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Abstract

In the current work, the capability of uncoated titanium anode in the electrochemical treatment
of textile wastewater has been investigated with the aim of simultaneously benefiting from
electrooxidation and electrocoagulation treatment processes. In the present work, the feasibility
of using uncoated titanium anodes for wastewater treatment is studied in an electrochemical pre-
pilot set-up with polymeric casing and an electrical supply power of 150 W, operated under

galvanostatic regime in batch mode, focusing on the current density as the main subject of

assessment, and its performance is evaluated using metrics such as chemical oxygen demand

removal and specific energy consumption. A noticeable finding of this work, is the flexibility of

the set-up to combine the electrocoagulation and electro-oxidation mechanisms with the current
density as the controlling parameter, leading to a remarkable decontamination capability, so that
reductions in the total chemical oxygen demand as large as 75—80% in the neutral and 90-95%
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in the acidic environments were achieved. At low current densities (< 100 pA/cm?), the anodic
corrosion was limited and the electro-oxidation was the dominant wastewater treatment
mechanism. At high current densities (> 100 pA/cm?), the anodic corrosion was accelerated and
the dominant wastewater treatment mechanism was switched to electrocoagulation. Along with
the chemical oxygen demand removal capability, the energetic cost-effectiveness of the set-up
was a major concern, particularly from the industrial point of view, which was assessed in both
neutral and acidic environments, and it was realized optimization occurred at 600 pA/cm’, so
that the specific energy consumption and the rate specific energy consumption, were both
minimized at this current density, in respective order, 8.9 kWh/kgCOD and 3.52 kWh/kgCOD/h
in neutral, and 10 kWh/kgCOD and 2.34 kWh/kgCOD/h in acidic environments.

Keywords: Advanced Oxidation Methods, Chemical Oxygen Demand Removal,
Electrooxidation, Electrocoagulation, Titanium, Corrosion.
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Parameter Unit Amount
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pH - 7.5
Electrical

conductivity mS/em 6.00
Color intensity Pt/Co 1430
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Fig. 7. Overview of the Ti anodes corrosion in the
electrochemical wastewater treatment set-up: A)
preliminary corrosion under a low current density, B)
advanced corrosion under a high current density, C)
formation of white precipitates at the corroded regions,
D) magnified view of part C, revealing a foamy slurry
with micro-bubbles, E) wastewater tank after a high
current density treatment revealing sedimentation of
white precipitates
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in the Ti-H,O system under the acidic pH in the
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(Vaughan and Alfantazi, 2004)

A

Reactions #

Ti*" + H,0 — TiOH*" + H' (1)
Ti*" + CI' — TiCI** ()
TiOCl; + CI” — TiOCl* 3)
Ti*" + S04 — TiSO," 4)

TiO*" + SO,* — TiO(SOy) 5)
TiOSO, + SO — TiO(SO4),> (6)
Ti (OH);" + HSO,” — Ti(OH);HSO, (7)

e slas (Sous8 s Il @ 5035 S sles b (0l g
S PH e 5 15T & sl 51 o oSS (s 55 b o35 o
Ti0, / 4o Ll 5L i Jlamsl oty S0 s s 2ty
b oo Sl530 TiO,. 2H,0
i Uy b5 a sLa0 Sy S sl 5l dlis
el ¥ i s O =il - ilas Sl s ((Sinliy 50 5)
s3b4 (Ti(S04)2) r:-’\—:-:-’ Sl g 555 (Jaz op 55 45 5]
(504)%” Ti0(S0,) ssbe olaw S bl s sd ol ouss v
s (1521 5] S Ti0, / Ti0,.2H,0 . H* HSO,~
S5l S ol s Dl Sool350 5
(Y 55 0 &Yslas) wz s (Ti(SO4), — Hp(SO4) — H,0)
332 5 23l 55 g ilive Jlade 4 PH 5 e S chli w5 LS
.(Zhang et al., 2016, Kakihana et al., 2010, a3l «3ls
Dubenko et al., 2020)
(Ti(S04)3) r..Jl_.., Sl w s LIV oils Sl
L J3l) S iyt 5 T s Sl 6 (5555
sLoesla iy 5l S ol (OF (.98 S anal 5 YU o5k S

T102 + 2stO4 — TI(SO4)2 + 2H20

()

! Sulfate Process

Mol qu:u

Vol. 34, No. 1, 2023

\f“‘ de.\ UL«C:.Y’Y‘ 092



¥4

dx.doi.org/10.22093/wwj.2022.353528.3280

e g 5 Sl

COD LU 2alS s S 6,505 Jlznl 5,15 & poslanacS 2SI
sbaas) b ools 555 0lSal oS g o b Sl
Sl gl (o gutd g 18U el @ gutd g Sl - i/ o gid g S
il 0 Gk 3 JeeaS s s LSl a5 o (e
1 s g0l L 5) Hy0y i ol ool iy o loa s S
S0 L 5 e 13l iy el 5 (U sl 0308l gL
Jas S0 ISl 4 (55 055LS) g cuUlS
. (Brillas et al., 2009) 5 5% s
Glaae L w2l Ol 5l 57 555 il S SedUS
s a5 T Ul 31 s Ly s ss Ll ol
S8 H,0, sl oSal sl ol s 45 31 .(Stefan, 2018)
GLl 5 55l 3525 olay s Uyl 058l ol Lgo DS
(Sl Lo 55 05eS) sl 318 281, 51 S il
»dsdme plSle b ba L g ol Ll
C03*/Co% Fe3t/Fe?t  a_sL)M®+D+/Mn+ (]
{((Oturan et al., 2010) |3 -1 5| s Ag?* /Ag* .Cu®*/Cu”
S s 5 ol bl s 0L Gl € aes
Jlozst oo 5355290 (AT 5 e solis 585 5 Oy 2l
e e 0 3 S 4358 Slanta b s s S sy
Sl S sl gl s sy s B, b 5l
slobasa j3 1y LS oo mi ¢ gub g xS/ o guid o S
(Oturan and Oturan, 2018) . ls (Y 550> sleapH) gurwl

35 ol 53 0ah s Py (o303 53 5 s () S
Gio (3 pPH L oL Ol 1oa ol sbtbsl )
wad ol Sy gz 53 glejed 03 S Blad b ol 5l S s
Slasl b a8t gl ol uils (S 5 5bey
BER P E W BV | J NPt PPt PR
il BB ol ges 5 e
3 ols3s 8z e Wil 5 o 0T @ 3l S 6 K0
s 0 2/ 3508 (33 L5l 6l m AN sl (St
b o) 55 A L3N Sy b olan ] ey S
oy slimly 2S5 ¢ sl SN a5 gs JBlu
S 5l Jo s a5 s Dl it Jlo s ol

2 Oxygen Reduction Reaction (ORR)

Journal of Water and Wastewater

Sl et il 3 5l (S g = 581 (o uSLslS
Sz U aS) b S sb s 1 sl 5 gslaasd 3 b
wle 3 Lo 3975 D50 530390 (Sl ol o (S s
Ll Blen o5 el Sl Oly 53 S 5 ta T 0]
i 5 (g5lmaad s e Sl 581 Lo SLalS
losan VT aias i wnl b o g s 54keS ol walys
L (05285, 4 oLl 251y gl 2501) (T
iy s slanil g S0 S bl el ol pon (6 iy sla Sy
s Lo, glsdl) sasslsS losas VT 515 1y elin i
5 S sdol 5 5 smeilom s T slroan YT o Sume 3lae 153
T s dsboe slasay VT e 5 ol (L el 5 S
.(Vepsiléinen and Sillanpéd, 2020) s

SLaos VT o iy o) Jlazs! glaiar O3l gy enll
ol e i 4 Y gana (T 5 Game 51 ) T s Jslona
ol e i 4 Y sama (T 5 ame 5 el) T s Jslona
by o 3 Ecel g 558 a snls S boasid (g5, 4 Lasa YT
b/ O (glinsl g S ias & 5o s wop by w58 a5 LT
o 3 S (s T s asals s a0 b S
Sl sl AT slooa VT s elo Blad 515 o
asle and iy 2 LlST sla 35, L slsly oSl ey L
Sl gy iSIad /0 5 mSIL 5 ¢ gmsliennST S
cias Oley b gl ilesT s s (2D JS 4 COD il
J\ LSJ‘)J_M_;}A.;[_!J)JMCOD) Lh‘tﬁ.";] ;.)lz.;j)}..vjé X
(Sl 3 ez 55 B ool eman Sl Sl (g5l 245 5
b}—\zuﬁ BrY-1 U’.’.‘J"L" sl UL.’.'.J [ 6J.:§oj‘.b\COD B L;jw
slinily =Sl 5 (& sl 5 2SI D) AOP glausy 3
.J._Zj\bj.;wa‘t?é_.ai‘Qﬁabﬁdwduba\J:Qujr&Q)}mq
L il Gl s — 58S Dl s (6,5 0SS Sz s 2l
o3l LS 5o 1) adad 5o (B 5l 5 gul cools
.(Kulkarni and Muggli, 2006) <

E;_aj L esbas 5 6,500 Jlaxs) o) e az e

! Synergistic Effect

Mol qu:u

Vol. 34, No. 1, 2023

VEY Jlo ) soled FF 500



dx.doi.org/10.22093/wwj.2022.353528.3280

o st g o5 ST 20U 10 Sy (13 el Wil IS
.

sadoa, 55 5 Jse o Mu(g) (Saos5 5l (26 > el m
el (Blas ) V) Jbsaez 5 (s 1 2FA/AY g/mol)
G an cime Bl 2055 ) 4 Qeorr/Qe e S iz 2
sonl ity il 5 (Sou 55 gl (S8 (34 81
oy 31 oslind o8 Ceal gty 4l 352 a0l 3 i o1 ol
S (S5 Wl Sl (et oS 281 6l G5
Ol 5 b3l oSl S 5 Loy sy 5l g Ly oy Sl
S olet L (5o O sama 5l (glos 28 ik (5SS
pos Sl glesss L Lakas 5 (F 2] sassSislis Sl i
CL BN S P L O R B R P P PV AW
el J*-"’%r\«-” 9 dude «Olawle

o=l 03 ial 0Lz a5k 2Ll s 0y e el 2
)3 5s 51 S o e S LSl e g5y
352 (COD zalS) IS aias 51 sliasly xS0 5 ¢ gunsl a5
ACOD JS osls Coad & 50 53 5ls glitd g3y Sl
35 ¥ Uslen el 5 ¢ gl oS oy ot sanl
syt Jolr ao s Ve ) iy SL e (a5l el ge 6ol
i 3 Uiy 2 g 8,505l G L andl S

al 55 sl aalw D50 03 505 B, b
Gamess JS5 ol 53 g el Ve JSG Gille o (S5, 55
S idzsa ool andls 53 Jleel (S S 550 IS
Wl sas S5y 5 5 By s ¢ vy 35 Slanlia ol
23008 4 cwl Blazal LB ol e ool 518 SIS 0055 0 s
S bbaver )

Lacd (Sase5 4 138 5 N e pA/emP ol 2wl -
SelS) o35 (I3 (S5 55 0l bz wedls a5 ol
533 (Bran SN 5L 51 ao 3 Y B pogm 5 520 035
sl e Ve pA/em? ) i Lol o e ils oL
B0 3l o ot 3 35020 033 RalS) Sl L (S5, 55
(B K8 55l 5l as s

o) B @b s slag s 51 G e dloli-
2l Gl s 53 S LS Sl KLy wil g
TRV JPIERER
aipndls opl ol a8 e sloan] 3 Ly 5 ) grelanS) s Sl

A__JJb§J__1éﬁ )J‘)_—A ol > j‘Uﬁl» «

Journal of Water and Wastewater

EENS R NI WS PRC U RV IO S| FEE VA D1 B XS (AR PR g1
ies S8 5l sline 5555 patie ey, w35 anl b

dias anl b S5 ol 2/ s sl S o
CE(%) = % X oo adslan w5 CE(%) (gl s S
Sl sact 5 SosS 5, Qe of 5 & W2l 100
Sl olge by blize (o lhend s 2SN 5505 Qer 5 4385 e 31 ,b
Uslan o ot S o 5 3l o sanlin sy V]
(Moreira et al., 2017, 40T o Cowsin 3 S0y pods (540
Panizza and Cerisola, 2009)

ACOD

A%
4><(32><11t000)>< X 100 (f)

CE(%) = F

QT gs &S
5ola oles o((s) olas 52 (A) 0Lz @ w8 Jol>) S 7 5
el Qel (2l s 1S 55U plod S )50 5 Qe (S
1 ;,3COD —ials & 25 ACOD (ppm, mg/L) ,luis
G Vool dial Olay o 93 050 LS s e olid | ias
--\J@):(g)(ﬁ%:—o@\'“ 2 e b g0l hasmg
slass z) 5L sae suiSols Fose 5wl 0y Jse e YV sue
CoUF 50, Jl8 SOull 28Ty 6l o (50 ol 05,50
3555 0mm 31 BN s el (55 A5 FAD) (551,
Lol 5508 oo3L 055 o0 w0y semlinaST 5 Sl 51 2L ACOD
S ols

5 5L COD 2alS oS Ll sl slinily Il o pas s
L b Gl 51 s aslyon o (ol s oSl 281y S
TR PP SUISPUPNS- F15 S| & VPRI PV X8
Sl Sl S Las sl 552 5L (a35L e pede
5o 3l oslial oslinily oSl gl glitl i 3L
Qeorr 51 3 sa saaliie S5, 55 )50 b Uslan (Lot s 2SI
giai a3 5L a3l e gldaly g Cdd> s ol
2o 5 2SN 5L s sl 3 (S 55wl b 5L el
Sl sl Jo8 (016 dslas 3 b 51 (S5 5% 0l e b Blie

Qeorr = 0" ©)
OT BE) 6

Mol qu:u

Vol. 34, No. 1, 2023

\f“‘ de.\ UL«.’:.Y’Y‘ 092



A

dx.doi.org/10.22093/ww;j.2022.353528.3280

Ol 5 o lecdl Slons

5 bl s Shee il Sl olg 5 SIS a0 b4
Lo o o242 S o 55 il 225 Jas 51 240 (gt Lo
do 3 A LVO s a3 gladal ol g5 4 (o225 Lo s
52 203 A0 B A (gledal ol gl Lo 55 (s 0
sl 5355 o rawd

Lo sas (2055 s 5o 0l e Ly dlis o0l s 5
S35 ¢z LS i i o (AT IS2) 5 S st
OV s Ol o0 S a0 Oltd (213 o 4 Cod (5 Sl
3 gl gL PH s 5l s gloas 5 i (olnb
) e il b el oF Il s S g
il 5 il sy sLinily 25 glahoas ol S L
ol e a5 ol o5 o |y s sanlite (glesdans ol 5
=23k =Ll s S e a5 1) i enl S (S0 b
says (B=VY JSCi) cal gl s s (35,55 0L 2
Vo o 550 dged 4 2 (612 Qeorr/Qe Olse S 355 00
e o 48 Bl I (28 B 4 ) 0o 0 T U
of Bl gleiaia sl p oty 5o 5 So,5s Jeens
ol (0 grlagnST 18U 4 e Sl 5 1)

100
~ 8
)
")
*&' [
= 60
=
-
(=]
E
g
a
=]
o -A-400
-0-600
- 800
0
0 15 30 60 9 120

Time (min)

Fig. 11. COD removal profile under the acidic pH for
current densities in the range 400-800 pA/cm?
(as indicated in the legend)
6"\'..““pH 61“‘""" Lls s ;_;L..% COD uuls.ub—\\ JS\.Z
Avs uA/cm? G .-

O anudls 03 guss s

(J\gj—u' 6\.0.:.&:\) 0993 :\.,\_c\)

Journal of Water and Wastewater

100

80

60

40

20

Current (charge) efficiency (%)

! 100 200 400 600 800 1000
Current density (nA/cm?)
Fig. 10. Current (or charge) efficiency of the
electrochemical corrosion in the course of
electrochemical wastewater treatment
under the neutral pH

wial o 5 Say55 (L) ol el -V e S
s PH (s Lyl 55 o lard s 2SI

A;S)uwo..{ﬁ-‘i.jdw‘d.\)j_o‘\" uA/CmZQL{‘R
3,8 558 Ol 0 1y il 55 (gl aenS] g Sl

35— slawnl b Ll s 6 U 5L s -
5 pAFEe Camed 5 Sl 0l 2 aedils 1l 0 sl 5 )
.JJ\.L; L5:J~L?

S Sa,ss & ool ol e dal) 557 o cleg -
9 ',bu:.;‘ BE D.A_Z.ZSA:SJLLA L;/JJP G E e QY)_.AN O‘}:‘A”
iy ol >/ 5,0 25l s jasis oLSGl N 7]
2 53 O gaelienSls 18U g 5Ll S (6l o ber 5 S

.))‘JA’)).?}Q)}J

el e 33 (ot S s~
o (¥ Jslrs PH) (il b s i 6boles 5, sl
s B ek s Sl 223 bma > S 3l s
L e ) g sslse cpinad oz 50 el (S5, 05 EF sl
$lias s Slas gl V) IS s aius (A0 P pA/em?®
abe sl So i wons b il I COD zalS
S 0T 5y 5 COD 2alS a5 65l ks Sy 325
oLt 228 bina 5 SCOD 208 ol 25 a5 i,
Il e 53 Lalsls sy Vs oles 55 il s eo st

UMDJUTM

Vol. 34, No. 1, 2023

\FeY dLa A D)L:..:a x’f 892



dx.doi.org/10.22093/ww;j.2022.353528.3280

o st e o5 ST 2R 10 gy (13 pedlid Wil IS

10
A)

0.8

&
£y

=

Ti mass loss (%)

0.2

0.0
400 600 800
Current density u.lAJ’cmz;

3
=]

o
=

'
=]

Current (charge) efficiency (%)

400 (L1 Boo
Current density (pAf’cmz:

Fig. 12. A) Corrosion loss (mass% or wt%) of Ti anodes under the acidic pH, B) Current (or charge) efficiency
of the electrochemical corrosion in the course of electrochemical wastewater treatment under the acidic pH

(555 L) 0l (2334 (B sl PH (hagma Loyl 12 55 pailes T (p—’./ojﬁ oelSas 5) (Ssu55 SL3I(A VY S
el PH (Joms Loyl 13 s oliosds S0l s o 5 (S5 55

" 1-A-400

{=0=-600

SEC kWh/kgcop)

0 T T T T T
0 15 30 60 920 120

Time (min)

Fig. 13. Specific energy consumption (kWh/kgcop)
under the acidic pH for current densities in the
range 400-800 pA/cm’

42.:.,\.;‘5 03 9de 43 (kWh/kgCOD)e}J ‘59).4.0 6JJJ"\‘~JSJ
Gl PH (s L5 55 Av e pA/em? ¥ - oL~

lesany gl Glos Sl 51l o oo s 055
Sl p3Y 0l u(ts) salosl 3oz 0les cnl e plard 5 (o5
Sad i 1/e o ol 4 (CODg ) 4J5I COD alS
G L Gsel o gl oles sop ksl sase of 5
COD 2l I jasia ma cul el ite ] apivas s Shos
o3 PYIXY oy o i s K LAY 5 ¥ gl U5 s

Journal of Water and Wastewater

nils (gl o5 9 (B e 3,3 Ol VY S s

o3ls oLis gomwl oyl 5 5 A e pA/cm? G ¥ sl >
wwsls )= 0 Ji_.: sleesls U Ji.:. O—i\ s lie ol sns
S50 Ol g Ll 5 s 45.3.&1:@ olis wlia sbapl >
4.1:_»«.60__!“ J—:‘J u&j—b).) .&:«-w‘ ails U':J—‘}Jt‘ 059 &J-AA
St 4 358 5m blzal iy Wl sl 3 a5 | o 7
Ol55 Sl 53 ez Bl an (63,51 S 5l sliamsly SUl ziey
e gl g olag 4 bl i o ol 3 15 (6 iy (slechas
L JSCOD 5 Jskne COD bl 4 a5 55 b ol aziils L o]
SalS 1S, S Ll ol e g onl 53 0 samlannSy Sl
5 55 e S 4 599,505 | ks s o)

Sl a.\:.ALm‘ 37X

F PR (P rae 55 el (&

3571 G ran wile (oolasdl ladilse 3uils (6 5lu S 5 shitae
sl 53 COD 2alS & 555 ol 55 dlax ) (glastas (slaadl 3o |
5P ol o by 2SI aias slolu s Shos (5luanas
S Slos Dde L Ad oy 85 05 5 40P 05y (B e
Jols COD 2alS 51 ools 500 0 3 b 505 5L 65ai o

ML uT«l:u

Vol. 34, No. 1, 2023

\Fe¥ dLﬂx\ UL&A"T‘ 099



- dx.doi.org/10.22093/wwj.2022.353528.3280 OblSes 5 g ldl olzews
R S B VUK PR YIS S PO P B CE SO W - SRR TP JUPPRPS 36 UL PG 3 P G PR
Table 3. Evaluation of the rate specific energy consumption for the electrochemical treatment
of the textile wastewater under various operational conditions
i ; CRR (kgcop/h) Es (kWh) Eq; E:
(A/em?)  PH ¢ (min) (x107) (x107) (KWh/kgcop)  (KWh/kgcop/h)
100 7.5 0 — — — —
200 7.5 0 — — — —
400 7.5 47.8 4.75 4.21 10.50 8.85
600 7.5 23.5 9.66 3.40 8.85 3.52
800 7.5 28.4 8.01 5.00 13.00 6.24
1000 7.5 24.1 9.43 5.90 15.50 6.26
2500 7.5 0 — — — —
400 3.0 23.6 4.18 2.10 13.00 5.03
600 3.0 12.8 7.68 1.80 10.00 2.34
800 3.0 28.07 3.51 5.00 30.00 14.23
L E (RWh) css o)l 55 o 45 Tl iy eizran Sl sad jasine
L o3 gime o] 5 03 E 5506 5,8 eenss ACOD
AR Ol o3y P $OF o ts
COD,, = =2 = 0.3678 COD, *)

3513 o Oliee ol 3 58 Jol> (B (kWh/kgcop) )
Sl 0Lis s 555 Glae SLAY 50 o IS5 5055 b e
a3 PY/VY (2alS Lo ool & (3850 ' L 2 axls 2
815 ol 0o 1 1 O g 5 ol 05 ke 043 COD
258 JolsEgp B Sosb i (h)
05z le el iz lagl 2 anashs 612 Y Jsur
S b ylen aS o aslin | Egp 5 Eqyp Ee, CRR it
Ege Ery) 35 etz 5l gl el ol Lo 253 g0 sanlia
Sbb ol ghls (sl 4z 5 25 e s (Esy
2 S S 035 0l atils Ot U (5 s0e)
ool elal 1 S @Sl ains o oL 1, $+ + pA/em?
15 515 el S I i Sl 03 pamn 5

3 Gt ool anedls s sliaily oSl a8 a8 s e LS
0352 46 oss3 e o5 s b 5l a5 0 P e e pA/cm?
WQMM\J@\G@LQQ\.M:@@:)HJ:}}
e glepl 2z aadls 53 anl B ) 6558k Sl pas
by ) ol iy 358 555 S ol 55 o0 Lel ez
3t sleobs 2 aails 5o slinil g S L ¢ salanSTy xSl
)’%fﬂ”j—lﬁ&ﬂ”djﬂ‘-"’w o uA/cm2
KWh/(Kgon/h) 57/0 oo 5 s 5 255 (sla s

.&:MJ\J:‘OSLSJ‘J:M Sl g loiza s 45:}3 Y/Y

Journal of Water and Wastewater

e 550 el 5s eslizal (g1, 615505 COD 2alS ol 5oa
et JoB i )b e ISG G e LS
5 anils Jlia Conle bunl s eslizal 550 s ol e 5 Zond
S iy sloas s a8l Ol b8 s il 5 e
S g 53 CODg & i &Sl (253 b g oS 5125
L Gl e atmen 45 233l 0l cp it by oS ol
31 el sds it ol s S loasy) b s (g5lwaiS
s 55 e a2l s dlas Bus ol e (S S
31 st ol ol ool Cilisen (glads sad ey (52w le
TSR IURE PN I U P py L PR Sy S
358 g0 0303 5l s Slas o lha

L5 CODg 3l &l pss) b Sl 3 59 53 COD ULMSC’; A
'CRR(Kgcop/h) cwde L Sty oi5(ACOD,, ;) CODy,
(580 00ls e

Ee,(kWh) coodle L S) o5 555 rmad 53 (5351 G5 o Y
(o580 03l sl

s ¢ COD (2alS & 54y (b ran (55,531 02,5 o5 5.1
L E, (kWh.h/kgeop) coadhe L) 5 50505 5541 4
(B (kWh/(5522))

1
COD Reduction Rate (Averaged)

Vol. 34, No. 1, 2023

9
VY o) oyled FFoyps =



dx.doi.org/10.22093/wwj.2022.353528.3280

o st e o5 ST 20U 10 Sy (13 el Wil IS

Olgeay slimly xSl S5 lin 5L o el s oty ams
“fdl“ " :ZjJ;‘SJ\A-S A‘:g_,‘_]l_c_x_‘_l\ﬁ

2525 (b s (535 (s 350 0 390000 () srmelnST 5 S

ja.x_ij_?nJ

Sl e @551 450l plas (25 5 gl L 93 0 50 (5
imils 31 (5 st im0 4 Ol e
e sl e G £+ A2 s o S 5 2ls ol
wimils 53 (65,51 03 m oty i SralS Ele 555 a
L i) oSl pue 0 P pA/em? 5l s slaol o~
35 3Ll 250 L (518, 0 O ) 5 bS] S
mA/em? 5| i slagls 2 4zl
a2l g o gl <Ll (o Sen
O3 el W5l Slaslizal S'ul Jols s ol ol s

Sl S 5y £

el i oSl Gl ol iy xSl cias Bua b 2l
Sty L il nils sbas S s o 5l eslizal sy
Slle gy & Ll &y o s Jlin gl it sl an g3l
5 es ‘rsuf-’ij—" S b g (G mlanSly Sl s 23002
3L e 0 5 Soslizal ol 5 oS sl 2oL 2wl
el 3l 5 (haslo s 4 3 B o 5 Y (gl o

il o 55 5 bl 5 0l J=ls & 5s 5o
302 43 0l sbaol oz wdls 5l aslizal 5 g3linily )
TP S U O EX i XY P I e
500500 b rae ST b o3 53) sl 3,5 s 4 se o
ol asile sl sy onl by el (et T 5 o0 ile
s i il Ol 035 CuiSL 5 Ko Vb i
B35 b oler Jda) Ss slawlT b eld s il a8
a(ﬁﬁurﬁﬁﬁﬁﬁﬁwaﬁwﬁew@ﬁr—é@
wad 3ol S lg s 5 wilad ool 2eS e w5 S Oles 4
BB ol Jsame S olses (THO,) a5 o 0352
5l Sl den 5 S8 gla e SIS e (Db
S 4z g0 dia opl 53 |y paio

@l)).é —O

6\4&&45}\."44 ;.0.1)..:: (S22 &sls )‘ Adn@j}-‘“ UKJM.._{)J

.L...S@ @'\U.’é ajjﬁ: fl"d\ﬁ dwjdétn

Journal of Water and Wastewater

St -§
Ot 5y 09 3l U 5l s salinl Gl L a5y o) 0o
o s ol olecd s S ddas wlale 3wl ol sz 4
ikt gl ity b sy Jols gy Jolse ot
FelS ol i) s ol 5 Lol sl 5 (25 b 53 s
2 Sl 5o Bran $35 ks S ras 5351 (COD
T s sat sl S5 s s s o35 ]
el 5 Sl ekl 53 S50 (o liandy 2SI Gl 8 pasiles
RS

530 55 8 IS8 o L ) o 5l s s
Lyl 5 o e S IS0 G i) (2L Gl COD elS
Ae VO o3 sama 53 laioaas o35 4 5 Jamo s oyl
WO LA s amme 55 (glsial 0155 4 sl aoms 53 50035
25y S (35ds8,550) B 5 o 2L WA ao s
S sl ol i Lo tlasT 51 g ol (05K S
43k el sl 658 a3 5l i lahar cisy (8o, &)
Sl o0l 2 annils 55l sl glagl o andls 3055
S5t 55 5 (Sou53 Ol (<) 0+ pA/cm?) S
il I al b o5 5r U (S5 sy DY e
ils s 8 o3l a5 O g1y S0 a2l
geadslys (S5 ¢ 5 (> e pA/em?) i slapl >
il Gl 5 (S, 55 (s DY pane

et L Lo e (gl g, 55 bl 055088 Dl )
AU 5 (b Qi asle ol 5l oalanly Sl ias
IS WRP U PRVEC SUK SR PP % U PN FORTIRN{ [0S JUEN
arils 55 e Sl ol ol 3580 (35,55 0l 2
= LSIL Lo nnlidie wia ol 05 glagl >
235086l olard s xSl whar I anl b o ste s slanly Sl
Ll

S35% F 5 hae 0ad gal b Sl 0l izen s
s ol ol e il s e bty S ks Ol 5 s
Lo 55 ol S8y g gba S i ol Jdse
L oo 03,5 g Ly oiles JSnil S 03 5] 5
Sl L opl b a8 o 085 Lt wdiad ] 2 s (ol 54

Vol. 34, No. 1, 2023

\Fe¥ den\ ﬁ)un“f 099



dx.doi.org/10.22093/wwj.2022.353528.3280 bl 5 g locil Slmes

fo

References
An, C., Huang, G., Yao, Y. & Zhao, S. 2017. Emerging usage of electrocoagulation technology for oil removal from
wastewater: a review. Science of The Total Environment, 579, 537-556.

Anglada, A., Urtiaga, A. & Ortiz, 1. 2009. Contributions of electrochemical oxidation to waste-water treatment:
fundamentals and review of applications. Journal of Chemical Technology and Biotechnology, 84, 1747-1755.
Babuponnusami, A. & Muthukumar, K. 2014. A review on Fenton and improvements to the Fenton process for

wastewater treatment. Journal of Environmental Chemical Engineering, 2, 557-572.

Baes, C. F. & Mesmer, R. E. 1976. Titanium, Zirconium, Hafnium and Thorium, The Hydrolysis of Cations. Wiley
Pub., New Jersey, USA.

Barrera-Diaz, C. E., Balderas-Hernandez, P. & Bilyeu, B. 2018. Electrocoagulation: Fundamentals and Prospectives.
In: Martinez-Huitle, C. A., Rodrigo, M. A. & Scialdone, O. eds. Electrochemical Water and Wastewater
Treatment. Butterworth-Heinemann, 61-76.

Bridgewater, L. L., Baird, R. B., Eaton, A. D. & Rice, E. W. 2017. Standard Methods for the Examination of Water
and Wastewater, American Public Health Association (APHA), Washington (D.C.), USA.

Brillas, E., Sirés, I. & Oturan, M. A. 2009. Electro-fenton process and related electrochemical technologies based on
Fenton’s Reaction chemistry. Chemical Reviews, 109, 6570-6631.

Chaplin, B. P. 2014. Critical review of electrochemical advanced oxidation processes for water treatment
applications. Environmental Science: Processes and Impacts, 16, 1182-1203.

Chen, X. & Deng, H. 2012. Removal of humic acids from water by hybrid titanium-based electrocoagulation with

ultrafiltration membrane processes. Desalination, 300, 51-57.

Comninellis, C. & Chen, G. 2010. Electrochemistry for the Environment, New York, USA, Springer.

Drogui, P., Blais, J. F. & Mercier, G. 2007. Review of electrochemical technologies for environmental applications.
Recent Patents on Engineering, 1, 257-272.

Dubenko, A. V., Nikolenko, M. V., Aksenenko, E. V., Kostyniuk, A. & Likozar, B. 2020. Mechanism,
thermodynamics and kinetics of rutile leaching process by sulfuric acid reactions. Processes, 8(6), 640.

EL-Ghenymy, A., Alsheyab, M., Khodary, A., Sirés, I. & Abdel-Wahab, A. J. C. 2020. Corrosion behavior of pure

titanium anodes in saline medium and their performance for humic acid removal by electrocoagulation.
Chemosphere, 246, 125674.

Emamjomeh, M. M. & Sivakumar, M. 2009. Review of pollutants removed by electrocoagulation and
electrocoagulation/flotation processes. Journal of Environmental Management, 90, 1663-1679.

Garcia-Segura, S., Eiband, M. M. S. G., DE Melo, J. V. & Martinez-Huitle, C. A. 2017. Electrocoagulation and

advanced electrocoagulation processes: a general review about the fundamentals, emerging applications and its
association with other technologies. Journal of Electroanalytical Chemistry, 801, 267-299.
Garcia-Segura, S., Ocon, J. D. & Chong, M. N. 2018. Electrochemical oxidation remediation of real wastewater

effluents — a review. Process Safety and Environmental Protection, 113, 48-67.

Journal of Water and Wastewater Ml 5 Ol dlre

Vol. 34, No. 1, 2023 VEY o) oles FF 4,00

A



dx.doi.org/10.22093/wwj.2022.353528.3280 e st 2l ST S 3 gy gt il AT 1S

Gardy, J., Hassanpour, A., Lai, X. & Ahmed, M. H. 2016. Synthesis of Ti(SO4)O solid acid nano-catalyst and its
application for biodiesel production from used cooking oil. Applied Catalysis A: General, 527, 81-95.
Gatehouse, B. M., Platts, S. N. & Williams, T. B. 1993. Structure of anhydrous titanyl sulfate, titanyl sulfate

monohydrate and prediction of a new structure. Acta Crystallographica Section B Structural Science, 49, 428-
435.

Ge, J., Qu, J, Lei, P. & Liu, H. 2004. New bipolar electrocoagulation—electroflotation process for the treatment of
laundry wastewater. Separation and Purification Technology, 36, 33-39.

Gerasimova, L. G. & Maslova, M. V. 2012. Hydrothermal behavior of titanium(IV) sulfate solutions. Russian
Journal of Inorganic Chemistry, 57,313-319.

Gonder, Z. B., Balcioglu, G., Kaya, Y. & Vergili, I. 2019. Treatment of carwash wastewater by electrocoagulation

using Ti electrode: optimization of the operating parameters. International Journal of Environmental Science
and Technology, 16, 8041-8052.

Grady Jr, C. P. L., Daigger, G. T., Love, N. G. & Filipe, C. D. M. 2011. Biological Wastewater Treatment, IWA
Publishing, CRC Press. New York, USA.
Kabdasly, 1., Arslan-Alaton, 1., Olmez-Hanci, T. & Tiinay, O. 2012. Electrocoagulation applications for industrial

wastewaters: a critical review. Environmental Technology Reviews, 1, 2-45.

Kakihana, M., Kobayashi, M., Tomita, K. & Petrykin, V. 2010. Application of water-soluble titanium complexes as

precursors for synthesis of titanium-containing oxides via aqueous solution processes. Bulletin of the Chemical
Society of Japan, 83, 1285-1308.

Kelly, E. J. 1979. Anodic dissolution and passivation of titanium in acidic media: III. chloride solutions. Journal of
the Electrochemical Society, 126, 2064.

Kelly, E. J. 1982. Electrochemical Behavior of Titanium. In: Bockris, J. O. M., Conway, B. E. & White, R. E. eds.
Modern Aspects of Electrochemistry, Springer, Boston, MA, USA.
Khandegar, V. & Saroha, A. K. 2013. Electrocoagulation for the treatment of textile industry effluent — a review.

Journal of Environmental Management, 128, 949-963.

Kozma, K., Wang, M., Molina, P. 1., Martin, N. P., Feng, Z. & Nyman, M. J. D. T. 2019. The role of titanium-oxo
clusters in the sulfate process for TiO, production. Dalton Transactions, 48, 11086-11093.

Kulkarni, A. P. & Muggli, D. S. 2006. The effect of water on the acidity of TiO, and sulfated titania. Applied
Catalysis A: General, 302, 274-282.

Lee, S. H,, Jang, Y. H., Nguyen, D. D., Chang, S. W., Kim, S. C., Lee, S. M., et al. 2019. Adsorption properties of
arsenic on sulfated TiO, adsorbents. Journal of Industrial and Engineering Chemistry, 80, 444-449.

Liu, J., Alfantazi, A. & Asselin, E. 2014. Influence of cupric, ferric, and chloride on the corrosion of titanium in
sulfuric acid solutions up to 85°C. Corrosion, 70, 29-37.

Liu, J., Alfantazi, A. & Asselin, E. 2015. Effects of temperature and sulfate on the pitting corrosion of titanium in

high-temperature chloride solutions. Journal of The Electrochemical Society, 162, C189-C196.

s

Journal of Water and Wastewater Mbe s,aT EN

Vol. 34, No. 1, 2023 VP Y Ul ) oyled FF 0,00



dx.doi.org/10.22093/wwj.2022.353528.3280 bl 5 g locil Slmes

fvy

Martinez-Huitle, C. A. & Ferro, S. 2006. Electrochemical oxidation of organic pollutants for the wastewater
treatment: direct and indirect processes. Chemical Society Reviews, 35, 1324-1340.

Martinez-Huitle, C. A., Rodrigo, M. A. & Scialdone, O. E. 2018. Electrochemical Water and Wastewater
Treatment, Butterworth-Heinemann. Pub., Cambridge, MA, USA.

Moreira, F. C., Boaventura, R. A. R., Brillas, E. & Vilar, V. J .P. 2017. Electrochemical advanced oxidation
processes: a review on their application to synthetic and real wastewaters. Applied Catalysis B: Environmental,
202,217-261.

Mousset, E., Puce, M. & Pons, M. N. 2019. Advanced electro-oxidation with boron-doped diamond for

acetaminophen removal from real wastewater in a microfluidic reactor: kinetics and mass-transfer studies. Chem
Electro Chem, 6,2908-2916.

Murugananthan, M., Raju, G. B. & Prabhakar, S. 2004. Removal of sulfide, sulfate and sulfite ions by electro
coagulation. Journal of Hazardous Materials, 109, 37-44.

Oturan, M. A. & Aaron, J. J. 2014. Advanced oxidation processes in water/wastewater treatment: principles and
applications. a review. Critical Reviews in Environmental Science and Technology, 44, 2577-2641.

Oturan, N. & Oturan, M. A. 2018. Electro-Fenton Process: Background, New Developments, and Applications. In:
Martinez-Huitle, C. A., Rodrigo, M. A. & Scialdone, O. eds. Electrochemical Water and Wastewater Treatment.
Butterworth-Heinemann, 193-221.

Oturan, N., Zhou, M. & Oturan, M. A. 2010. Metomyl degradation by electro-fenton and electro-fenton-like
processes: a kinetics study of the effect of the nature and concentration of some transition metal ions as catalyst.

The Journal of Physical Chemistry A, 114, 10605-10611.
Ozbey Unal, B., Dizge, N., Karagunduz, A. & Keskinler, B. 2019. Combined electrocoagulation and

electrooxidation process in electro membrane bioreactor to improve membrane filtration effectiveness.
Bioresource Technology Reports, 7, 100237.

Padervand, M., Lichtfouse, E., Robert, D. & Wang, C. 2020. Removal of microplastics from the environment. a
review. Environmental Chemistry Letters, 18, 807-828.

Panizza, M. & Cerisola, G. 2009. Direct and mediated anodic oxidation of organic pollutants. Chemical Reviews,
109, 6541-6569.

Pirkarami, A., Olya, M. E. & Tabibian, S. 2013. Treatment of colored and real industrial effluents through
electrocoagulation using solar energy. Journal of Environmental Science and Health, Part A, 48, 1243-1252.

Pourbaix, M. 1974. Titanium. Atlas of Electrochemical Equilibria in Aqueous Solutions. 2" Ed. National Assoc. of
Corrosion Engineers, Houston, Tex, USA.

Prando, D., Brenna, A., Diamanti, M. V., Beretta, S., Bolzoni, F., Ormellese, M., et al. 2017. Corrosion of titanium:
part 1: aggressive environments and main forms of degradation. Journal of Applied Biomaterials and Functional
Materials, 15,291-302.

Journal of Water and Wastewater Ml 5 Ol dlre

Vol. 34, No. 1, 2023 VEY o) oles FF 4,00

A



dx.doi.org/10.22093/ww;j.2022.353528.3280 o o ols5 5 35T S2lS 0 Sida oy peilss LT 1S

Puhakka, E., Riihimdki, M. & Keiski, R. L. 2007. Molecular modeling approach on fouling of the plate heat
exchanger: titanium hydroxyls, silanols, and sulphates on TiO, surfaces. Heat Transfer Engineering, 28, 248-
254.

Rhimi, B., Padervand, M., Jouini, H., Ghasemi, S., Bahnemann, D. W. & Wang, C. 2022. Recent progress in NOx
photocatalytic removal: surface/interface engineering and mechanistic understanding. Journal of Environmental
Chemical Engineering, 10, 108566.

Ropero-Vega, J. L., Aldana-Pérez, A., Gomez, R. & Nifio-Gémez, M. E. 2010. Sulfated titania [TiOz/SO42']: A very
active solid acid catalyst for the esterification of free fatty acids with ethanol. Applied Catalysis A: General, 379,
24-29.

Safwat, S. M. 2020. Treatment of real printing wastewater using electrocoagulation process with titanium and zinc
electrodes. Journal of Water Process Engineering, 34, 101137.

Sillanpdd, M. & Shestakova, M. 2017a. Introduction. In: Sillanpidd, M. & Shestakova, M. eds. Electrochemical
Water Treatment Methods. Butterworth-Heinemann Pub., Cambridge, MA, USA. 1-46.

Sillanpad ,M. & Shestakova, M. 2017b. Electrochemical Water Treatment Methods. In: Sillanpdd, M. &

Shestakova, M. eds. Electrochemical Water Treatment Methods. Butterworth-Heinemann Pub., Cambridge, MA,
USA. 47-130.
Stefan, M. 1. 2018. Advanced Oxidation Processes for Water Treatment: Fundamentals and Applications, IWA

Publishing. London.
Upton, W. V. & Buswell, A. M. 1937. Titanium salts in water purification. Industrial and Engineering Chemistry,
29, 870-871.

Vaughan, J. & Alfantazi, A. 2004. The thermodynamics of titanium corrosion in acidic systems. 34" Annual

Hydrometallurgy Meeting, Banff, Alberta, Canada: Metallurgical Society (MetSoc) of the Canadian Institute of
Mining, Metallurgy and Petroleum (CIM), 593-601.

Vaughan, J. & Alfantazi, A. 2005. Corrosion of titanium and its alloys in sulfuric acid in the presence of chlorides.
Journal of The Electrochemical Society, 153(1), B6.

Vepsildinen, M. & Sillanpdd, M. 2020. Electrocoagulation in the Treatment of Industrial Waters and Wastewaters.
In: Sillanpéa, M. ed. Advanced Water Treatment: Electrochemical Methods. Elsevier, 1-78.

Yaseen, D. A. & Scholz, M. 2019. Textile dye wastewater characteristics and constituents of synthetic effluents: a
critical review. International Journal of Environmental Science and Technology, 16, 1193-1226.

Zhang, Y., Li, Z. & Asselin, E. 2016. Determination and chemical modeling of the solubility of FeSO4-7H,0 in the
Ti (SO4),— H,SO4— H,0 system. The Journal of Chemical Thermodynamics, 102, 219-227.

This work is licensed under a Creative Commons Attribution 4.0 International License

Journal of Water and Wastewater NS 5 Ol dlore

Vol. 34, No. 1, 2023 VEY Jlo ) o,les FF 00

S





