WA olo)g 3 ¢ g 0olosd (050 § St 0393 ams ) Lo (SIS 9 pole
S boad Olay 31 pain O 318 A 50 (Sl i g slax wol 4 L33

45 Hlwo OV 98 oo

H g1 b dgrme
taheriyoun@cc.iut.ac.ir
')% Soloxe Lo e

RB/F1YV: o 93y g, AYIANY edl o & ,6
oS

Lisl laomo (g3lmongd] o (alim a (i (S Sl3l8 sat¥T qlis 51 (3 g 2 0¥ oo 5| Jols g B0 g e
geime o 31 Copanl Yl a5 gloo bl 4y (s 5 Gyl Lai Sz oat ¥ ol Bl g agy i I ylod oo
5 ool Slils sl oYL slachile (g5l a5 090 a5 (gl 050l &ld 5 0315l (50Y58 slagys wdgs wT 8 (b oS Le Y58
oY g8 moizme pleand Aibadiai Clay 5l SIE I Bis jo (g5l aizd g olaall M,‘)s L_,’_J)lf bl 4 i cpl jo ail e pg S
g s 41315y a5l

ool il Gl agy g, )0 Pk E55 gl S (535 e S e (b i) il latale] (b a1 b,
Al e oaS Wixile SoS Al g oatiSaiate Sl (39,5 908 PH Jsle Jloz G (nl )0 sy 9550 Sl seie 25 o0
> DA 00)3 (g S ) Jde Ko (o) 0590 SIS 516 e (gl Canl 485 15 aalllas 3590 mhan g 0 Sy 50 &S
Lol ol Cawd 4 Jge Jelge

2 el 525,08 530 (63955 5908 5 (25 ol ke ke (55,138,536 PH e e (Lt (g3l Jas Al e s rasdly
YAV (S5 55,15) eoliil o 5o o0 S dinte dings il 4 ad o olis (5 lodings gl yo gulis ol 003; g, Bi oy
V¥ g (69955 D908 5V IVO A PH ) 1 0, S e <148 (S i8I () eaiiSaiinie SaS Cale 2 S e
sl NTU

azzdy slanil an )b 5l s e ()T, Joe clo b oS col lagtalejl (S 10 5550 b9y Gly g I S At 9 Semy

D9h oo ool p Jelse Glojen 13U g ()10 p e aliBe bl il o i (1G] 55l

1S3l At (S5 0 oS o (b Gl gy (B e Sl g3l i g Slasil i gadS sl ol

(LS Jggmne)® Olgio] cinio olEiils ol jas stige 0aSiils L oliuk)

ol olRasls 8 0aSlisls iy )zl jas g Al ol IS aiS gl iSls Y


mailto:taheriyoun@cc.iut.ac.ir

J. Env. Sci. Tech., Vol 21, No.6, August, 2019

Evaluation of Coagulation and Flocculation Process in Removal of
Heavy Metals from Chemical Wastewater of Mobarakeh Steel

Complex

Masoud Taheriyoun ™
taheriyoun@cc.iut.ac.ir

Alireza Memaripour 2

Admission Date:September 11, 2016 Date Received: November 4, 2014

Abstract

Background and Objective: Wastewater from the steel industry as one of the heavy metal pollution
sources plays an important role in environmental pollution. Therefore, the optimal treatment and
removal of these pollutants are very important to protect the environment and achieve discharge
standards. In the Mobarakeh Steel Complex, wastewater is produced during the production of
galvanized steel and tin-plated steel, containing high concentrations of ferrous and chromium metals.
In this study, the efficiency of the coagulation and flocculation process in removing these metals from
the wastewater of Mobarakeh Steel chemical treatment plant is investigated.

Method: To design the experiments, the central composite design method, which is the most common
design type in response surface methodology (RSM), is used. The variables studied in this study are
four factors of pH, inlet turbidity, coagulant and coagulant aid concentrations that each is studied at
five levels. For each of the studied metals, a regression model of removal percentage is obtained based
on the effective factors.

Findings: Results of the modeling stage shows that pH is the most effective factor on the effluent iron
concentration and inlet turbidity is the most effective factor on chromium percent removal. The
optimization results show the optimum coagulant dose (ferric chloride) 397 mg/L, coagulant aid
concentration (polyelectrolyte) 0.06 mg/L, optimum pH of 10.25 and optimum inlet turbidity of 103
NTU.

Discussion & Conclusion: RSM is an effective method in experimental design that by developing a
second-order regression model of the coagulation-flocculation process, it is possible to predict
different operating conditions and simultaneous effect of factors on the response.

Keywords: coagulation and flocculation, heavy metals, response surface method (RSM), central
composite design, optimization

1- Asisstant Professor, Department of Civil Engineering, Isfahan University of Technology, Isfahan, Iran
*(Corresponding author).
2- Department of Engineering, Kharazmi University, Tehran, Iran.


mailto:taheriyoun@cc.iut.ac.ir

v

BPS| WPPCES P -7 RGO B PN

15 Sl ol Ly a8 aisl o Lisle] ook sla s,
slapls au 5ime 90 bawgs b opdsl (5L j0de g,
Ot Aoz 510y ,8 el VA0Y Jlo o gmdss g ST
5 CBy )0 pszabio & le o0 g, (nl 5l eolaiul (Ll
S S8 ‘lmuigLo)"l Slows )Ai‘,.,..o ouals d)).la )'l a5
A1 Sgrm Sy Joe ad 5 g 5l e sl A <l
faL?u‘ uLn.J?u B ) (\(59\\‘) JJ_T a)L.J‘ R O

..\....,L“S.o ) .>)|9.o A Jolis aie Q.3| 59 0l
S Sl ls B sla sy, (WWAY) LoiS g pode Juls
R IS S U Copp ECH S I P R P S p E U S|
pod3l osliul Ly aal> S 2l 3l nnb Siows 45
30,5 gy 1y Hamml ilid g (oliandng Sl s o5 pouy
ol by (Fame 4 L Qi g, des e (LS s
Slils YU laclale ol Lol woela sy, 1530 & Cod
— {ED] POUD. TSI Y| RISV S PSRN, CH
ol lail, Charerntanyarak (1999) .(V#)asb o

Zn O @l s gola (6w Oy (gjlwaisd ¢ olas]
age PH ols s mls 09 o,y 1, Mg 3 Mn Cd
oS adiaie Hlgre 4 Sal 5l eolitul &g 40 (B> Sy
)_..Jﬁ ﬁ)erLuc Yo )l solazwl S yg0 jO g 00 /0 ).3|).3
ladasMe JoB 5 b 4 ol b o]y e Slalgw goow

AVl oo il
SoduS ainie 95 5l esliwl [EI Samrani et al (2008)
5 D9 Bi> (6l ) anllS paradll (L 5 85,08
olid s .is,S cwy» CU 4 ZN P Cr S oljls
5 D35 U e salad, I3 g5 L oS ol
Herediaetal. .(\A) 3,18 0aiiS dinie £55 90 o 50 Sluy
5 oo sl was (geaiiSadaie (5,38 50 15 (2009)
VO« sleslaiwl &jgmo yo ols lid als sl 1,8 asllas
5% yolis Clale jlas 13 VO ile 252 i 2 p)S e

doddlo

RECEW-JE CEIWRLH U - EL PO T S YW1 S B
Loyl cedw plos] s ay g s jda oee 4y
3o 5l VL polie sl o9Y98 mlio Clay (V)wigd o
asle o¥g 8 adgs ol calize Jolye y0 a5 Conl (Ko
3 9 (JUB0) Lol S0 g adgs (gilwdasS (o Sal
B9 3lg sloazly 5 pglae (65w (s TS Slles
[T (f5V5Y) Qj_m‘é_n LJ}) ‘é_ix) 9 ;)5\).)‘ élﬁ 40J.:.:‘5Jlf
A_Lo.? )‘ S99 J_i,.x 09— ¢ ypur no_{big fﬁ)—g c‘n}:.m)l_f
50 00Vl laie a4 S w il so peiw Sl o Sege
sl g,y ol Jlo jo Wigd o alid ey jlaxe
aS 5l 0939 ol dame | S SlHlE Bi> g eie
aw odx el il ez ey 4 Ol ee abex )
(\ . —A) Q}o.; O)L{:J‘ GJ[MA-:-AA}

O 3B 0 (et 3 (5o ssleansd g slaail )
cbale wsle Loy g PH dles ,bai _alisee Jalse JuS
Ol 8l ool e B 1y 018 leaily )lg5 o 0aiiS Shnie
2 Fee Jele aiz 0925 S50 0 Jglate slaialesl 5o ol
Sy dy Jslse S| S talesl Sl ugi o 50 anl Sy
45 Wgdioe aid)S L 50 Culi Do 4 Jalge plu g e
zobw g Lo Jsle susi &0 j0 u::;..[uﬂ plesl 5l IS ol
plail g ous u:‘.ll.o)'" oL Hlens olaay sloul cuels onlls oy pa5
o aalgs ol la) g ey B, o , eyl
otlesl bl sla gy (ulyd ez 5o (1F5)Y5))
Otalel ol g ol slosds 51 6 S0 e b wilsi o (DOE)
St sl ol ams (2alS gz B b 4, Lo
30 ST job an ;T o aS el LaiolesT 5l (6w
g odalivo anld (g3 gy 5o Jolo Sl liee sk

il )5 5l (S5 (RSM) ks ags, gy 0si olulis




S0 g oo polb

QA olo yg9 oo (AD 0Ll e ) Juo (55419555 g pole fA

L gy 9 dlge
Jilwg 9 3150
(V) Joaz 5o Budzs ol jo ool 050 sloolfiws ¢ Jilog

sl 00 00l QL.M;

ol 3o eoliiwl 5540 Goliwd g Jlwg ) Jouo

Tablel. Devices and equipment used in this study
Joo g o0 jlw ails 15 alwg pb
Phipps &Bird 7790 Syl
Metrohm 692 e pH
Metter AE240 Jbezs g5l
Orbeco Hellige T D359
FAAF 5000 o3l i oSt
Schot Sl il By b als

ol b asaai | Gobow ol o colaiwl 5,50 Gl
10 paiges loasl a5 L 098 maizme dgail a8 5 05lgJlE
(=095 Dl €951z S5l 090 Cluy el on
oS 5l G &5 o LSS oLS —gunnl 5 (89, (S
Slastin 08,5 o ddal (i Alfls Ojg0 4 S0
G il oo (V) Jso illas ailbasal 4y (589,9 wluay
ool 518 50 s adlllas o 90 (St 38 s 51 Jgor ol
slaol ay adss o lastel L5 odgazme ;0 09,5 g

Sy A slasaiSuinie 5,5 Liu et al. 2012)
bt Olay adar o 1) S8 Ol 5 5,855,157 S5 8
sl a5 el (S b, eolis b o 58 50
LG8 Slddguw b 5l oolaiul aigy cdls 1o X050 (o)
Cbale b S5 8y0)l5 F plp PH o 1) 08 oo A clile
cbile Ly Sy oy 5 A plp PH s 2 eSS -
(V) adylo |y vl Segun

99 5l oolawl —w,» 4 Shahzad et al. (2014)
oS l3ls Bas o adgl oLS j0gs g poll (soaiSainie
9 odcS darie o lale spH J.QLC dw ~.\.u.’>‘b)4 [P |a5)5
A silwaage 55 Foe Jalos lye 4 (S Sl Coloan
Dyl ol pog 2l p 05 Y plp age Ll ypd wloads a8 8
SerSI calon 5 718l PH o psll 12 08 e ¥
(Y28l os oo (o bor) (oo ¥ 0l

g olinl o n,8 o5l (3ubizs ol plssl 5l Bas
L aS,lee oYsb maizme 033lllE ailsasias lay gsluassd
augy il >l Joe jleolawl b iolej] 1k
Gizs ol 5o A U e ki el a8 )5 plosil «uly
S clale (S5 ,8,4,09) soS e cdale Jole L=

)_BJ ) 4_»J5l u)jdj 9 pH s(k.A_anrS.” tfb) IRCSLV-IE

Syls 13 e
Sy dny e gilwdinge ad>pe j0 a8 oud ad S
Dy (oo AT
axlllan 8590 by Glasuin -Y Jous
Table2. Studied wastewater characteristics
SOl & ads o libivw] |30 Ol ks Go3gux0 ; )
(Mg/L) o (MY/L) ol oxigl <
o JARSAR turbidity & ygaS \
7o ARREATAE COD ot 5L 5,50 (5] v
£ <\ S02 Sla gan Y
Y A=Y Fe ool e cbale \
\ “I¥-$1% Cr £, 8
" o=/ ¥ Cd poesls 4
\ “[+=Y/Y Zn S5, Y




£4 e (55l a3 g olimil wT 3 b5
Y S\-Y/f Pb Ny A
yeo < [$-0 Mg o2 e A
Y 520 s Ni Jss \
Vo YooY Ca oedS” N
b 52U s Al porinogl| VY

b b s 09,8 Egazme (g (I b pg)S paie 6 pSejlall

(V) 09 on dmlone (1851 (28 5

KPRUSAH]
Digital Direct — oKws 3l & )50 g ,=Sojlasil 1y
Metrohm cs, = <L, Reading Turbidimeter
Joallygiws U gllas 5JUT ol .l oo oolisu us gan
099y el 5o sl sads plosl o lailinl slo bg, QLS YT
Ot sleJsdos 5l oolaiwl Ly guiws ) 9aS ol o]
L LS Gl 09t (o0 0S5 sl (g 1o sl il
1y o ylslinl saiged ol Jsko (53,5 (p09; 5l gy ol
Slzd 1, Read s aaSs o3 oo 8 olKws 59,0
|y S ys Godgame dae ol S wiles o ly ] Jlade g ools
Js oiles oo Lo g 098 o0 0, dlS oSiiss s i Lo 4y
Jlas |y Read acSs g anslds olfaws (9,0 1, diges (g9l
Sl NTU Cas 515 85905 e ool 81,3 sae . quno

(V) wiS oo

Subol (>1b
M58l s by o ol o 00 (2Ll (slagiales]
a8 ol ang, o lailiwl by, 4 g Design Expert 8
Ll a8 5 plowl il e €635 10 oS o (HP
sl GhalS Lo s, plow ay Cad (S5, cnl Glol ca e
e s Ol Sl g laialesT LSS o 4 Jae  Solas
2 09y ol g adlige Laojl (655 50 b SLLI s Joe
a0, 5 s S5 5 39,5 o iy ya o iy o Jole
Bl ol (o0 535 50 5 o9 o JrygS L bt ()b
(Jole) yite Sy Sl s (Lol 503k oijlop 3 eS8
33 Sy bl 3D (oo 03ld Jue 4 p)5 Ly g 0BL (o

Jole Q‘)—""” le_.o‘ o )" C)L'S Goge bla c..\.”)bﬁ

P Aoy b S0 ,8,5,05 £ 5l oolainl 850 (gouiS adrie
c>—14.~‘c§/ s (oA S danie X fj\ ,-,)gf\

JSin o5, Jyame PERROCRYL 8723c,¥, S

ole3T s,

Syl S lo

ezl ASTM 2035 s lasll g, (olsl yr oyl 5JUT
Sloasly | Sr s s 13l 4o L alegl el o
Ol il o Sids &5 g (g lwansd colial (xg s LY
oileyl By, b plgie 4 o laitinl (5 V sla s I el
Gae 4 ol ioles] ael p el b diges .00 ,5 o oolazul
ol 3o s 4B 1 590 W LAY ey b dids g0
B50,8 oo bgliee @ ds 10 Ve Gy L addo Ve o
T oae s end g e Ginleil ol ) 5] Syl e
Ao o 5l g D5 oAbl oS5 Sl (SlSAT Sy 4B
v %0 (Flo ¥ oga Sl diged Lo 090 Glime oot &5

u..\_> uuLo)" ‘Bl;u‘ tuoA.u d.LLMJ‘D).: s_isj..w Ja.m\y «_9).‘0

(YY).))S <° )‘)5 oolaw! Syg0 L5N|

ol e 5T
b9y 3l 2l g g S molie Clale (5, S o3l cgx
ASTM - oall j5s b llae (ol i (5205285 S
2l Bges g, ol b BT sl canl oot oslizl E1812
S50 09 oold olSiws 4y g oads Jo Fare slo ol o
SrSeilail g raic wlliws vy (ool Dz a5
el o srate b g 05l 0 oSS alad angs
ol aie o gl g oo PPM o> 55 (g, cnl <80

2 Sl ;53 a oY ail o paie ] pgate caY




S0 g oo polb

QA olo yg9 s (AD 0Ll camn ) Jxo (55419550 g pole NS

o=l el Baa g e dwle licebsl a8 dposls
S5 by 4 s alse 1S p0 il ly 5l U
Uolse 51 Sy oolsT azys ol il g 56T s s
«SS) Blw o acgozme (V) Josle ;o ils,ly (DOF)
72 586 0oy o (F) las Ll ls 4 Jole o el jly Conns
Ol il g Sl 51 gl g0 (P) Bam 6y Jule
(SIN 5255 & Jus o 525 5 RO o ess
95039 S g o o3k ;S 3% (Biln cupd 35 e ol
Al oo ool 3l jo Jow Coddse e gonimslis
o Jos Sl goams (LS 5 g 4 JLSw S
az o alis ol VL polie 5 adlse J5uS BB e Lelse
o JiSKmw o (IS clo o e oo LS ) S yiien

(VO)sl oo Joud LB F 51 5V g8

Jolge 009920 (s (511 addsl (sl sl

oS Wi e Jole

Sl 5o ookl 5y5e gearSadaie b ly a5 4555 len
il o FECI3 so )0 F410V ogls b S5 3 9,05 (ool
a Jole ol ceslie oogamme (et Sz sl slagiales]
osls las (V) UK 50 g mham Jaw 4y (63959 Jele (lgie
JUPRUSCAVIUNE oK JCH T ER A VRPN T PSS IR P
5 NTU s 5 03509 @595 2 2 05 e o
ol @ arg basbe V) g8 o) Ll o5 4 pH
FO osgame 4o Jole ol Slhewss ol adsl baials;)]

O PR RN AR TR 7.9

= dole o ke i 9 (neS GeSile il 635
(Y0) wib
D5 535 o oS e (b gy o b Gtalejl Sl

N = K242K+C, () akyl,
m oo S5 bl slaws Sl Cp g else slows K YL alal o

sl
Sy el d gl gy gy 4 Gales] (b g, o
gl oo o ol oS D0 4y o ools (el 3 sla e
oy A 5 S00s b b pie dulie 05 o ey IS ol
- (V) alayly Gillas 05 a5 b ools oo (og, 0 05 ploxl

. :& (Y)A.]a.:‘)

Zmax ~Zmin /2
20 ate ol e L1 (pite 00baS e Ki o] o a8

gLmax 5 i Lol so)s o yaiie pSle lia

ior Sy ol 503k ol 5 YU S a5 4 Zmim

sl
ol ylg 5IUT

Logtalasl 5l (mtion Las aScnl o @ Galojl (>ib 5o
ol 3BT gl Lols laebl gl 51l wed go plaxil
Lo ools (85 g (s0S gy 4 aS Conl 6)LJ S laibiwl g,
Sypm ol 1y ole o 30 Gog Jld e (e g Ao
O ygme d Sledlbl Ll (g cnl 5o aled oo gy S5



M

e 5w Az g Slinl wiuT 8 b3,

b
(=]

w
(=)

20

turbidity (NTU)
=

o

0 200 400
CoagulantDose (mg/l)

600 800 1000

ouiaS vz 399 cwlo 009URD (yuaR > Uj‘ ‘SLDWLA))T @Lu—\ J&w

Figure 1. Results of primary tests to find the appropriate range of coagulant dose
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Figure 2. Results of primary tests to find the appropriate range of dose of coagulant aid

$979 )99 Jole

Jole Ol s 03wl ol Cluy i Cole 0 azgi b
8 s 290 sl im0 Sloj o5l S )0 (6999 D j5aS
o=l Ol s o3l o] Gty gl @ az g b g 4 S
ol ool a8 5 a5y NTU Y- b f. 039z 4o Jele
olyod a4y Gl (pl )0 gy 390 Jole Yoz (V) Jgax 5o

sl 00 o0l ul.w.: &)m h_)‘).n..\.’.} Lgo)L:

PH Jole
o gy5 pLan 0 Ol PH it e05um0 o5 ] )
T g0 & a5 0 Al anhaas (g jludisd ¢ olinl asly
L Jole cnl sl 51 9590 Sls 03l w0g i o0 od 5 2k
A5, VYO B D sodgazma ;o Sl PH &l @ asgs

] 00 d.d)f




S0 g oo polb

QA olo yg9 s (AD 05l camn ) Juxo (55419550 g pole oy

Lo 5T ol s 030 5 iulo3 59 o 485 1155 5 Jolge -F Jguur
Table 2. Assumed factors in the experiment and their range of variations
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Table 4. Designed experiments and relevant responses based on central composite design method
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Table 5. Results of analysis of variance of effluent iron concentration and percent removal of Chromium

4 JUSw s _ . - . .
o (ol g il | (Sl ) g oy
ry .. . . o =Sl g p-value F-Value Jow
Adeq ) e ) o T (S Prob>F
. (Pred R-Squared) | (Adj R-Squared) | (R-Squared)
(Precision
- l e
VY/ATA </Y-44 «AAY'F </AYVY <4/ \ YY/ra ‘;,afl
<z
..\.4)0
YYIAAD ACER <AY-v -/1aY#4 <./ \ ARTAR: RS
£9S

IS as asls oy9e bz 5l sl Sasly b

el 55 4 bgpye Jao Jlag Jlaiol (slofogas (F) S5 0
0dd oolo 5Ll pg,S e Bd> )3 g (2, Q.:J clale

Normal Plot of Residuals Normal Plot of Residuals

1Pt Echware

o
odpal Fe

~\

Normal % Probabiity
Normal % Probabllity

780 140 oac

Inmemally Sludentized Residuais Internally Studentized Residuals

(2 Caomw)pg S (390 B a0 g (Cawly o) o> 9 5 ubT cdale Fmwl Jboy Jloso! jloges - o
Figure 3. Normal probability diagram of response of effluent iron concentration (right) and percent removal of
chromium (left)
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Figure 4. Response perturbation diagram: response of effluent iron concentration (right) and percent removal of
chromium (left)
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Figure 5. Two dimentional contours of the response of chromium percent removal (a. B&D b. A&C)
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Figure 6. Two dimentional contours of the response of effluent iron concentration (a. B&D b. A&C)
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Table 6. Selected scenario for optimization of coagulation flocculation process
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Table 7. Proposed optimized case based on the selected scenario
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