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The Role of Reversibility in Flocculation
Process of Heavy Metals in the Estuarine Zone
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Abstract

Once the flocculation process was discovered in estuaries,
there was a significant modification in calculation of dissolved
metal load from rivers entering sea and other saline water
environments. It was learnt that due to mixing of fresh and
saline water in an estuarine zone, a significant amount of heavy
metals flocculate and settle in the estuarine zone. In the present
research, the flocculation process of heavy metals in Shafarud
River is investigated in estuarine mixing with the Caspian Sea
water. Results indicated that that Cd, Cr, Co and Ni lose their
initial load by 86, 74, 62 and 52 percent, respectively.
Furthermore, an wupdated method, considered as an
achievement to this research, was used to simulate the
estuarine metal load. It showed for the first time that
flocculation process could be a reversible process. In other
words, due to continuous chemical and physical changes of the
estuary environment, flocs of metals might return to dissolved
phase.

Keywords: Pollution

Flocculation.

Load, Heavy Metals, Estuary,

Received: April 6, 2018
Accepted: October 19, 2018

VAN log ) ol o3 b JUo
Volume 15, No. 1, Spring 2019 (IR-WRR)
VoY¥-

\FY

3
§

«
o
£
| ‘
&

2 o 1318 (s 4150 53 (8 byl 31y i

rds}':“’ ‘S"L')‘..“’ 9 é}v‘;“’l-!)s L-D;."M d u—d)&o QJ.C

SR
SES b S cean > (Gloasd wnld b gl &S 1 e
ot @ly )3 el dg2g 4y polie Jloro )l dplns 096 1> sailas
<l 3 polis jl(wags JB Gist 98 b o jped Ol LIS 31 )5 a5
Ol 3 Bgd oo el cuan baze )3 g okl )3 B S g0y (e
L pasebe 29)lad w39 uas )3 (Silesid AT )y b B
Lo B g FY MY A iy a4 S5 g LS epg S uuedls ljls oS
Cod | Cuan a3 )3 Cpywd g yo ol bWS! Sl 31y 595 adgl b |
Ao )3 > (hy) & (g G5 cl e (slad sl i e
it 4 313 L5 )l oyl sl e ) 38 opll il
S plhe s s 4 Sl 3L K5 oo placulS il 3

2355k Jolowo 16 4y 5 W9 )15
S odsd ¢S Sllb came o 539l b i gutlS Olals

AVNY callin il g
AVIVIVY wdllie ol gl

1- Graduate Faculty of Environmental Engineering, University of Tehran,
Tehran, Iran.

2- Associate Professor, Graduate Faculty of Environmental Engineering,
University of Tehran, Tehran. Iran. Email: akarbassi@ut.ac.ir

3- M.Sc. Graduate of Coastal Engineering, Department of Environmental
Engineering, college of Environmental, University of Tehran, Tehran, Iran.

*- Corresponding Author

Yoy

g Lo i 09,5 Ol ulio [l 5 s Lamo cundie (655> 5oy -
Ol ol ¢ wiige g (B (g0aSiisly

2Ol 30 SN (wdige 5 (8 (6 0D Wy Lo cwige 095 Ll =Y
e 09)5 (ol (al)S Cumj b i 4| lid)lS aigel Sl Y
Ol oD s e (JuoST Muans (g0aSul oy jlayxe

Jsfes ol —

ool p LI WA liasls (LL b dlde ol 5590 5> (Discussion) o )bl 5 ¢y


mailto:akarbassi@ut.ac.ir

3T 55 5 51 3 Lol il o sty (glito (slans)53) al> o
oS 2y wlel (pl p Gl (g0 0 Jglis Mol 4 pladl
53 odal Cowts polie b (s)9 yo) dlpo y2 53 ol Cands polio
Sl laclile ggoome jl 3555 ST oAb o0 amlie J3 ol
(cshod o ylaio) jlade ool 51 5 Jolyo (sleclalé ggoome 392 i3
> po ol )3 0 4 paie Clale plgis 4 0xlonBly g Ad o S
oyl ggecme | yiSasS e pl dxsliy g cutS (o
iS5 o b Al o pl (sileaisd Gl Sl sao ke 35 S
Olipe (o35 3 jpsiae g B> 5yl @)l dlie oyl I Sua
O3S 33 F38Y (035 405 53 5 e Ailad > Cljls e

Al y9d Ol (glalamo 4y wliag, Sl S I3 (6399 5L

S5 Ry Y
lod > (gjload 11 (Giludnd aiej &5 Slidos e
FaoSgd gy p (e Cunl oad plosl p3 ] amd w3 bcuas
oS &350, 5l cladlate 15 i O diges &5 i ol 4 .l
e e 4 294 0 4 Ml 4Bl Dy Ol dgm Sl
28l 42305 g e o 3985 Jlainl & (oo 13 595 Ol wiges
g s by Al sl Lged 93 b e D9 o0 4S
e (Sojd (Silodnnd jolte 4y D9 e b g S +/VY
alizeo glacuns b poleST (o3lad J315 a1 9 5 (e Ol Aiged
aasd el gy can wels YF cusdS )l w ol e Js!
pslsST o Bl diged 5 0nd 03] o (gladid abo L ladiges
9y A i udy D9diee (yiagySee +/VY) sk alSl
bty Sl )3 ) basd ol slapld Wgd oo zor boyilid
oAb o3l g8 St el e B g LSS S5
el £ 3900 CubIE 3l Ly d9us so 48L5] ] 4 (Extra Pure)
(031 ol ig) 035 e MelS” o] (59 (sloaisd g o ylid
S SopulS sl g jhaie O by 1y layis J31 mlo .ol
e & ke V0395 b 3 il (e VIO 9 VIO Cos 4y Jlo
bl o 03lol 1CP 6lSd b 30UT (gl Iadigas 39i8T osilusy so
cuas by )3 e jolie (1845 Glie (3T jglate &
» gl psasd e g albdg, Ol 3 yole afyl clile
S ol dog BB dgdoe s gt il slagsygd
s Ty wliagy e o bS] it 4y a5ty
2R Olsy e &) Sygo ol 4 Mes ame 3 by
295 polis CBIE 50d Ol sl b 3)55 51 5l g 09, Ol Calo
Ji5] o (gms dlo o o a8 puolic dali b T g 00l ialS |,

dodko —)

i ol ol b oy raildgy 1 (yeSis il Sl )y e
3Lad g3 g iy oo oo 5 oy & ljlh ol ol o
d9bie ol Gy ke (lp gir llS (o as o
ol ldlo o cawl S5 LLs (Pillay and Pillay, 2013)
1b s baslssg, g b il oy ¥T b 3jsl s (gl 0dd aseta
dged h3d 35 |y cuae wilad p clild qa sasd anls
byd o ol &S sd oo Incane L(Karbassi et al., 2013)
oxl 1y (Pritchard, 1967) 40 o bglsce a5l3g, o s ol L
P &S dad o &y ilwdisd pb 4 slesd Wl go S LIS
Jsboe 56 5 S0 I3l ]t B ol Sl (00 o 5
(Karbassi et al., 2015) 555 ‘piied cume ailad )3 500 7,5
O il (o dflge (3b5 > U (gileasd anlp clple
S o JiS 1) ol aile yod O (slalass 5 lailig) oy
uao &lad ) yolie b wsd oy (Karbassi et al., 2008)
e Wil S il ang BB jolie oS 35 e sl
Glisde Al 5 oligS Cungons > 4 &S poradl 5 (59 oy
S ok omen g bo Gy lame (59 (#lgolh g e b
©ygot byd 4 3959 5l B )l (ol lapiunnss] cedlo
.(Forstner and Wittmann, 1983) xs (bl aid

@Yo )8 b dal) 53l gaw > (b Slalllas (65T
35 o Bles a5 Cunl odds plowl i il Gls > lacuas
Ol PH St bl Soogmn (sinolS )lub b
gl clald Gl (loj Sl ()98 Sy (Jglore ()8
locas > (iloasd Lol (uS93) Jamsliy 3l g (pSiw I3l8
Zhiging et al., 1987; Biati et al., 2010;) cusl odg

Shamkhali et al., 2012; Karbassi et al, 2013;
.(Saedi et al., 2013; Karbassi and Marefat, 2017

sleinlefl (K58 iload > Jb @ b & olapten
s 50 &S Wilodgy 45eS py Wilaid )3 5118 edlaiwl 590 (g 5lwaisd
198 Ol b ilie (clacms b 1 o0 il 6535, o wy,lsST
2y bz sdsd Ly 00,8 o balswe Lo (soud pilid
P d 38 Jo by 655 0 pglaen losld 3, m)lsST
S0 9 Bayglice 50 oo Sygoay 1y lbasd il (595
oS ol ol 2 028 Gtale] Glgy ! 5 -3l )8 (6 Sl
Bacee 135 oSt (laisd ST (o oo S (g jloisd
o el polie elbedale 5| s 1151 ei > Jslowe el 4y

VAN Hlaa o) o lowd (o3 35k Jlw ¢yl 1] O pilio Ol
Volume 15, No. 1, Spring 2019 (IR-WRR)

AIAA



St 52 51085 Joe 3 (xS polie CBE Sl
(Aads 03,950 Cawd §3 yr &S) &ilBdgy Ul g byd o Ol LM
o3latwl & Jadn 13,5 oo pbsl cums jd a5 os (gilwand o

P cwl S Y OT G &S A, ol ol o SYFD
Uyd Gl yid oo VOB g o sy y (bl Ly Byl G 990
13,5 bglie MalS 8,1 ol lyginmn b3yl S apim V* 6y9eh oS
Ol 6ygd g ydiden Vore 4 35 (90 Ol w2 i ol &

il Gl S 0 &

2 03y e 465 0l il 093 Al po —

Lol dibe Vorr sl o (sl b Bk (Lol o5
el ol il Wer gl alsyo 359 im0 &g
B+ i 4y 5 (e Yor Sy 093l il oo Yo v B ¥) i
by balgy jlodlital b ey Siaia /0 5098 b ol e
bglseo Ol pr )3 y5 ol 2l o YYV (139381 b oS 5 dalxs
oy Siis ) 4 ol s g ke FYVY @ o35 (90

Dydie Ll 55l pgw Al yo -

b ol e PYYY ol o8 (il b Bk Lol o35 |
2 by o e Wee pod aloyo 339 San ) s
ool b vty (S e ) s b o sl e OIYY 2gis 4 g
Lo 595 Ol e ¥o 29381 b o8 b asdie (3L, Ll 5|
5 Rdshe OFYA & o3 )0 gl ol o (Lol e &
2 oS cusl o)Ll LB b (Il S V0 4 ol s
oyl alols sy dls e 1 el VF yioloj] s yo

oS5 talofl olpe 00 cod b LSS L O b i ol
T plsl (el ilejl ploml )l dus 5> 4903 VY ggamme 5 5 05
(JOBINYVON model JY 138 olKuws b K polic cdale
51 e pSojll ds 5l liseb) (gly el vty ICP ULTRACE)
woled sl 655 ojlul cdy a eolatwl a5 dald sladiges
oesuie ¥ Jode 0 bacldale 4 oliel .ad sdalin jo)yd & il
ol inlejl pbol Jb dw jd clale W Sibe ¢ Jods dluel) ansb o

(bl + /oY 5l a8 jlae Gl ool linlojl ples 3

b b @ b @l ) eal cay g lpl b
J(Zhiqing et al., 1987) 395 (sjlw;b

odlitwl )90 (gilwaisd clayislejl 3 b a4 b aS olagiumw
G phacadS y (gilwasd & canl opl p 5,8 Llas S 13
Al e g Jobe cdls 4 bbasee 3,8 LSt lasd 51
Cawl ol QT o ol onis oolasiwl gy cpl 5l ez opl o Ll
pl 4 k5L o Sy (g jlwdisd o 15l e o) Jloinl &S
@ apliy 05 (9 Sy odd S plaaisd &5 e
00,8 Joloee s a4y 0,bg0 Ailgn My (g ydas slag)gh
33,550 s gyt (o) )3 41 365 pro 5 29, Ol 0gMay
el &b g 39 e o8 ol Jslowe polis Clale on g
09 2 el b g Blee Spgody o (oad JSts s )
T 4 5 ol il b ol b il I il oe 3L ol

3,5 bl

YYOYVER" 5 Jobo ¥A%EYY" Clasewe glyls &S By s pb &
SllasMe 4 oo cpl &5 conl ] 13,5 bl gy paiges
ly o o )3 3585 Sl by o O a5 ol (glaieSs oLl i
aog> 531 Jobo yieslS OO 34 lads aildagy cuwl S5 LS )l
Fo VO U ailbg) cligg bl g gy yioghS Y0+ 3 i ol oyl
opl il e puiio o YU </ 319 VD o] uSibe (18,5 g odm,
2 Sl 9oyl anl Jlo )3 caSe e e VAY/D K153,

ol 04 (538031l 45l 53 oo o VEY ‘_’j lalasd

Gl g olo cytaghs ¥ 5Ly Ol wiged Gl an 5
Al 5 e O dges a8 e Slaie 03,5 by bl b
eldlps (o0 YVOYY'W! o Job FAONVEF" 055 ey

!

sl Yool s pliS w3 > O diges 511l gl
)9 95w +[¥0 s 5l AlBlas jskay plaS e g WS Clildy
(2Bl gle Gy Al oylad i 13938) b s A5 0200
oS i plogl e oyl 4 Jos cpl sy VA & pliS a pH
STy Sl b 4 g 305 GiBgio b Joloxe (> (gjlwasd aul
NO 5 NS (slapl & iy ) (gladied Byyls 90 wgad 93
e oRilojl 4 oliwyd loy U Byl cpl b 0ol 48

VAN Hlaa o) o lowd (o3 35k Jlw ¢yl 1] O pilio Ol
Volume 15, No. 1, Spring 2019 (IR-WRR)

\OF



Tablel — Mixing method for seawater and river water in flocculation experiment
St (ialojl 3 oty 9 y98 O BIS plonil (g, - Jgo

Initial water Added sea

Step salinity Created water Removed water
amount water
ppt mL
River water 0.14 6745 - - -
1™ step 0.5 6745 255 7000 1100
2" step 1 5900 327 6227 1100
3" step 1.5 5127 301 5428 1100
4% step 2 4328 207 4598 1100
5" step 2.75 3498 362 3860 1100
Residual solution 2.75 2760 - - -
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Table 2- Heavy metals concentration in simulation of the estuary
oo (§jlwannd Slalojl 53 i GI318 il Y Jgoa

Parameter salinity Cr Cd Co Ni V.OW.T ASW sample
ppt ppb mL
Sea Water 10 62 99 3 93
River Water 0.14 619 567 645 642 6745 0 0
Start of Exp#1 0.5 599 550 622 622 7000 255 0
End of Exp#1 0.5 162 81 205 241 5900 0 1100-
Start of Exp#2 1 157 82 194 233 6227 327 0
End of Exp#2 1 139 82 205 255 5127 0 1100-
Start of Exp#3 15 135 83 194 246 5428 301 0
End of Exp#3 15 147 80 200 262 4328 0 1100-
Start of Exp#4 2 142 81 188 252 4598 270 0
End of Exp#4 2 146 82 195 266 3498 0 1100-
Start of Exp#5 2.75 138 84 177 250 3860 362 0
End of exp#5 2.75 133 80 184 267 2760 0 1100-

V.0.W.T = volume of water in tank
A.S.W = added sea water
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Table 3- Modified table for Chrome concentration in estuary simulation experiment
o (g5l riglojl )3 09,5 juolis ClAlE b 55l Jga —Y Jgua

Natural flocculation of Chrome
parameter | S |TDS|Eh|Do| Cr[V.0O.W.T|A.S.W/|sample| Scr| Fcr [ Pcr [fer
UNIT ppt | ppm | mV [mg/l| ppb mL mg % | ppb
Sea Water 10 62
River Water | 0.14| 221 [-62]|7.6|619| 6745 0 0
Start of Exp#1| 0.5 | 576 [-83[ 7.9{599| 7000 255 0 [4.19
End of Exp#1| 0.5 | 577 |-63| 7.2|162 5900 0 1100- |1.13| 3.06|72.9%)| 437
Start of Exp#2| 1 |1044(-86(7.1|157| 6227 327 0 [0.98
End of Exp#2| 1 |1096|-89|6.4|139| 5127 0 1100- 10.87| 0.11|11.3%| 18
Start of Exp#3| 1.5 |1519(-90( 6.7 |135| 5428 301 0 0.73
End of Exp#3| 1.5 |1508|-93|6.9|147| 4328 0 1100- 10.80(-0.07] -9.1%]| -12
Start of Exp#4| 2 |1984(-90(6.5]|142| 4598 270 0 0.65
End of Exp#4| 2 |1961|-93|6.9|146| 3498 0 1100- |0.67]-0.02| -2.8%| -4
Start of Exp#5| 2.75(2640(-90| 6.3|138| 3860 362 0 |0.53
End of exp#5 | 2.75(2660(-94| 6.5|133| 2760 0 1100- |0.51| 0.02| 3.7%| 5]|total floc
Total 1515 -5500 3.10 443] 74.05%
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Table 4- Modified table for Cobalt concentration in estuary simulation experiment
o (6 jlwrdmmnd ilojl )3 CILS CBIE o (g5l Joao —F Jga

Natural flocculation of Cobalt

parameter | S |TDS[Eh| Do Co[V.0.W.T|A.S.W[sample[ Sco | Feo [ Peo | fco
Units ppt | ppm | mV | mg/l| ppb mL mg % | ppb
Sea Water 10 3
River Water | 0.14 | 221 |-62| 7.6 |645| 6745 0 0
Start of Exp#1| 0.5 | 576 |-83| 7.91622| 7000 255 0 4.35
End of Exp#l1 | 0.5 | 577 |-63| 7.2|205| 5900 0 1100- | 1.44] 2.92|67.0% | 417
Start of Exp#2| 1 |1044]-86| 7.1|194| 6227 327 0 1.21
End of Exp#2| 1 |1096|-89| 6.4 205 5127 0 1100- | 1.28(-0.07| -5.5% | -11
Start of Exp#3| 1.5 |1519]-90] 6.7 |194| 5428 301 0 1.05
End of Exp#3| 1.5 [1508]-93| 6.9|200| 4328 0 1100- | 1.09(-0.03| -3.2% | -6
Start of Exp#4| 2 |1984]-90| 6.5|188| 4598 270 0 [0.87
End of Exp#4 | 2 |1961]|-93| 6.9|195| 3498 0 1100- | 0.90(-0.03| -3.5% | -7
Start of Exp#5| 2.75(2640(-90| 6.3 177 3860 362 0 0.68
End of exp#5 | 2.75|2660(-94| 6.5|184| 2760 0 1100- | 0.71(-0.03| -4.0% | -7 |total floc
Total 1515 | -5500 2.76 386] 62.13%
cobalt table graph
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Fig. 2- concentration of flocculated Co at different salinity levels
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Table 5- Modified table for Cadmium concentration in estuary simulation experiment
o (65l o3l )3 prodls A 0l (g5lwjl g -0 Joua

Natural flocculation of Cadmium
parameter | S |TDS|Eh| Do|Cd|V.0.W.T|A.S.W/|sample| Scd | Fcd| Pcd | fer
Units ppt | ppm [ mV [ mg/l| ppb mL mg % | ppb
Sea Water 10 99
River Water | 0.14| 221 |-62( 7.6 |567| 6745 0 0
Start of Exp#1| 0.5 | 576 [-83| 7.9|550( 7000 255 0 |3.85
End of Exp#1 | 0.5 | 577 [-63| 7.2| 81| 5900 0 1100- [ 0.57|3.28| 85.3% | 469
Start of Exp#2| 1 [1044(-86|7.1| 82| 6227 327 0 [051
End of Exp#2| 1 |1096(-89|6.4| 82| 5127 0 1100- [0.51]0.00] -0.1% | O
Start of Exp#3| 1.5 [1519|-90| 6.7 | 83 | 5428 301 0 |[045
End of Exp#3 | 1.5 |1508(-93|6.9| 80 | 4328 0 1100- [0.43]0.02] 35% | 3
Start of Exp#4| 2 [1984|-90|6.5| 81| 4598 270 0 [037
End of Exp#4 | 2 |1961(-93|6.9| 82| 3498 0 1100- {0.38]0.00| -1.1% | -1
Start of Exp#b| 2.75|2640(-90( 6.3| 84 | 3860 362 0 [0.32
End of exp#5 | 2.75]12660(-94| 6.5| 80 | 2760 0 1100- [0.31]0.01] 4.3% | 4 [total floc
Total 1515 | -5500 3.31 475( 86.29%
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Fig. 3- Concentration of flocculated Cd at different salinity levels
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Table6- Modified table for Nickel concentration in estuary simulation experiment
o (§3lurdemd Gialojl )3 USG5 Gl s (65lwrl Jgaa —F Jga

Natural flocculation of Nickel
parameter | S [TDS|Eh]| Do| Ni [V.O.W.T|A.S.W/|sample| Sni | Fni [ Pni | fni
Units ppt | ppm | mV | mg/l| ppb mL mg % | ppb
Sea Water 10 93
River Water | 0.14 | 221 |-62| 7.6 |642| 6745 0 0
Start of Exp#1| 0.5 | 576 [-83] 7.9|622 7000 255 0 |4.35
End of Exp#l | 0.5 | 577 |-63| 7.2 {241] 5900 0 1100- |11.69| 2.67 | 61.3% | 381
Start of Exp#2| 1 |1044|-86|7.1|233| 6227 327 0 1.45 0
End of Exp#2| 1 |1096(-89 6.4 [255| 5127 0 1100- [1.59]-0.14| -9.3% | -22
Start of Exp#3| 1.5 |1519(-90( 6.7 | 246 5428 301 0 1.34 0
End of Exp#3| 1.5 |1508|-93| 6.9|262| 4328 0 1100- | 1.42|-0.09| -6.5% | -16
Start of Exp#4| 2 [1984(-90( 6.5|252| 4598 270 0 1.16 0
End of Exp#4 | 2 |1961|-93]|6.9|266| 3498 0 1100- [ 1.22]|-0.06| -5.5% | -14
Start of Exp#5| 2.75]2640|-90( 6.3 [250] 3860 362 0 |0.96 0
End of exp#5 | 2.75]2660|-94( 6.5 (267| 2760 0 1100- | 1.03|-0.07| -6.9% | -17 | total floc
Total 1515 | -5500 231 312] 50.18%
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Fig. 4- concentration of flocculated Ni at different salinity levels
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