregates. The success of this technology depends on various parameters such
as current density, electrode material and its arrangement, temperature, initial pH,
conductivity, electrolysis time, and reaction kinetics.

The objective of this study was to comprehensively investigate the application of
electrocoagulation to remove nickel from rich industrial wastewater. The influence of
operational parameters on the nickel removal efficiency using EC was examined and an
energy and electrode consumption study was carried out. Furthermore, the reaction kinetic
study was carried out using electrolysis time data.

Methodology

Different concentrations of synthetic nickel wastewater were prepared using NiCl2.6H20
(Merc Co.). The pH of the wastewater was set by 0.1 M H2SOs4+ and NaOH. The
electrocoagulation system consisted of two electrode sheets as the sacrificial anode and
cathode with a DC power supply providing voltage in the range of 0-30 V and electrical
current in the range of 0-5 A. Aluminum and iron electrodes (5 cm width x 12 cm length x
1 mm thickness) were placed in an electrochemical cell containing 1.2 L of solution sample
polluted with nickel and the reaction was conducted potentiostatically. The electrode
distance was different in the range of 1-3 cm.

The batch reactor was placed on a magnetic stirrer and started with constant stirring at
the entire test. Every 10 min sample was taken from the middle of the container for metal
concentration measurement. Finally, all samples were centrifuged at a rate of 2000 rpm for
10 minutes. The nickel concentration before and after treatment was determined by the
ContrAA 240 Atomic Absorption Spectrophotometer (AAS) in each sample. All experiments
were performed in triplicate at room temperature.
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Nickel removal efficiency wasdetermined by equation (1) as follows:
% Removal = % x 100 (1)
0
where €, and Cy are initial and final nickel concentration, respectively. In order to

determine energy (E in kWh/kg Ni removed) and electrode (m in kg/m3) consumption
following equations were used:

=% (2
vd
IXtX3600xMW
Melectrode = ZFV 3)

Results and discussion

Electrode material and distance

The electrode material is an important parameter influencing the performance of the EC
process. To examine this effect, the experiments were performed between Fe(+)/Fe(-),
Al(+)/Al(-), Fe(+)/Al(-) and Al(+)/Fe(-) states. Figure 1(a) shows the difference of nickel
removal efficiency between these electrode arrangements. Compared with aluminum
electrodes, iron electrodes needed less residence time to achieve specified removal
efficiency. In addition, they were more economical in terms of energy and electrode
consumption. This is also well demomnstrated in Figure 1(b).

mFe(+)Fe(-) W AU+VALL) 8 Fe(+VAIL) = Al(+)Fe(-) ®)
—— Py Rl A=) A1 A R Fa=) Al
140
Z 120
2 &0 1:1 100 /
IT‘E - “ o 4 -
: Time (min}) I(A)

Figure 1. The influence of electrode arrangement on the (a) Ni removal efficiency and (b) energy
consumption.

The electrode distance can also affect the EC reactions. By increasing the distance
between each pair of anode and cathode electrodes, solution resistance and thereby applied
voltage increased. Thus, considering constant electrolyte volume, the removal efficiency
decreased due to decrease in ions density and electrostatic attraction. The results of the
present study led to the recommendation of the electrode distance of 1 cm as optimal.

Nickel concentration, Initial pH, and Voltage

According to the nickel concentration in SPGC wastewater, the effect of initial
concentration in the range of 5-500 mg/1 was studied on the Ni removal. The results are
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plotted in Figure 2(a). Additionally, the observations of experiments at different pH levels
are presented in Figure 2(b). The highest removal efficiency was obtained at pH 10.

(@) —e—smer S0.mgf 250 mg S00mg (b) . . sHe10 © ——v v 20V

10 20 0 0 50 80
Time {min] Time {min}

Figure 2. Variations of Ni removal efficiency with (a) Ni concentration, (b) initial pH, and (c) voltage.

The EC voltage can apply its effect through factors such as the coagulant dosage rate,
hydrogen bubbles production rate, and the flocks size. Figure 2(c) shows the results of
nickel removal efficiency versus different voltages from 10 to 30 V.

Kinetic study

It has been established that reaction kinetics is also crucial and controlling parameters
in wastewater treatment provides understanding of the reaction progress, pollutant
removal rate, and system design and modeling. In the current research, three kinetic models
were considered for nickel removal in EC batch process. According to the results in Table 1,
the first-order model represented an acceptable agreement with the experimental data.

Table 1. Regression coefficients and reaction rate constants for the considered Kkinetic models.

Pseudo-First Order Second order First order

k;(min™1) R? k,(L/mg.min) R? k,(min™1) R?

—0.0591 0.9785 0.0011 0.8329 —0.0509 0.9914
Conclusion

The present study attempted to investigate applicability of an electrocoagulation
process in the nickel treatment of industrial wastewater. The influence of variables such as
electrode material and distance, concentration, initial pH, and voltage on the removal
efficiency was investigated in addition to energy and electrode consumption. The results
demonstrated that the nickel removal efficiency was obtained between 93.7% to 98.1% for
the different electrode arrangements by EC at 20 V and 60 min. Among them, a pair of iron
electrodes showed greater removal efficiency and less energy consumption. It was
concluded that increasing the initial concentration, pH, and voltage impacts the process
efficiency favourably. Furthermore, the reaction kinetic study demonstrated that the first-
order model had an acceptable agreement with the experimental data.

556



514.9,: 9 GI.S oSl uo.l.ﬁ aollad
00Y-0T2 & 5l VA 0,93 VE+Y by
https://karafan.tvuacir/ :a; pis

d :10.48301/KSSA.2022. 77.2219

O9er¥ 951959 JSUI gy 31 03wl b simiuo souy 51 U S
T Blie cpuine {0 > oS |25

ol (s iy g 58 oK I g b oo ki 09,5 ¢ sole lid e -

ul)ﬂl ‘L)I)'?( “_;IASP 9 ‘5»5 oKy ‘)lf 9 Cd ‘ucw.o (swdgo 05; w\u":)‘ G.AL..‘:)L{ Aoyjuw‘) -Y

PXVEN Ao wleWb!
Gl elin 5l o ammaciny 5 oladl Ll | (yaun¥ 551s5s xS sliadl iy 3 ingy dlis il g5
15 Osem¥ 55165 1S aly Sy 5l aslllas (53 el ooy 5 ] Ahci (gl
5 02l iz 3 ooy Sl 4 emme G VY o) a4 alRile)] wlibe VENPA o cdl
i 5B s ool S5 i glatedy i oo VXX Y+ slal & pgsises]] VeIV e (5,505
5 JSs Bl ey 1 Laoms PH 5 ez 515 cadsl e g 2SIl alols VEOALY s (o dy
iz sl 39 3978 g 555 Span polie WL oy p STy S (izen )
bas ol (Lt 5 gl el ooty e (slaly > s, 4s5he sl 2SI ol "'JS
O JS5 Bhs lealy paiegl] 5 o0l (slaog iSUl Calises (gl i 5l eoliud O i
oy s s Yo b,z 55 5 eV sT1sSs S0 a3 Lawgs ao s AN B AYIY e oW;
LFe(+)/AIF) 55550 (gl oy AYTY i yloaily ] oo Cansddy diids £+l JS
i ol Y8+ Mg/l &y ke 5 PH Y odgY+ 5 aido £+ 5l Loy ) OM allé OV 55155 25 s
oyl il 5 PH 5ty il b o ol o8 2ol T 51 Sl aslllas ol gl
gl 5 2l l58 (e (55 Ol e o S el e Rl o 5 g s din o
o3l il o sbyan 35, e el Cewsty SVl ) a8 ol (glasg 2SIl i Sl Cuny

_ - - zkarimidavani@tvu.ac.ir
— IO KGIM3 g «/AY = VY'Y KG/M® o5 5y poniangll 5 ool (slanil gl b > @

Jae a5 0l eols lis (2aSTly Sttt oy 3 o Crizmen el Canday +/YA
S, 028 slrosls b g9 @il Jol a0 STy

) @ @ @ ©202? the gutht')rs. Published by 'Techr?ical. and YOYA-FEY - 1 Sig Sl Ll
\ecess Vocational University, Tehran, Iran. This article is an

open-access article distributed under the terms and AAZASARYETE ST
conditions of the Creative Commons Attribution-
Noncommercial 4.0 International (CC BY-NC License)

(https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/
https://portal.issn.org/resource/ISSN/2538-4430
https://portal.issn.org/resource/ISSN/2382-9796
https://karafan.tvu.ac.ir/
https://www.doi.org/10.48301/KSSA.2022.353077.2219
https://orcid.org/0000-0002-4186-8063
https://orcid.org/0000-0003-4257-6924

Slideo cymimo 9 5193 oo 5 135 BOY-BFA (¥ o )lous ((VF+1) 14 (531,15 sole aolidas

LV R

JB e slaazacs 5 (S omj Slsgzge cuadl 009l s asrocans; Sl 5 o mlis Cydgase
PR 0 5 amatunyy Sans o 585 5 (Ko o sl 5 ol (Sl g, cal 5 D el (g5,40 1
“Sfd‘.wj ©ga> ¢ gud 4f9:.m)l5 ‘JK,.: aisle U""i"“" 6)13 6L"’Q}1 “5]4:.7:.4 L;me;.i\ﬂ )l RN 05; A_ia RESUOWW- 3
05 Shogzse (sln (3 Slaom yuin Wisdoe 4Ll JIé sl VT plyiear o ais 55, 5 5T oy
‘5{| slalase 1o layT ol ol Wi oo oy jlaze Cudlos (o (ga Ol jlas slowl 4y e g Wipdae g (gouw
&S bl o 53 (G 002055 o)k 5l g Wgd i lalS g Dbl Ly ailyny (Sl B ogh oo o
IV 7] g 5 0 g0l 9 b g cnae gl 5 03, )0 (G0 DS ylb s 9 acly il oo )T ol
B9 o Dgme darmecins ) (Ga3 IS 5l S0 OB 3 Ki I3l gz el pli

OV 5l o5 3529 5 Cendl D929 (ranw slac] o S [F] canl bavgie  Sogll o b Ko (o5l8 S
M 9 crge Sl oo 318 (pl Dae SYsb y9ax (o cal bl p3¥ (s 50 (95 508 sladslS o (sl
Sl 23y fato glacled Lo 4 o el IS5 g ) LS 5 4 bogrye S (g 095 (592
Sl lio shasts 5 sardnry sl Sl doelfy i 55 pane oy g b 5l il o Sy 5
5 o slas ustinl WHO) slez coslig plosle 5 o)lpl Cans ) daoe cbilis lojlo [# ;0] 598 oo il
e 1Y 9 ¥ g |, MGIL) 2 55 05 oo e 3 Dly 55 S5 56 slome cl o iy (sl (Mol
L8] silos 5

asliziul oo ¥T Lok st aals oy auitas 6,0, et Of adms slosg, 5l b,y ool o
28 BB sly G oy B 5l Ly a0 50 )8 0 (2leontsSi 8 Sl g das y5ld cal pled o )3 w098 o0
Slgiion i Slils SV 3 b Sl las il JBlasay sl sl xSl i 5 obaw i o glié
b by xS slass, Jio (glp o)l (Stas Jbo dmgs 5 Bad &y i g, Sl [V ) -] cdloas
S Sl g bl 5 09 aniaeS (Sole gl oo AL o5 (o) wdg g (pleend Sl Byan
Jis & oo ads ok e (Suislom slaghsy b 5D atlco lag T sla S5 528 5l (o (sloaYl
Sl o)le0 30 Jalome O3 S Gl s 4 izmen .l pleite o] b Slles anie o YU el
A5 s VY] 09 oo wal 3 Clay 5l 6yt po asiial 5] doreancslS g Seo Lanogs asdlangs (slonlidon
Colhas wils 2l BB e (ol Slge (098 & 5l g WS oo a8 sl Sl oS oS Glanl B Sl
Wload 08 ) Jgao 1 Glicalae g blze ol o 4 IS5 Bdo g diad sl a3, Sy sla by 5l sl e

D] S Bao (gl asd 58 slo gy dumliio ) Jgur

lro Ll a),l54 5 9le
Ol olge 4 3li s oS I s ol Sldes 5 (b o ol g 428 wsls aw i

b 5ls Bis Sl g ey 208 w00l Sl g
g e oLy e »,.lu . Ll
Sl ol e o YL cdale

M S gy lles oS (5351 b yao
GYede b wan¥l i Bl
bz el ol (o)l g 651 0 e
oduzey slabglsn 10 )3 ahad 5 (g5lu all>

Lad Gge¥ga b g (P iz 4 0k (s

OOA



BAY-BFA ¥ o locs (1F+1) 14 (3,15 sole aoliliad el ool by iwius slacluy I JS0s Bis

lzo Ll50 aid) 54y g,9Ld
. _ o o5 e g olge Lol Vb (6 pdy i S ) .
I3 g2 ol 4y (S N i Pl
sy
b Y 5y i3 oty ] g 7SI gs ey Lo b S8 g Vb LIS soolis ibes s
oaditias ol (Sl clom ol lS o oI5 smlagl IS 5 sy oS 05 Y5S155'5 S|

53 egmlosil 5 Slbos 3 Solu Vb o Slae
o Sl s o ol sl 2

boog iSIl ol Jlad yed by (551 By LSS 4 bl S genlisl
oS ol oV (5 7Slas b
cstleand Slge (938l 4y 3L S SVl jas Vb LS sl
celie a5 gy dutal gy Sldos 4y 5L olge 3l sasre solazul slonnig Sl
g Lol al> oy il Lo iwgn Oldes
NSFETJPVIPR et R oEl oSl
S35 S ran wale Fb 2 w35 Jloo
ol

Les 9 PH wiils Slloe (lo pite J 58 o 5L @5 o Ay iy Loz b 83l aty oS b5l

Ngd a3 il 8l Comge Wil oo (§3de Slge g b sy (otboond Slge 3l 0 ST ool Sl

S S o oolind 5ulg nSI (oo xS o, 51 a8 (S Sl Slisl b (BC) (5551585 28Ul s,

Vb oy 4 ol o0 EC jloolial (gblje 5105 so cogmime Dl diiai (sl i) o iisolatdl g o sl 5
OBl g (loond Slgo 5L Blao o (o5 (o wsliin] Slgpes oS A 3a (S ahal I e S S
oS Winke elge LS5 (6l slion o3lo e (yonw o515 s xS0l bl sl 3 50 [V O] 55 0 Ll LolS cygenslags]
a5 T 5 WlS (slaog iUl 51,k 5 oy Jolome 2o o &5 (5518 Loy iU (gl 1 po pol (al 355 g0 03938
Joiley, S 55 o )3 (DO) piiiens (S8 ol s S 208 izt (cageinogll b inl Logac
S5l o g 518 Gl 5 (p3eaST 8 5 HY (90 20 T Gl s (5T 5 (50515 (gl 2SIl (g (S 51
S ol slacygy il o Glast 5,000 58 5 OH g0 sl 5 0l 50 o 285 ployes sy 5500 o]
Ol 9 097 9e (oloarsSu 58 (sloosnay (oo Lulul oS oo ST (S0 STl sl a8 5 (s ) ea¥T 3
15 s eaniSinie Jelse JUiil g asi Y oslS 2l g ool JralaSTo) 15,5 a0ds &g et |y aigl
odiinie gWodg urtidi by genilislis iU —F o suiiSuinie Lelse (g5, Wou¥T _xbaws i g olisi] Y
ol Lz €V U @) lodloles &yg0 4 g5 oo 09 iSUl iz ) dz g g0y |y s Lol (gl 23S [l

{vol
R M) = Mag) +ne” @mn
wlst 2H,00) + 2e™ > Hy gy + 20Hp,, ®-v)
Jslxe 30 Mk + nOHG ) = M(OH),, ) €V

AR



Slideo cymimo 9 5193 oo 5 135 BOY-BFA (¥ o )lous ((VF+1) 14 (531,15 sole aolidas

g 7S s alold 5 ol Te iz el (IS 3l i loe 95,350 EC il b el 6 oo el 5l (>
Jale )3 slimil & 5 a5 bl 51DV YT 58 50] e o g 5dg 5 o bl cadgl PH oo sl clale
IV el 6550 53lws o 5 oo Lial33l (sl aial b (St Sl poess sens] 0y 3 0SS

PH 5 cdale (S Sl Joslty M) sy 1Sl alold g i 92 (siliee Jolge 3G asllas ol 5o
o] 00 odusiw uw&!;b%ﬁl sl U"j) )‘ oalazl lJ 6):.,.MJ ‘51—‘ 6LBJ917M )l JK'J Bl uLa..\:‘) » AJs‘
ol 55 oSl oy Sl e s 35l ilie 50580 (slaiier sl 38 (Brae 09,580 5 (6551 Ol
\Mﬁgb)ﬁj])“—i’)bjlsg)J ool P WL.A k)“'“S‘5 u.c)w Cul) Lfsbjksi“"“"‘ allas quS)QAu')B
Olysas soseiesl] 5 ol sladdys 5 codgnSUl lpisa agll OT ol 3 a8 85 @0 alBtles] Gl 5
il O3 Jlasl b b 10 &y g0ty lioni yiSU1 sl STy Lags oaiiS wiaie slge ewlonds asliziu g Sl
Sad adgr wagll O 10 09,5800 40y oo

«.s*"muss)

é‘,.n

YIVIV JsSlso 5 b [NICLy. 6H,0(Merk Co.)] aif JSeiss S 5 o VITF 55 o b U5 oy
> Q.\SL.J)ﬁ 0uigsd Q])b Wl 0y S Qﬁi)‘) A-°C 6L40 » celw ¥ QSHY‘ [WERVIEY SL.@ 45J9,4)a r:)f
P PH et 6l 50 Jlog V Sppilguanl 5 Jloji ) pasesdonSg 000 sl Jsle w45 5 o 4 ]
s oolail S5 calize glacdale

Oge¥ 951959 581 Jaluw

Sl ) S 5 ol Siled 2 o w03 abosl oS ulegl 55 sl ol b 55T, o ol anllas
Al g I WY Fhe pona b adnds Guiz 5l 6)eiST) 0gy0 Il S0 50 ey (R (al 50 Casload ool
S5 3 gy IS 5 T 3 oaiiSuinie Jole e 55 5 25 b 5y Sl 5 ool b 33 7S 55
P aud S 18 ST o gl jgedy YXO- XY MM olul 4 pgiegll g ool Guiz 5l sy 2SI alls aclas
Jeloe oz b dias Jate (ADAK-PSA-A Jae) DC g4 5l di oS 4L > Ao @ ladg 2SIl dl> 10 20
Do Hglid g Wil haw 4 (459 0u 55 SIS @ ol s LSS g oanYT slge 4y soiiSainie

JB S 193 b ablisn an (55, 5 b €5 oo S5 & oty Jolona 5 ) VY alefl o 50
FoPH L ladigai PH talosl jo ool §f oy o 28,5 B0 Jawsg 5l (slaigad aido Ve o ialojl (e 285
aorr o yiolosl b 5l o o addllae iolesl slopiie pla e g 0 (5 uSojlil (MetrohmYff Jow)
A dged 40 8 Bis e G 005 oy il 4880 Y Do 4B 0 400 Vet Sy b bbdigas
s o yioloj] coled .o (s ) PPM Larseis o b (CONTAA YF+ o) (ool i mimcinls olKiws S8
Wl plosl 361 sles yo g 1SS L

1 Batch reactor

b#-



BAY-BFA ¥ o locs (1F+1) 14 (3,15 sole aoliliad el ool by iwius slacluy I JS0s Bis

| [ | <k
—

—

= |

O30 (¥) 385 o (V) cdinrgy U 59551y (1) tounioslivin! ¢y g 95195 sl itumnun Sl 5 ) JSUs
W g T glrog Sl (F) g omblizo

s s gy
iCalods dloe ¥oalal, 5l oolaiwl b Gl 5 IS Bds lesily asys
—-C
% Removal = —— L %100 )
0

35 e mizeed ool EC sl b 51 Gy SIS ol clile g SIS adgl clale s 50 G 9 G ol 0 o8
“\A—‘L.ga Cewddy (Y‘) AJQ.J) .L:.w}’ o8> Jiu f’)f}LS}‘ s.ACst.:‘BBLS > g @}M

_Ult

E=— )
vd

Lg.)blsuyb)]oo&w‘bum;Au‘ﬂff)fwf owd»@)‘mdjﬂmj JBbup:oV
Dgd 50 00 (et Jelore pax axlg 10 35S B pan f5ee o F) alal, jo

I xtx3600x MW -
Melectrode = 7FV ™

J3o 2 055 oy 0958 58090 > MW kg /M3 oy 09 5501 B e Meocrroge «F) Al 5o
e (AFPAV=) ol b F g ol (s5)on Z

oy



Lo o 3 193 01,5 1125 BOY-B54 ¥ o laid ((1F+1) 14 (31,15 ool anlibia
cou g o

Log Sl cyw abold g o il

Al ol e lagl (b baie slayg golasl ol g (109 e yiwd 13 5 ()l ()0 (coms e @ (cogiia]

poninagd] () poninagll | (1) pomiasll () ol () oyal (glog iSIl i 13T IS cnl jo IVV] 85 o ool

O Calodds gy o&i‘.ﬁln)'i 5 odbdgyd ‘Sfl Crdiges 5l IS5 Bd> 5 () f}:-;-sﬁj-‘—‘/ *) Om—l 5 (=) ‘_',aﬂ/ +)

e p oSy gl cdile g PH g Lul s 50 gl g 485 Saalee Vo Wl 5 15 (glaog xSUl (s alols jolaie
u Fe(+)/Fe(-) mAI(+)/AI(-) = Al(+)/Fe(-) ® Fe(+)/Al(-)

Time (min)

IS5 Bio loily p vog yuisIl i ).Jb“ Ao Y S0

100
8

o

6

o

4

o

2

o

Nickel Removal Efficiency (%)

o

53yl S8 Bl laadly (g loline 3l (e 0928 £ oS S g o0 o Jol s & a5 b
Gl g &l 55 eadads S gy o ool slags Hlade Gl el Gl el —ail ol 09 2SIl o i 0
Sl ol o0 Geizma il o Gl et UK Bl ol ele a5 palaeS g aum SIS a0 5 955 00
—J OleSG e sloog oSl a5l g alie PW;T L Q_:J 35Sl i G lawgs EC B jlenily 457 sl
sleasd cualo ¢ LSl 1o gley (pizren 4 Q.:J P ,awgﬂ S8 Ll jo Gelas Lo 4 Wilgh oyl ol cl
il Oglite wlgi oo auld plesily Wil 5 WIS iz Sl i b Cnlply a2l Sg2ge (slvos VI g 48 5 IS
3 Bl sz pleily 4 sy sl 5558 Wil 4 (agiiosll (sloog S b auglio yo ol (slaog 2SI
N8 potyg e 8 99y 5 (6551 B pae Bl jl il ogdle il

PH g Ll 0 )15 cnl 55 (595580 (ol alieo (slacllo- (sl 9975801 5 (5531 B pae polie ¥ IS5 o
Oz Dol Gl 28 o il oS jsbles Casloads aod ply el Jga 5l am (lSs adgl clale
il il 2l ol Gl 5 8 pakie Bl (sl oY olaj sl il 55 (B rae 551 ol
oty SV b5l a8 il (slag 2SIl i (gl oad i S5 0,55k CelulgelS conp (Bpan
9 IAVAYY iy ol poricagll 5 il ool (long oSl (gl sz ol ol 5o 38 (Bpae 09,5801 (3 o]
s ol oniahad ooy Jsbe caSe e 5 p S5k o/ +-YAIEO

oFyY



BOY-BFA ¥ 6los «(1F+1) 14 8,15 code anlibad i) o3l b pirino (sl I S5 Bl

—0— Fe(+) Fe(-) —@—Al(+) Al(-) —o— Al(+) Fe(-) —e—Fe(+) Al(-)

I(A)
pSian Bas> lodily g Cdg ¥e (oS PH Ho alie b sicus (6l (B pan 09 581 g (6551 .Y S

iz o ahold (rll b sl 08 5T S sl slisl a2 sla iiSTy  Wlgi oo b aog Sl o alold

5 oSl lade caile ol bl oo ialidl 3 Jleel 51g ¢ Jglone Casglin zalidl 51,0 WIS g T oy Sl

(Slimg S adle 2alS 4z )3 5 (caSgpied Sl yecky b oy o515 (rals e @y dadg 2SIl alols il

LYo Mo/l cdile b S5 ggl> Jobomo yid o VYoo sl )15l 5o DAL by oo als i lendl,

5 ¥ 4 lade cpl (il b g 08 o ys AVY Bis el Jgas cacl sy i8Il alold e il ) 235

4 o gibe Valols by (F USE) sy 2o j0 YFIFY g oo 0 AVIAT & Bdo el cus i 4y e il ¥
Ao Llod EC sl s o wlS g 0Ty ainge alols lgie

10min ®20min ®30min ®40min ™50 min =60 min

3cm

2cm lcm
Electrode Distance (cm)

100

Nickel Removal Efficiency (%)
PN WS o N 0O
O O O OO O o o oo

IS5 Blo lodily p brog Sl s aliold };U Al PSS

oFY



Sl (oo 9 silgd 0155 1325 BAY-BFA ¥ o ke (1F+1) 1] (8,15  sode aolidias

ol 5o ailoe US55 i o p S e Fer YO sol> lages | sinio LA digei S &S Sl ol

30 U5 il e ial8l L a8 0l ovslie wind iole)] yid 3 a5 b B0 g YOL B B clilé o S
Ose¥55158 9 2 ol il b asmion o b (Jolome sl @ly 50 bisn Gl 5 T Bl el o Jglne
w0 Caold S8 4 s ok sladisd [l 098 o0 ol a9 up SlaatSd S| patde i ol el
NS S daa Ve v sl |y adgl il el (guo 0 gl O S K9 oo Jglowe 5 LociliSd jgm S g
Fo ooy Dae ,0 K0Sy 5l e il ) alol 4y g VX XY MM slal 4 Fe — Al glaog zSU L S g9l

REN PP AR
—@—5 mg/l 50 mg/l 250 mg/l 500 mg/I

100
90
80
70
60
50
40
30
20
10

Nickel Removal Efficiency (%)

10 20 30 40 50 60
Time (min)

.J&Jd;\aoh.\sl,ﬁ@ycﬁ&é)&i&'sw)x.ag}ﬁ

4l pH 55t
el (35551555 S limil a8 50 gl (Slacilisé g Bl a2 %0 else 5l (S e PH
£ 5 0olaiuld g0 il 3 £o5 4 iy Lasme adgl PH L5 a5 colosls olis aie ol ,o (L3 slaiwey mls
(S S olial ol e S 18 i gy PH 8T sl S el o VAl el gliste L sai¥T
5 )95«.\.0 W 6‘;! k}i“ Bl uLAAJl) Cwloauds OO)BT 7 Jiw BN CJL.J Clodls ul:w‘ \e 9 Y .Y 6L®pH
il B laasly Yo glaPH o a5 0l saslie el wops Voo 5 ATV AN e jas Vo 5 Y Y slapH
OSee ll8 PH ;o 51 Bl el b1l o G2 Slely w550 Gl (gl SPH Coons 4y 4z 12
azes ,o g Fe(ll) a Fe(ll) (ialasT ool PH ;o 048 ols Cans 515 50 (638 (sloonS g joun Gigu, 40 ol
S5 cnlply el e QLB PH S gl ey 5 b ol & Rles S > 50 sl oe 20l 5 S0
Bl lensly Sl 4 e alhae alannST 5l Jolnal Gigay G g o0 ls anSs j0un (50515 sl oy

Iv-] 255 0

(SPGC) gz )b 35 geizme 535 olKig¥h oML

orf



BOY-BF .Y 6l «(1F+1) 14 31,15 coke anlibad i) ool b sirins Bl I S5 i

——pH=3 —@—pH=7 —@—pH=10

120

100 -« —o— *—

80

60
40
20

0
10 20 30 40 50 60

Time (min)

Nickel Removal Efficiency (%)

IS Ba> losily o PH 15T gy p £ SIS

3Ly b

Slas ¥ IS o cdg Yo g Ve Ve 5y yo 1y (S STl il CODS ﬁb 5l edelcunsd mls ol asllas
Sl 5 oo ol ol 5 3 T b 11, 055 il (S0 S Jpmliy BOUS anld ol o ams oo
5 s5ise 15 15 a5 3aen I li GlH Crgn 55 Gl 8 o Jloel USG5 (i 6 i
S jgbolen abe Sgue s s (gilalaz slp Lulyd bl aadls (l3il g lacla ojlal o 5SS
Sl glalasMe B jeboas 5Ly rol33l b Bis leail) (cpre (2STy yloy G (gl 4 Al odpline 8 o L]
yol ol S by Gl aliee Bdo lewsly 4 oloiws gl 5Lss,50 loy Wb L5 (lime 2ol L Bk 5ol oo
A edalie pol> adlae 4o 5

—o—10V ——20V —e—30V

=
N
o

=
o
o

80

60

40

20

Nickel Removal Efficiency (%)

o

10 20 30 40 50 60
Time (min)

.,J&gg.é.l\:»QLo.\sl)).gé.)sﬁleLb?dMIfow,ﬁ.Vﬁ
S VYoo old aingul i ()l (sl g Yo BV e oogaore jo (SO STl by aasls ialidl L

Sogil ) alols 4 g VXA XY MM slayl 4 Fe — Al glaog xSUIL YO MO/L cdale b S5 sol> Jglone
Obedily Jaaz (gl .dl byl s o ANTY 4 AT/OY 5l S Bis wop0 @i ds £0 oy S o 005 )

NN



Sl (oo 9 silgd 0155 1325 BAY-BFA ¥ o ke (1F+1) 1] (8,15  sode aolidias

Sy as caly Gl e b adlcwd oY ley 4ads B ¢ £ i g Ve g Ve j0 sas 0 Y B
e sl el Sy 8 ol 5 IS5 o e i 4 e g5 5y 8 e
G855 B o kg Gl Slnbcee 81 Gl 55 (b8 L AL Fe g 2SI Dol s s 055 0 95250 5 (555
ooz 5y lyie 4 addo £ loy ey g Ve by Bl Jol> glojloged sy b g golasdl s

A QL gam sl ialejl o e

STy Stamw (o g

Ny, egar ;0 Gdure Dledbl 4 Cusl OMSB daas o 0aisS J5aS g pie Jelge 5l (S LS Ty S
a5 (iSTy Jawe gaios ol o [VY] QB3 o Lty it (Sl Joo 9 >y 5 ooy VT Bi> s s o 25Ty
loads @y a5 (V) B (0) S¥olee Jawgi o oy a5 al dalllae Jgl a> )0 4l 5 pg0 4> )0 ¢ s

c

Ln— = —k,t )
Co

1 1

c G,
c—C, _

In—2 = —kst %)
o~ Le

Celoads oolatiwl el Jaz S 51 asS o Gl 1) (o) bvosls aST St Je o i peeBS (8l ]

44



BOY-BF .Y 6l «(1F+1) 14 31,15 coke anlibad i) ool b sirins Bl I S5 i

Ln{C/CO)
i
L8,

-2 (c) o
0 20

a5 05
= .

-3 =]

— " - =
me [min) o 15

=

o
U '2

(b) 0.07 O
= -25

0.06 S
0.05 -3
0.04 35

Time {min)

1/C- 1/C0
=
0
L

Time {min}

s (€) pg0 4255 (0) (Jol 30 (8) £ IS5 B gl 30 3lo e 52 (oS (518 Joko oty A S

Jol a0

w';.a }..J A de} )») Cawloduds SJ) J&») B> Ls‘)" ULA) > A Jiw).) );M M JJA dw
&MJﬁlb)ogr“S‘ﬁJ"\“leS)ﬁbd"w‘°"\“‘“£‘)‘bgj"\“’)‘&’)@6‘)’ ‘)Mlsw}wguwbﬁuw;)
Cenloas duslns 1o logei s Lasgs o Jow 51 S ,o gl p K euli o )ls o)25 slaesls b 5.8 b8

JS Bde (Seliamw s (gl STy e paw (SS9 g )5yl 5 Y Jgu

Jolazyo a4l P 5 Jol 4z
ks(min™') R? k,(L/mg.min)  R? ki(min~!) R?
—+/-03) <[AYAD DERRR «[AYYA -0+ DARANE

S 5 ol
2 O5eY 5195 s Sl ding b ol 3 S Jawgs girie OB I IS K 8 Bis Lol aslllas o
OiiSly St (izmes g dae PH (b 2 505 wadsl cdale doog isIl alold § iz aile olse ,.JL, W
Bi a5 Joe S5e Jlawy IS5 Bl g 1alS 10 wlgh oo e 5168 s iUl slissl a5 olo lis zuls .ol adlllas
gy 3 2l 5o Sl Bk 5l W50 endiady JeeSsne slogn Lawg 9pmSs)oen Cgm) Oygon S
AN B AYTY o S8 Bl leaily a5 ols ol JI zuls ams o0 &) ‘awy’l P Q.m’l oS gne b ljes
Glises gl iz loslaiul baads £ uled loy 9 g Vo b 2 5Ldg 50 e gS1957 nSUl olasil lagi woyo

oY



Slideo cymimo 9 5193 oo 5 135 BOY-BFA (¥ o )lous ((VF+1) 14 (531,15 sole aolidas

b oal 09580l Cadn ol ail 3l 40 09,5801 i )uL Sy o5 .\ﬂ‘s.o Cawddy ‘AW}H 9 o2l sleog xSl
5551 o 08 e into D2 | IS B3 sl Un o] s (sl 250 i 1 gy e pgsians]
JSa3 &5 3y Gl b ol cssas YA G VA lagly yr s 5 55500 slagiinz sl 58 (e 95,501 5
2 IS B plize i 23 ) IS5 i e, 45 3 5 ppriaasl 5 (8] Sy e (slnasd
5l e el a8 ol i ST g 4 55 Olay jo USG5 by adgl cldale 54 el Cawsay PH Y -
Syl gy Gosls b ge5 millas Jol ax )0 (1iSTy Joe a5 aliosls ylid miSTy St oy

25l (gratio LS 5] IS S 38 laps Bio sl el ahad (g, S BC anld az o
398 patia g (b () Co e sl el 0S5, ol pem 4 Dbl Gulide ;3 gy EC anl 3 o ik &l
b ge gobail mo g (armelens ) hlas S35 5l o (30 b))l wiejls oS

‘_éb)” 9 MJ’“
C;bLa.‘ié‘ 37 aslaio ‘5)51.:3 9 R p e Co pde Sy ol )“ as ..\.:.3‘06.4 f’jy 3¢5 p ulf..\,wuy
QLS G008 ety onl jo w8551

References

[1] Holtappels, D., Fortuna, K., Lavigne, R., & Wagemans, J. (2021). The future of phage biocontrol
in integrated plant protection for sustainable crop production. Current Opinion in
Biotechnology, 68, 60-71. https://doi.org/10.1016/j.copbio.2020.08.016

[2] Altaf, M., Yamin, N., Muhammad, G., Raza, M. A., Shahid, M., & Ashraf, R. S. (2021).
Electroanalytical Techniques for the Remediation of Heavy Metals from Wastewater. In
Inamuddin, M. I. Ahamed, & E. Lichtfouse (Eds.), Water Pollution and Remediation:
Heavy Metals. Springer International Publishing. https://doi.org/10.1007/978-3-030-52
421-0 14

[3] Wang, Z., Xue, J., Li, Y., Shen, Q., Li, Q., Zhang, X., Liu, X., & Jia, H. (2022). Robust
Fe2+-doped nickel-iron layered double hydroxide electrode for electrocatalytic reduction
of hexavalent chromium by pulsed potential method. Journal of Materials Science
& Technology, 110, 73-83. https://doi.org/10.1016/j.jmst.2021.08.086

[4] Boroon, S. (2009). Heavy metal adsorption using functionalized carbon nanotubes [Master,
Tehran University]. Iran.

[5] Mobasherpour, 1., Salahi, E., & Ebrahimi, M. (2012). Removal of divalent nickel cations
from aqueous solution by multi-walled carbon nano tubes: equilibrium and kinetic
processes. Research on Chemical Intermediates, 38(9), 2205-2222. https://doi.org/1
0.1007/s11164-012-0537-6

[6] Yang, S., Li, J., Shao, D., Hu, J., & Wang, X. (2009). Adsorption of Ni(ll) on oxidized
multi-walled carbon nanotubes: Effect of contact time, pH, foreign ions and PAA.
Journal of Hazardous Materials, 166(1), 109-116. https://doi.org/10.1016/].jhazmat
.2008.11.003

[7] United States Environmental Protection Agency. (2018). 2018 Edition of the Drinking Water
Standards and Health Advisories Tables (EPA 822-F-18-001). USEPA. https://www.ep
a.gov/system/files/documents/2022-01/dwtable2018. pdf

[8] World Health Organization. (2011). Guidelines for Drinking-water Quality (4 ed.). World
Health Organization https://apps.who.int/iris/bitstream/handle/10665/44584/97892
41548151 eng.pdf

OFA


https://doi.org/10.1016/j.copbio.2020.08.016
https://doi.org/10.1007/978-3-030-52421-0_14
https://doi.org/10.1007/978-3-030-52421-0_14
https://doi.org/10.1016/j.jmst.2021.08.086
https://doi.org/10.1007/s11164-012-0537-6
https://doi.org/10.1007/s11164-012-0537-6
https://doi.org/10.1016/j.jhazmat.2008.11.003
https://doi.org/10.1016/j.jhazmat.2008.11.003
https://www.epa.gov/system/files/documents/2022-01/dwtable2018.pdf
https://www.epa.gov/system/files/documents/2022-01/dwtable2018.pdf
https://apps.who.int/iris/bitstream/handle/10665/44584/9789241548151_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/44584/9789241548151_eng.pdf

BAY-BFA ¥ o locs (1F+1) 14 (3,15 sole aoliliad i) ool b sirins Bl I S5 i

[9] Goodarzi, J. (2012). Investigation of the removal possibility of chromium, nickel, zinc heavy
metals from electroplating industries wastewater by electro-coagulation method
[Master, Islamic Azad University Science and Research Branch of Tehran]. Iran.

[10] Fakharzadeh, M. (2021). Removal of Zinc from Wastewater Using Green Pea Pods as
Bio-adsorbent. Karafan Quarterly Scientific Journal, 18(1), 223-235. https://doi.org
/10.48301/kssa.2021.131059

[11] Houshmand, F., & Nazari, M. (2022). Removal of trace amounts of heavy metals using
silica aerogel nanocomposite with ionic liquid and graphene oxide: Optimization
By Response Surface Methodology. Karafan Quarterly Scientific Journal, -(-), -. ht
tps://doi.org/10.48301/kssa.2022.324646.1944

[12] Rajoria, S., Vashishtha, M., & Sangal, V. K. (2021). Review on the treatment of electroplating
industry wastewater by electrochemical methods. Materials Today: Proceedings, 47,
1472-1479. https://doi.org/10.1016/j.matpr.2021.04.165

[13] Alwan, G. (2012). Simulation and Optimization of a Continuous Biochemical Reactor.
Journal of Chemical Engineering & Process Technology, 3(6), 1-7. https://doi.org/1
0.4172/2157-7048.1000142

[14] Costa, J. M., Costa, J. G. D. R. D., & Almeida Neto, A. F. D. (2022). Techniques of nickel(ll)
removal from electroplating industry wastewater: Overview and trends. Journal of
Water Process Engineering, 46, 102593. https://doi.org/10.1016/j.jwpe.2022.102593

[15] Moosavirad, S. M., & Hasanzadeh-Sablouei, A. (2020). Removal of cadmium from the
leaching solution using electrocoagulation. Environment and Water Engineering, 6(4),
415-429. https://doi.org/10.22034/jewe.2020.238951.1388

[16] Den, W., & Huang, C. (2006). Electrocoagulation of Silica Nanoparticles in Wafer Polishing
Wastewater by a Multichannel Flow Reactor: A Kinetic Study. Journal of Environmental
Engineering, 132(12), 1651-1658. https://doi.org/10.1061/(ASCE)0733-9372(2006)132:1
2(1651)

[17] Pearse, M. J. (2003). Historical use and future development of chemicals for solid-liquid
separation in the mineral processing industry. Minerals Engineering, 16(2), 103-108. ht
tps://doi.org/10.1016/S0892-6875(02)00288-1

[18] Nasrullah, M., Singh, L., & Wahid, Z. (2012). Treatment of sewage by electrocoagulation
and the effect of high current density. Energy Environ Eng, 1(1), 27-31. https://www.res
earchgate.net/publication/285023284 Treatment of sewage by electrocoagulation a
nd_the effect of high current density

[19] Mahvi, A. H., Bazrafshan, E., Mesdaghinia, A. R., Naseri, S., & Vaezi, F. (2007). Chromium
(Cr+6) Removal from Aqueous Environments by Electrocoagulation Process Using
Aluminum Electrodes. Journal of Water and Wastewater, 18(2), 28-34. https://www.w
wjournal.ir/article 2429.html?lang=en

[20] Escobar, C., Soto-Salazar, C., & Inés Toral, M. (2006). Optimization of the electrocoagulation
process for the removal of copper, lead and cadmium in natural waters and simulated
wastewater. Journal of Environmental Management, 81(4), 384-391. https://doi.org/10.10
16/j.jenvman.2005.11.012

[21] Zhao, J., Liu, J., Li, N., Wang, W., Nan, J., Zhao, Z., & Cui, F. (2016). Highly efficient
removal of bivalent heavy metals from aqueous systems by magnetic porous Fe304-
MnO2: Adsorption behavior and process study. Chemical Engineering Journal,
304, 737-746. https://doi.org/10.1016/j.cej.2016.07.003

oFa


https://doi.org/10.48301/kssa.2021.131059
https://doi.org/10.48301/kssa.2021.131059
https://doi.org/10.48301/kssa.2022.324646.1944
https://doi.org/10.48301/kssa.2022.324646.1944
https://doi.org/10.1016/j.matpr.2021.04.165
https://doi.org/10.4172/2157-7048.1000142
https://doi.org/10.4172/2157-7048.1000142
https://doi.org/10.1016/j.jwpe.2022.102593
https://doi.org/10.22034/jewe.2020.238951.1388
https://doi.org/10.1061/(ASCE)0733-9372(2006)132:12(1651
https://doi.org/10.1061/(ASCE)0733-9372(2006)132:12(1651
https://doi.org/10.1016/S0892-6875(02)00288-1
https://doi.org/10.1016/S0892-6875(02)00288-1
https://www.researchgate.net/publication/285023284_Treatment_of_sewage_by_electrocoagulation_and_the_effect_of_high_current_density
https://www.researchgate.net/publication/285023284_Treatment_of_sewage_by_electrocoagulation_and_the_effect_of_high_current_density
https://www.researchgate.net/publication/285023284_Treatment_of_sewage_by_electrocoagulation_and_the_effect_of_high_current_density
https://www.wwjournal.ir/article_2429.html?lang=en
https://www.wwjournal.ir/article_2429.html?lang=en
https://doi.org/10.1016/j.jenvman.2005.11.012
https://doi.org/10.1016/j.jenvman.2005.11.012
https://doi.org/10.1016/j.cej.2016.07.003

