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Abstract

Water scarcity has driven the widespread adoption
of Reverse Osmosis (RO) membrane processes for
water purification. In reverse osmosis plants,
water is pressurized and passes through a semi-
permeable membrane and the impurities are
separated and the pure water is generated.
However, the formation of mineral scale on the
membrane surface significantly reduces the
technology's efficiency, shortens membrane
lifespan, and increases operational costs. Silica, a
common water impurity, precipitates due to the
polymerization of silicic acid. Since silica scale
removal is challenging and often requires strong,
environmentally harmful chemical cleaners,
preventing its formation is crucial. Preventive
strategies include membrane surface modification,
adjusting the pH and temperature of the feed water
to increase silica solubility, reducing the
concentration of other contributing minerals, pre-
treating feed water to lower silica concentration,
and using appropriate antiscalants to inhibit silica
polymerization. This review article examines the
latest operational research to compile practical
solutions for experts managing reverse 0Smosis
water treatment facilities.

Keywords: Water Treatment, Membrane
Separation, Reverse Osmosis, Silica Scaling,
Antiscalant.

$290 dlio

3 S i ygkioa Slles b sigy » (590

Ol duiai usly 30 wadw Sligay j9y
omoly 8 Tololie sl byl S gyl asdul b yeS
T
O yiske (5,9l g ple olRiils ( ard (pwaige caSiils JLsbiwl -
Oln e steige

Ol Q8T MGT (i S gyl ol gl oS5 <Y
k.esfandiari@mazust.ac.ir : Jes! « gt 0dimm gt

VECEY) 8 il o b
VECF BT ool
VECF/ V0 o pdy ol

ol Sl 5 O ezl ©

L PR W S

@

jol plas loanlp O 0geS lotlly 4 azg b
L g o0 o La:u_.aJl:}lj 9 oJJS Jyves |5‘)5<u.,,.§ slec )’| )Li..é
G:‘)IS Loe C.L:.M.v » u_:] )0 Og>g0 C)Lo‘ Cgm J_.im.: ‘Jl>u.1|
Iy bagie g o5 | Lid abe yoo ol gals 1) g,0ld oyl
)3'1 5 “,j C)Lc‘ u‘)’@‘) )“ ‘UMLM A2 0 uw‘}.el
Bl a5 ol 51055 o Ogany Sl (gl pods
9 69 lerd laoatgd aiejls g lpdo ueliw Slgw,
Coy JS 5l S S el Caslae ol pae
al, 5 i sl ol ccwl jloye5 5 oYL Coenl 51 eods
)‘ ool 9 w...l.....u clale w.mlf ‘5‘)9 59,9
s, Kal, (Sllee oBass 5l d9mg0 laidgh op,5]
abal gasly (lulid )5 Lawgs colaiwl gl conlio Sllos

355518 ez 3590 (sSae jewsl g, 4 O
(San jousl o olié gilulom (Ol ahal igunds leds


https://www.jwwse.ir/article_233925.html
mailto:k.esfandiari@mazust.ac.ir

O g (5 Lol bye5
I

e G2l g Sllos (slodnjo 10 o52radpo San b a5 (See
S 4 Sy azpn QLA s @ply el g ol 28y jae
(Zhangetal., 2022) 54 o S35 3 Slguy JoSid ;o (ga> alai
ol (Slalie v (59) 2 00 bl pgas e Sligus alox |

5 el DS 5ol (Slu S Sliges ks @ o0 posSre
ol ol 5 w2k (endS Slgas 12) (Slgs Sligs; b
9 ke ‘r“Bﬁ-‘:t-“ﬁﬂ ‘Q—“T SS9y pla) (638 slaauSy o
ol 0505 0Ll S Dland g onndS 2,38 e g (550
Sy o oyl osims K85 Lol el e bl Sligus,
gy L s (59 2 @Dlol ploo il 9 PH oo Ll g (29 >
2 pom e Slagasy 3l (Fp JSi Ll 5l (pdaled ) S aiS e
s 1y TPH 5 Lyl edims S5 Ul itk (glocalé g
slael (S ) yo (Saltworks Technologies Inc, 2018) aas
O Gy Plodl (e oaims lits Sligws ol (53, 2 00y aiidgs
Oy o o 4y el 5 (il o5 oo o) O o g
ey Ol 0310 LS85 gloygy 5 Sy o il Jiho «liges, ol
gy balaly o (Jle Glpea il (A 2 oS e cnm )
139 e il Gy Pl e ST ((CACO3) S iy S
9051 5Vl SlaPH 53 Cgmy cnl g0 5 e S Jua PNV L ol
YIV o iy 3l ey ondlS 9 S glagygy il a8l o

doddo -

Cds 5 Sl glaclad (sl (55550 prte S0 Glyieas ]
anol> 3l Gl Jlo ,0 392g0pl byl oo Lot piawsS]
Sl b cad8l Ol s g Comozr @ e oy Jdods Sl
6L@w5) ‘9)0"‘ )‘ R PR W c\.’>|9./a u—l 09...05 9 ‘;%ﬂ 44[550
lié sleanlp ohsn Ol (aa) Glocn b cilise
OBl 5l 393 a1y (Slsl 8 azgi cpusSae el (e
5 550 ol by Ol dlex 5l Bjlae e wlio 51 O ajhas
Ohyh ol olad abal 1o al 0dged pd Sl 1) O
Ol 5l e ioml HLad 5l it (65Lad ol b o ugSane ol
lagg 5 Jolows olge dapallsl 5055 900 gl Seas slie S
4 e dad ol 5l O e a5 ol 4 azgi b 0 o o T
g ofee wi s Lie cuny 0 99290 B lads
2 Ml gy JS5 Langs stz S BB jobar pliad (slas gl
Rolf et al., 2022; Tong et al., ) s¢ o Sguone Lid xhaw (53,
Ep el pogdle Lad v (59 » el e b JuSi5 (2019
Ol 09 oo Lid (gguiiucds dduile 5 00l (634l pp Slilas Jdoay

b dalys LS5 sl i o5 e YIO
2550 120
s ko
CasoO, SiOz
Ca* S0 SiO2 pH
751 1799 120 <10
15 6.17 132 1.0 9.6
el 2059390 |l SLs S| el Ol g [ gyl T T g e | 000 S g
CaF; CaCoO; SrSO, | Al(OH); | Mg(OH),
Ca** pH F | Ca** pH CO* | Sr* SO& | AP pH | mg* pH
| 73 2. 73 25 25 37 63 69 0.37 >3 4.0 >10
20 24 245 143 143
el i b kS PGl | AT deTyh | e Ty
Caz;(PO,),| BaCO; | BaSO, | Fe(OH);  Mn(OH),
Ca** pH PO | Ba** pH CO* | Ba* SOZ% | Fe* pH | Mn* pH
| 7.8 >5 122 17- >8 73 14 1.0 | 0.75 >3 20 >3

(Saltworks Technologies Inc, 2018) weSkao jow! GLiné (55, 0 ligusy 15l Juseis dasf i —) S

aS cwwl Si—0 —Si 6L‘°“\‘.5’$“? JRNPIRW JAL-» (\ u»;_;ﬂg)
Park etal., ) 555 oo (HyS104) Sl a5 4 ponie
(2020

x.Si0,(Solids) + 2H,0

b ol )3 35zge Ul izl 5l (S e

94 i pShee £0 B G (il 50 Ygane oS 00y
Tongetal., 2017; Park ) s,ls 3925 3,50l b Jliwy S & 50
DPlosl 51 xeebs sl o 95750 ek (et al., 2020
Pl Lol 2551y T o Cawoty Jome olge 5 b S

VoD 5l ) o ko (a3l Jlu

IAY

Ml g O (it 9 pole 4 pii



&l aiai sty 33 udw Slgwy 3952 3 (635 S yoliio & Flloe b bgy 3 (559
NS

b 5l b 013 ol Lo a5 (Makrides et al., 1980
ISIRI 7919 s Jastiasl b Slage b [iSly b aS) sloe
JSa5 4 e ol Gl Sgdie il ded i JB
oy plo 5 by dejed) ey ke
O yhad L) odolS Lubew (Tardy, 1982) Swilowan!
o e Sl k) (6318 (oSl 5 (it b y2egil

(¥ JS2) 0500 (] 5 poainsl]

OH OH OH

odual 35 iy STy uadew a5 Jolore Sucdiwanu!

oS Sley b aS o0g cars i)l lha awl U 0gd o0
G yegige o > asl Vgada ¥ 51 a8 o cile
clale a5 K (Sheikholeslami and Tan, 1999) wils o
Segise Osewlnocly abulodr Gl 65l 0gm,
Milne et al., 2014; ) (Y JS5) 8 pdy o0 &0 Slosls JSCis

OH

n

OH OH OH
[ VWS PUWRR VIV 3090

OH

& yords adanw

(Park et al., 2020) Sl ! ygaml 3 youls =¥ S

Ogel 33 youdy ] b O3l u;i‘jm a= 51 (et al., 2024
b gy (ol il Glgrea Secdiwan!
Mi and Elimelech, 2013; Xie and Gray, ) ool sadoloiin

Gl San 3 69315 s stias Jlol b (2017

09950 ool (Slanns )0 i (KBS 595 )0 (cate GRS
.(Milne et al., 2014; Semiat et al., 2003) L !

Jsboee yualew
HSiO4 ack

O esaéylf e

e Sl )3 d9zee mlew chile oS la

Vgane) Gukons Sl 50 51 o ugSine ol (slaaly
Tongetal.,) oz odgaome pH ;o 2 1 S o Voo -VA-
shole ooy S olend STy e (2017, ller, 1979
2 35790 (COOH) JouS5 S (sloog,S 9 (SI-OH) Jsidbow
@t (Siy0u Ngm S 4 e i mhaw (9,
SUN) o9l oo Lis whaw (59, p SlSehwgise w5 HKeal

oLié pdan

(Park et al., 2020) Lié zhaw 9 59 werdoww Sligus y JuSulid Yl glgil -Y S

3 ezl oy laaxly ()] )0 Lid o (59) » el Sliges,
B Gangez 5 (o) 3 90 aaldl )3 aS LS iy sl Sl
xS S S be, gl (ol o I pFo s (S o
5 ot ol slad maw gy n ek o) S9n

Boes Lad grhaw ) Guheos Sligs, B3 a8l 4 a5 b

5 (Zhang et al., 2022) ooy  Sow e lan g Corw o
posel 5eli) (698 aleerd gloostysd I oolinul aiejli
Seylame s llr b (wlgisld (55,00 5 wlgislé e
3 Lol 5 oS coul 2 130 ((Amijad, 2016) el )3
a5 Jlozml a8 GugSinn ol (39, 42 ol il slavly

Vo0 5l ) o les (o3l Jlo

Ml g O (it 9 pole 4 5



O g (5 Lol bye5
|

ol glos 5 PH oalsts b ualons (ol Dol Liglisl L
ol 39 09250 Dl plo (20l (s glons gy U5
5 4k Gy Sloan] b sk I Jalone urdew lile tals
I ocailes @y colie laoVISLl Tl solin
Sligesy U5 ly 0 (S95T 5 ek Oselirocdy
2l g drng grio slool adal slapiuew ;o wdew
Loyl 5 Sy 5585 oy s dalol 4 aS” (ller, 1979) wiloas

b salys alol

e L e
(el

slie daw Olusgas s Ll Tong et al. (2017)
5 03,5 win |y b S g, (liee 5 esSae e
L b sloodins sgs 5l slay lyls slalag a5 wolslas
L b ks SotisT (PEM il il e o) oo
o Sligasy LS Al 4 pmie g 005 Dl ) ik
Soims S5 5l gV b lalic aF ol Il ol s oo
g8 1y bl PAA ol S ST o) i o b (el
JIses g9o90 (nl WS oo (25 iy 2oy S5 5l g 00903
Loyors Woyers dososige Joli ok (sladiss Lito b
Do 33 0 JS2) Cenl (5 pmely urbons sl i 5 Lo JSC5,55
shls zshw a5 wolsyyles Rathinam et al. (2019) (L.,
NH2) ool (slaog 5 ol (255 b (i L b ke sloog
=55 9 (CHs) Joa (COOH) JouS'32 )5 (OH) JouS g o0
And o Dde a0 (55168 bles glyls dagyT

OH OH
Si e no—:!.y—o_na—s‘—o—
(hio L Gy) b b

Sie SieS:io
+ + + «:)+ - f'+

BT

DT i\ ogu,

P TN T o)

o Ul 5 g g, ¥

3 3gzge sode slaatily o BT 5l ealial b ragh ool 5
el Gpsal iixe slaglpsl g S (oYl JJB
$9) 2 ok Slbga ) JSKE5 b agzlge )0 09290 slo, Sl
Slagrine )0 sdoo &l weSae el slalid mhaw
argi dyse 3l Jlo O a4 baye ale ple a8 SO )50
Fsord el pine (ygie 4 T LS 0 5 48518 gty
el 0ad gl ele Sl e JWHI g Sye lp p
g oaid blod  hogame sele ol Clil jo izpe
50 oyl a4 sliztal YL slass ol e lel g coaS

Johieds opdleas ool anals JIE e o ol gl
Silica" a5 sasie soudS 55lg 5l cele gie (Gozas
Chemistry of Silica Scale" ."Formation Mechanism
Mechanisms of Action for Silica Scale " ."Formation
M'Prevention Strategies for Silica Scaling" ."Prevention
o "Effect of Surface Charges on Silica Scale Formation"
Types of Antiscalant Chemicals for Silica Scale "
O Sgmim> yelateds el sal eolanwl "Prevention
A pgeye ez laygise  pedle ale
syl 4 jeme slacoles 5l www.scholar.google.com

5 Wwww.scispace.com  cole e e Ubed

S odoolazwl

ook Sbgw y JuSld 51 (6 a5 ey s, ely ¥

(_;:.‘a.w )l.g C)Lo‘ )..-.E.: TR 6L2)L§o|) ‘J.,..>| o ¢ Gio

oH @) OH
g—o_ Si  Ho—si—oH
& (o 4gf) &

s s€sC
WM

| i b |
\U adts

(Tong et al., 2017) b (61505 Cgu y it Lid oxbans 4l il —F JsCis

2 OH) JeuS'5)002 5 (COOH) JouS 52,5 sl s i s
Slres 352 50nl b (® JSE) w55 0 Lid mhaw (g,
ol g0t alie oyl waw S5y 2 oeakow Slogw, 59

cblie Jx (weSon jewl lapiaaws o colaiul 550
L ele slaog,5 5l (CA) sk Sliwl 3 PA) sounal L

el 5l o) o lends (a3l Jl

oL g f (cwtigeo 3 pole 4 50



Ol aiai gbasly 33 (rlow Slgay 3952 31 (625 i yobino 4 Slkos W s9) 2 53950
I

SlaS 5 b Y sl SSartgy slagids
S92 9 (091 plp )3 Cenglie alEl B b 3 (315w
3 0h94) lae gl ild laan T 5o (silulax o Slae
argiogs g @iy olyea (ol s ol ada
§ esliiad b jenelS (glacglolisle cpl sl azd 513
Py S by Gilopngal b S slaty,
hoslanal by )bl Slase 51 CEM) (oag; (S9!
BICIP I I R SR PIEIT SIS S JOE S R S]
S35 SOS T il 5 (S5 p St (5 NS g
hw @ bl (S Gliee e 5| (EDS) S0l 5
He etal., 2016; Ziemann et al., ) &,.5 o ;1,8 obj,l 9,90

2024; Yang et al., 2022; Hu et al., 2023; Mahdavi and
.(Rahimi, 2018

OH OH OH OH OH OH

‘s),huluhu

T

—f

Mi (2013 Lowsi oasplonl gl sy poboly il popdle
P98 LSS eR g 929 b ol oud ain @and Elimelech
boanslie ;o 3lobe clinl glalis mhw b ulew ©l)8
JoIsar Sas o((G59,0n slanisn Jdoa) sansl ly slaled
Sl glalee b awslie o sowel L slolic lgenl mlaw
g, JuSis ool (Mi and Elimelech, 2010) (s3/olw
Wl iy gl slalid mhaw 59) 2 (mabew
eVl clile jea> 0 a5 05 pSamt e Gl
959 2 53 syl lo 33 gy b g G Lol
sheslanal oolinul 590 slalid Jooxi olsi 5 (25,5 Slay 5
o lledar ¢ mlio 4055 Wl oo s gk Sl slalas
Loy Lié gl ool b 5o oade,lal o)lse popdle

ol Slge b (hseelS la sl sbul 5 (20 ibe

b 153

COOH

(Mi and Elimelech, 2013) Sebw wliwl g ‘SMT‘:b sblis c.la.».v P Oe3g0 ‘;.olc ‘slaos)f -0

e 3l AU Slige) JSA5 L canl (S S5 YL PH
5ol ol e 55 5 pgeiagll ol aiile (538 slogys 5
Jr=S sl @l PH Gl jslaieas o9 o sy 5,00l
Ba> sl conlie apdal S Slaptcs 5l adiw Slign,
Subramani et al., ) ¢ eolitwl 5315 slasyg g ol B
Vb Glesily b oS ol (598 )3 ciged (lgieay (2011
B ol pH Ll 6l p moow 0w g 0w &, 5 5| (HERO™)
g oo 00laiwl RO axls a5 )] 59,9 51 (s V)=V + o0game
sk crl o plas vy e oSlee ln Grizen
B> jelatady (gilup i Juld Ol dbial i ooy golass
oslds B lp s wnl b Se Jobs ol st
9 (S demSTed a4 ool el B o sl (53lus ol
Sgdge odliiul Jolowo ()8 9pnSligs Bis gl 58

(Y s

ol Glos g pH puliss —Y-Y
et lp (Fato lidie o Ll LB slao S0, 5l (S0
Y glacdile jpa 0 Clay @5 2all 5 pinpn 3, Slos
PH Ol ol SThez PH oS c639)9 Shom )0 e
ok Sy 51 6 S ol 4 oo Wl 0 S0 99 5 ST95
ol i GIFF JSE o a5 ebilen 595 Lid gy,
s sl W I 4 mie PH il
@ Wlg o YU PH jo wsSoe jewsl Sldes | abanlss
Ogeliyorh 5l 6 S ol 5 Slay by )3 el uile S
Lunevich et al., 2017; Tong et al., 2017; ) 545 ,oxie ol
ol o pl pogdle (Kherfan, 2014; Loganathan et al., 2015
I oS3l Sligwy F3e ssboas Wlice etz PH (YL
Wezgonl b .(Park etal., 2020) wles J S 1) Iyogm, ol,d 4

VoD 5l ) o los (a3l Jlu

Ml g O (it 9 pole 4 5



O g (5 Lol bye5
|

(@

o+

(2 5 o5 seo) S iy il

[\ Ve Vo Y-
(o185 Bla 4z 50) Leo

Yo

Y.

G oS o) (s iy Ol

(il
-
s
-
%
-
Y ¥ ¢ A \ \Y

pH

(Park et al., 2020) L ;56 (o g PH 15T (W ¢ diw Sbgury p Glloe Gl ol )by il -5 Jso

Co,

NaOH

hm———d O

- | ! -
u-“": v ‘ ws‘“,:wJ— i

#3390 0L

) ;3‘ oL

~.-'l~.

(Park et al., 2020) HERO™) YU sloaily b wgSzo jownl (5 59bd (gl jloges -V Jsi

DLl a5 cel o)Ll 4y p3Y 35S S ol (e 2 p S ke
g5 e blos SISl 45 az g3 b PH pekiss (6l canslin 03500
2150 d5zse el b il g 35250 dial i slaasls
Sy eeys0 (O (s el 050 (5355 o>

2385 ssbilen (ke 6 pdy Pl Lo 3 i 5|
ol il Lo ial3il cog o onnlive omF S
i Dol a5 el Iy ol sl ol yais B yg0] purkis
oSe abal; Lo b 5 009: 29, cpl DS (5318 slalSede
3575 s 45 ool Cogan > iS5 5] S5 (Amjad, 2016) 5l
Sud g bo 8l el sl cessa alKile)l mbs
slaasly 13 S1yes O sles padats Sae ks (6 S g
5 odzm ) «SzsS e 5 bawgie Gubiie ol ahas
OBl 5l oolatwl 1 g 09y aalgs 059 3,1 Dl g aiajls
g daly Jaiza é Soe slaasly i o Lo pulass

ol 30 992 g0 !l als -Y-Y
Ny oo 8L w63 slegg el (SNl sl
Al ol g Jalomal (638 SISk Sliges 5o 4 i
& (VA ) Scdowannl pKa a4 Soop slapH o
otk ol o8 5 Sk glagsy oo ol 50 45 w0
4 e g ools STy ()b wix 3l slags b wslys o
Gabelich et) wed Jelool 538 sloclSidlw wguw, LSS
) ol g 4 e slage L LU s @l 2005

4z poe bogogyy ol PH ield (i Sb o
Park etal., 2020) el of yos SASlons 3057 4 Snmoplonsiip
WS 53 g b Ggelnyeh Sy ol 4 e oS
Wang ) s oo Las el (59, 2 ko Sy o525 208
S PH 5 LesSas jaul olié sloamls 5,5, (etal., 2017
s el (5,5 gy (LS 4y e Wl oo izt el
Dg o a9 el s O

Ol YU o a5 pH oogaze b L1 o 99250 zulis Sy
2 PH ol el 5l (o9l j9a> 30 g bl oy (Slaptanw
Ol Gial38l g ek Dby LS5 2alS 40 e Y B0 0dg05xe
(2013) lawsgs saalice ol (Alazmietal., 2020) o salg> s9dgs
oy 72 Y b plppH jo a8 cunloads 158 5.5 Kempter etal.
s odalie GYsb oy CbdS 5l s o

5 YL lapH o ek Slgas; ST il 4z 5
iy Mol a5l Ldsas YU cpH o) el iglie (ymsly
L sl rorky o 5 alS sy ol slapH o 5
slaoxly 35800 drogi (IS (BB S lpea 352 acnl
(ol Vb polie ol o] b agzlse o Sldee
OV BV o) YU polie o b 1) 609,9 of PH Sl 2
Oz 0 dinled pdais (F/O LY Jlie 610) oyl olin o g
oz ol U Gulis gy oS3 5l Gl o o lapH

Verr B P Sm) (2o ol o gl ddl iy

VoD 5l ) o ko (a3l Jlu

Ml g O (i 9 pole 4 5



&l aiai sty 33 udw Slgwy 3952 3 (635 S yoliio & Flloe b bgy 3 (559
NS

3525 o)) 5 o O] ST 0 aS i 5 peedS
2 o Sligaoy 590 Jloim! malS 4y yorie wilgh co caijlo
255 RO sl s (5,

bl gt (6 i 31 00| —F ¥

4 ey 8l ol il G 05205 5 slasg; alox ]
(orlond Slanil (oS Gl by, comabew b lacdile
Park et ) Cewl gl 2lidgil | gmasl 2ldl gl 5 (o 5loaisd
Lg oo wdz ol (0,505 aul,é (., 2020
ol 9 ol yge miite dmSgne b pendS olo)S
a5 onimieie wadalnl Sl ool a5 coul o
S Sl S 51 G b 032 1 o e S g 00 15
LS5 (Li et al., 2020; Sheikholeslami and Tan, 1999) <.l
Jsle PH 4 (0,50 5 any 18 a5 col Coal 3l iS5 )
Ly b B3> 6l canlie PH 5 aals  Siw
S R R T L PRSP UL UC DR VO PYR WY
sl Slge 43433l o2 (Sheikholeslami et al., 2001)
Gi> 4y wlg oo (NaALOY) ayow Sliegll Sola ol
P GBI L eSSl S S g, cnl A G
FSE izep g (oornlS (S 50 kS Gg) (oo ke
Sl G Bl v 4 e sprinegl] Sy e
(Al-Rehaili, 2003) 35

ololy e Bd>oleend Sl () e
95 5 peegll 0ol b Ol )0 sgzgn Gl SVl Jad
4 oS ps sl Gazee s anl nl &5 0,8 e &5
Wb oo il Y 10 B OO osguze ;o PH o 5 ol atsly pH
S5 @ ki Bi> a1 8 A S (Latour et al., 2016)
Ao Lz (b 4T e o ol |y oleewts olasl anl )
O VLl g Cgmy )3 D)5 Goldl 15 b (il S (i
35S o0 Dygo o)

63 slasas

|

log ! Hpa> &5 Sl oad (aiin dmjie 5 el
S5 o5 pogign aboms poeitions gy 2 6515555 propdle
Sheikholeslami and ) oS’ co Jugens 35 1) (60595 ki
Haidari et al. (2022) 45" el Jl>,o ! .(Zhou, 2000
JoSis 5l oiylosl olge 3o,3 pae Ll o aS wolslas
e g peedS (3B dix Glapg jeax pas g o)
Sl 50 e 5 2VL Glac Bl U Wl oo (lid s
2 0 pen G eSS YA ) (25
and dalol Bldae 4y Lid (5 p 303445

2925 45 0391 ;503 53 5l 50 (8] 5 poiedll slags:
99 ks Sliges) S0 2 i Wl o (7,5 Sy 2 g
poll sloslatul b olonds olinl g, 5las asl s o ¢ Jlio olgicay
03liiwl RO axlg ar o 0955 51 s (Al(SO4)3 gyl lagu)
L gedas 55, 2 (ALSIZOS(OH)E) o s1S” Sligus, St w9
ol aseine oy (Gabelich et al., 2005) o4y walys  faiore
3 et glacile ;3 ol g pgiagll Slagg Glojen s9a &S
oS skl o (> RO @ 63909 o o 2 p oS hes o100
Sl o Slae w5 o 55 08l gl 0o | S b e
(Al-Ahmad et al., 2000) S axlge 2l b 1) RO qiupns

ol ;o NaCl 5ol b lawgie polie jga> b LLS,I o
Lunevich (2016) ¥ L plu pH ;o 3 ((Yge ) sgum clale)
adsl Jlaie 5l Gl gy Pl a5 Wisls oyLes et al.
b 5 05 len AF-AY 50 b 20y 05 La 1Y+ 1Y
OBk Slga, S5 b wgzsonl b cdbaslss als
oS ) i barr slaosslS ol s mae
S D ygeds prdes G5 sl 5 meeosll ol e st
Dy PAE 4 e 9 00,5 Joo Lid mhaw g ki o Blo
(Sdger o plypied Lgh oo Lid mha (595 p Gl
4 59955 Pl 0l jo 2ol plos jpi> (L8l a5 Cesl (azeiie
Seog eyara byl ehsa RO lavsly

+
(9] ‘::' Sy ,0en
QG el
wi>
FLETS L
gy 5o ol 8 L

Sloyd a YLl

o
=4 ;..«‘ oualew g9l Sliges,
L.

(Park et al., 2020) (g Luouwsis SUixl o5y 4y (o B> (133 A iy —A S

o0 g o) o ko a3l Jlw

Yo

Ml g O (i 9 pole 4 5



O g (5 Lol bye5
|

o 3l Silye samie 95 Ol 5l (oS b2 S e Lag
Sano and ) g plosl (F) b (¥) Laly, ol pouicogl b pal
Bio jolaiedy Wlgh o Cpized g, cpl (Yamaguchi, 2019
o939 2 SThg> o (s )0 ks 5 welS Slogs (oo
390 w3l (el 9 el 5l (VL Cdile (s RO woly o

(A JSK8) 0,5 )18 solaul

Mg(HCO5), + 3H,Si0,
— MgSi;0,(0H), + 6H,0 ™

+2€0,
Ca?* + H,Si0, + 20H™ — CaSiO; + 3H,0 )
2Ca?* + 5Mg?* + 8H,Si05 + 140H"
- 2Ca0 — 5Mg0 — 8Si0, %)
— H,0 + 14H,0

Yoo

9.

A

Y. b
Pe 6

A °

¥. ° o
v o .

Y.

(L) Si> g5

1. .

+ o0

Soaisls b Jifelo o3 ol (slunixd s, 2

GBI Gl 4 e e ) ElSlE Jslme 4 sl
gz JE Ggmaliiyodly 5 0l D3 BLBI 1 Scdiasind
Jelxe ¢ 453, ! L (Sugita et al., 2003; Liu et al., 2019)
39790 (ks (Slgioma g o0ld JSb yom gLl Jglono 4 gl 398
9 0).5 o)lu\J‘ ).Ja.u u‘)é Slaseiw ‘U""B) U"‘ B 'AJL'&SC’ u..,.:olf UT B
Park et ) S oo et |y Gk B3> 755 o] mhans clans
3oslatul 5 (pwadoline 13 g 5l eslaul ool pogdle (al., 2020
Fhe S elj 0dnz wods D)3 gilelas (gl pmablize lowe S
)Lo..i)d.g u“-'-l-'-‘“ B> 6‘,} Lg)l.md.od A..JT)S Ogaf 6‘)3 d)i;p
049y 4 WlgS oo ks Bi> 2 (Chinetal., 2006) o1 o
oy Sy e laoy 5 b Wz s slagests

[+]
1]
L L ] L]
M
® o
© pi e
T g ) 14

(so7) b >

(Sano and Yamaguchi, 2019) awgw wisTy3 Job ;0 diwmms piSI1 ladio 51 b & yguods 51 Bio oyl o -4 S

L)) J.‘S.w.'f )| od.a)L))L 0‘}6 ML) L‘bui )‘ ‘5‘.‘5): L 9 o.&,..fad...ﬂf
Seighnd e o ol ol Slighad aly oS 5 ol bisee
Sl Sigand e b omelsy olbsles (ATMP) o
Slye 3 (HEDP) dnd Sidginsd (53 Juil (ouSg 000 (DTPMP)
M“S"'L’)Sitslb)""l’)"bd}‘“b O‘}AJ&L&&\JIy@OMOAS‘)J
b b ayord 5 b g alilgdalisilses clojarksS ligilyes
Zhang et al., ) ol (Jso o p)5) Yolooe BV efoee JoSUgo
5 Sshud LSS 5 e SIS 5T 6)9,el (2022
gy 3l xS lr e b SehSn S slaud
Chaussemier etal., ) wladl drwgs oS Sldgus g puudS” Sl 5
&b &y o 4z S1.2015; Reiss et al., 2020; Yin et al., 2022

Zhang et al. (2022) lawg 4855 00 idgh pb Sldlas

gy S 5l oai lo3h dlge lejar jgia a5 Canl ol oolo i

2 e Al Gy e ol eslal olys o
R K ol b ol il clale
69359 2 STys3 3l Guloms el Bl (sl 2 (S gl
ool 51T 5l Ghp Bl 4yt Wl oo 45 il oo Loty
Yang and Li, 2007; Park etal., ) 545 &1 ;0 99590 (3uSolS
s 3] 03l 45 sl Copan] 35l 435 oyl 53,2016
@ e Wlg oo (aSelS Gurdens Bl popdle o Sgaul 2l
oSl colas jo s s RO & 485 O 090 als’
(Park et al., 2020) 54 oI pH L

cwlio wY&wl‘s.uT 3l oolaw! —0-Y
S5 5 575 et sl ool 90 5 (oot Sl
Slge wognsy JoSi5 5l oaiylosl Slge Jols Wil o pgms e Slgm,

Vo0 5l ) o ke (a3l Jlus

Mo g O (owsigen 5 pole 4 pid



&l aiai sty 33 udw Slgwy 3952 3 (635 S yoliio & Flloe b bgy 3 (559

) Sl Sy 3 i S s

(v (i
HZN%VO]L”NHQ ’L V‘]\
n

el 63 JoSudS il Sl (@ 3 1 J9sadS (ol by (I —‘ s
ol lale sloos S 5

4o 095 asllas ,o Neofotistou and Demadis (2004)

sloosiyloil laicas PAMAM  (glayos,ais o)l 9,50
S B SIS eais S ol Glasp) 5 slp ke
ke gl sy Sloosiloil plgrear bpecdy 3 Shoe
Lol o)l (K jou 000 )0 S92 g0 gunaslls 4 Cabay
SIS PAMAM oy s cilies 6laaisS oy b izt
oeal Sl sloos,S 5 (COOH) JiSse,S bl sloes,S
csiwel SLL sloeg S slyls (sl pas jais a5 wslsLis «(NH2)
5510 s Sligesy Bl 53 (604 Sl (S 55l05k 0, Sles
<L19) PAMAM ol 5l ades g oaims iles o)) IS
Il bl cute xS a5 cal (el sl S

ol gl LG sloos S oo n

HN
Hif o~
K HN {
; NH,
o N »ﬂ X P
\ 1 r /}k s} =
~ K S 7 A
Nt M |
ot \ NH —
N AN \ L e, SO
S Y g
{v ~ ) 7 ““ﬁb ay
N N Oy ANH i "“ i
T ¢ w/go r 5
\

b \ —wf,\,
N ot J s )M ¥>=

) HN 0 \ \/Nr‘
/
HN ” N N l\ ,KJ\[ Q\
i I ‘
A~.f >~ o \\/H\/\L‘N"/N\/‘N(‘
~ i N
| N ™~
\(,"‘ Fit,
s G N
g ¢ W™
1 bv:-(‘\ NH;
Shi, N~

“NH,

Sligasy JoSid oldl 31955 4y Eacly wogu; 0aiiSoasSTyy Slge g
09 9 G 3205 (koo YO ) gl (WL il 52030 el
L adolss (ol 05 aBlal L) (g95)9 ©f PH edas a8
Silgs 5 el DS i) gm0 Slogas b duslie o Jlon!
dopl Bygel Cople s @y bowe Guedow Sl (oS
Mt 58 il
o 3 L Gl laca¥ISul 2l Yao et al. (2023)
SVl 5T a5 wislsLis g 00,5 syt |y Sslie Lol
s Gl o) Giopes sbeoninS Looad e
5 OV JS8) caol el slaog,5 sl aS ualise
PO S SORVP S PONCEL £ KVS P PP INCIEN L W s
4 2B gise b 55 2 (PAMAM (ol ol Ly
POl yocdy 51 6 555l
S el JsS Gl el (Jsge oz Ll 5o
JS Ol s 4 S (6 e (o oS5 51 (Sl
aS ws,S ol Yao et al. (2023) .cuildS oles 4y 045 )
S5 yaen slaog S st ol 5l oLl sloeg S 55
Sl (520 33 S 5ST 58,55 lien Yot

(Ol pogdle it Sl

(e (0

0 NH_o NH
I g R

HNT

(Demadis, 2008) PAMAM-2 (s s PAMAM-1 (1 comol il sloogyS b cmal gommal sly (1o pa yais 1) JSo

2 Ok 6)*-'1-' (S yosly 03355 8 (G (el DS 5 g el
M—AS)J U"‘ )_\oay-c .\))L..\f‘s‘o w:l:...u [ aed) )| éw)la)b \))S.LQ.C
uJ.JI )...L:.s oduS AW slge b syl slaonis o_x.Slf
J S Gm $lr i 55 Olsea 3 (DTPA) ol
Deo et al., ) cuwl a3 3 1 3 a> 950,90 (udows g, JouSiS

(2024

Sl a5 wisls las Kaneda et al. (2023) Ll e (o

503 1 OY US5) gansl g ol (Jole (log 5 sol> (el
Sloslocin & JUal b g 03,56 xS sl Guekew o990 Sladiss
SRSt e Slgmy JS85 5 oadogde Sl
o 1 S5k o Shee dgupe a5 axiboyly oyl oS
chile 5 2bogien e Jdoa b @ Wigi el doyerdy Loy
Shiogisn DS plojen jpax Sl @il el LS5 Jse

el 5l o) o lends (a3l Jl

Ml g O (it 9 pole 4 5



O g (5 Lol bye5

SIIFIT STy s gt oyl 85 o
Ly cov PVP) cpods,w Jegsh s (PEOX)
Ol Sl 30 293 Sl o Sles wlie oalKaulesl
31 Sw,ls 5L 4= 51.(2010; Neofotistou and Demadis, 2004
st‘o uT 3O Og>g0 C)‘Lo‘ ).‘L..u G A u‘-‘-l-‘-“’ ulag.u) 392
s (Mol SoeS h 92 genl b el (6 i (Souzmn
2 s Sligan ) JuSCi5 51 6 5 ol slil) jo 1y (Y game
Diles,S asl,l s 51 elsl 51 VL slaclale ol slacs]
S92 g0 Lg)b.d QYBM )’| L55J"~’ omou’t..lLaJ \ de.?
Ba b aS o0g Madlopn pine B oS aes awgs oaliades
W ‘QT Gilw iy s slrazly lulis IS & e u.blf"
3 diged wiz L imghy cpl jo aS cwl S5 4 a5Y Lol
u.)L?L»." &S Cl R 9 OMUL:J ).:o..\.w asbll A_JY}.a.?LA
@ azgi b cwlio (Brae 599 9 Jypaze b )l ol (ol
18 g eaS Canlg> 0 axly 4 (89,9 o] Slet Slasine
51 09,5 ol 00S palbloasS ades b lulid I b & pie

S !

ael 09,5 @

390 Nigw g Suilinly il adle e

ool 035 ©

ol Jolge P

Sl a Smalwianl (ol (0 30 51 (g el VY S

shole sloog 5 5ol (s yanly HLSLus 595 32 T Sl JsSIge
(Kaneda et al., 2023) ouwsl/ Ll

sl Sl STy el GgT (sl jady (blie B)b 5o

(PAS) sl S L] Ly § PMA) sl Setlle L «(PAA)
JeeS50)5 sloog 5 el e L L ol (slaog 5" slls a5
DSy Jdoas e (SOsH) Sigélsw 9 (COOH)
Q‘ﬁ";‘b ‘&M“.J.wwl )é .)9}94 S|-OH 6[.:305; Ls ub.x.o
JBo Gl e e elow (gmlin yeddy slaonsjlasl

Loyl oladiun 9 b Sligun s 51 (635 St (8132 el (6505 GGV ISl (5T 51 (B30 =) Jgor

B a0 0990 oo clile SSlos ) : . .
Jgeazxe pH ) _ ) _ Jyaze pb ) pb o3l &8
(e 2 o5 o) (5 2 055 ko)
H=7. .
Vel — Ay Ve o8 @ p30°C?’ v PC-510t Permatreat® NALCO (ECOLAB)
Velh = 9/A 0-Y Sl GENESYS GENESYS International Ltd.
216 — S a—Y gl cdale Wl YALY 4000 VITEC™ AVISTA technologies
A\ FoY (<Y (@ 30°C) v- MSI 310 | Hypersperse™ General Electric
Yid /0 Yoo 9002 MAXTREAT® Chemtex Speciality Ltd.
Y/ YO -Y Y. 5000 ACUMER™ DOW

Lid s (595 2 madens Sliges 595 5l 3T sl (gl Soe
3 Gt slacdale glils (69459 STy a5l aylpi o
9 S5 o bl a8 cel cgaas il Joloe i 51 gl
(rgSan ol Ol dhai axly (sl 398 slay, 5l S5 L
S Sllos slacosgaze 5 (539)5 o5 Of sla S 4
Josz ol aalgs aloul axly lolis IS s oluly g asils
s B3 (gl S sl 56 s 5 ol 5l (gl ¥
oS 90 A Jga ol aes oo gl 1) pmie slaasly (o
Slbsy 5 o P 2l akaiGin » e slosbs)
ol Vb slacbile cod RO asly o Shee (e
ool oa il (Seoe aliSie oy, A 50 9 SIS

S5 4zl 9 g ge ¥

S5 ) 8 e alisee sla gy 5590 addllae (ol 5o
Ble jope wlalpy (S 1E ) p0 90 edw g,
Sl &S 09d o (6 S A iz ARG e (Slalllas
ol pH kil i L L ole sloog S (ol cnlio slis
6‘).:) ‘S:LJS Lx (\°/A L: f JL.A d“).:) ng‘ odjdot.o )é 609)9
B> 05294 (699,9 o._)T O 09> C)Lo‘ Gi> (VYL Ye JL.A
cbile gals ol go,Se 5 @b 5l mwie 5 peelS slags
wy&u‘u’_uT 0‘9.0 )I oéLa...w‘ 9 Q&o.n 6@&3)4.5 U""'l""‘“
slgisy o dlex el UL laeg)S L jloasls

6o ey o) o ko a3l Jlw

Mo g O (oo 5 pole 4 piid



&l aiai sty 33 udw Slgwy 3952 3 (635 S yoliio & Flloe b bgy 3 (559
NS

Sxwo Buslg jo wdw Bis> b 5,9LS 3 glaods Y Jguo

N., Perrot, H., Ledion, J., Cheap-Charpentier, H., and
Horner, O., (2015) “State of art of natural inhibitors of

calcium carbonate
Desalination,

scaling. A

review article”,
47-55,

https://doi.org/10.1016/j.desal.2014.10.014.

Chin, C.-J.M., Chen, P.-W., and Wang, L.-J. (2006),
“Removal of nanoparticles from CMP wastewater by
magnetic seeding aggregation”, Chemosphere, 63,

1809-1813,

https://doi.org/10.1016/j.chemosphere.2005.09.035.

Demadis, K.D. (2008), Silica scale inhibition relevant to

desalination technologies:

progress and

recent

developments, Nova Science Publishers, Inc., New

York, ISBN: 978-1-60456-567-6.

Deo, P., Simon, M., Akhade, P., Abramo, G.P., Young,
K.L. and Mehta, S.C., Dow Global Technologies
LLC, Rohmand Haas Co., (2024), “Inhibition of silica
scale using a chelating agent blended with acid and
alkylene oxide derived polymer dispersants”, U.S.
Patent 12,146,099, Washington, DC: U.S. Patent and

Trademark Office.

Gabekich, C.J., Chen, W.R., Yun, T.l., and Coffey, B.M.,
(2005), “The role of dissolved aluminum in silica
chemistry for membrane processes”, Desalination,

180,

307-319,

https://doi.org/10.1016/j.desal.2005.02.009.

Haidari, A., Witkamp, G.J., and Heijman, S., (2022),
“High silica concentration in RO concentrate”, Water

Resources and

Industry,

217, 100171,

https://doi.org/10.1016/j.wri.2022.100171.

He, M., Gao, K., Zhou, L., Jiao, Z., Wu, M., Cao, J., You,
X.,Cai, Z., Su, Y., and Jiang, Z., (2016), “Zwitterionic

materials  for
construction”,

antifouling membrane

Acta Biomaterialia, 40, 142-152,

surface

https://doi.org/10.1016/j.actbio.2016.03.038.

ol % Clasie 63953 53y G, s Siwlaz b, $2988 lgie 35599,
ioslwlas>  2o5L - Leowds o Odgi =
3 PL bt o2 oy oS 05,5 L1 L ascgm, | sibony
7.5 i ol gl lls s PH (S S culow il - o ' o
M=V ) oL pH - RO ol o PH e 5 5518 bt
VO B Ver g Vee 5l diws ials - e gLl Ll g8 asliid B - O 2oz | ae OIS pasd | 5,38 Cgussy
Sl p Sk Doy adgl e Sloogeas - elesl Lylys jo e ] Ahal i
islalaz a3l - 3335 ks (1 oolial B - gl Gl (5Ll oL P ol
A ) e sLad (50,5 e - )l glalad b $99)9
Aes See 658 Sl lacn;; o e byl plo b Jolas AT 55008 (532 b s JobS o Jobs
/\/&U/\:%pH— u..._.l.....:L;'zJa...au»
il 23k - S S saisT L JBl Sliesll Jo placilr 55, 2 | b 03
18- 5 e Ju
PARTE VAL (A ST Ty N W GooF Ol Bde S8 - O gl yody 51 (65 e
IVO G B slulaz posl - VS T 5 sl (8l o lgi = | gy B3 mams Syl b | 1
A=>-lg O
W G- PH esgamme ] 15 oo @i ol igliél | o PH ealans 27
Sl P Bio gl adas g @ LS ) ces RO
TAD g jlulas 25l - ’ =9 ol ENERRYREN
; oYl il
f/b L'-' \c pH 405..\;;: -
' } . Ogeli oy Sy 2018 2 PH ks e
igjllaz 03l - ok 050m 5 50 elS ] o5eioes
o
745 & AF W—L‘“ [ 9
Chaussemier, M., Pourmohtasham, E., Gelus, D., Pecoul, ol , LBl -0

Cole ula eghas hen lalpl I e cpl e
o Gomien s sl Té,.o WWW.scispace.com
sl 00l solazwl o_:l.xan.,o c:lg.o

&=y -F

Al-Ahmad, M., Aleem, F.A., Mutiri, A., and Ubaisy, A.,
(2000), “Biofuoling in RO membrane systems Part 1:
Fundamentals and control”, Desalination, 132, 173-
179, https://doi.org/10.1016/S0011-9164(00)00146-
6.

Al-Rehaili, AM. (2003), “Comparative chemical
clarification for silica removal from RO groundwater
feed”, Desalination, 159, 21-31,
https://doi.org/10.1016/S0011-9164(03)90042-7.

Alazmi, R., Alazemi, M., Alanezi, A.A., and Alhazza, A.,
(2020), “Effect of silica fouling on RO membranes
used for the desalination of Kuwait brackish water”,
Desalination and Water Treatment, 204, 33-39,
https://doi.org/10.5004/dwt.2020.26246.

Amjad, Z., (2016), “Maleic acid-based copolymers as
silica scale control agents for aqueous systems”,
International Journal of Corrosion and Scale
Inhibition, 5, 1-11, http://dx.doi.org/10.17675/2305-
6894-2016-5-1-1.

Amjad, Z., and Zuhl, R., (2010), “The role of water
chemistry on preventing silica fouling in industrial
water systems”, In CORROSION 2010, (pp. 1-14),
Association for Materials Protection and Performance,
https://doi.org/10.5006/C2010-10048.

o0 g o) o ko a3l Jlw

¥

Mo g O (oo 5 pole 4 piid


https://doi.org/10.1016/S0011-9164(00)00146-6
https://doi.org/10.1016/S0011-9164(00)00146-6
https://doi.org/10.1016/S0011-9164(03)90042-7
https://doi.org/10.5004/dwt.2020.26246
http://dx.doi.org/10.17675/2305-6894-2016-5-1-1
http://dx.doi.org/10.17675/2305-6894-2016-5-1-1
https://doi.org/10.5006/C2010-10048
https://doi.org/10.1016/j.desal.2014.10.014
https://doi.org/10.1016/j.chemosphere.2005.09.035
https://doi.org/10.1016/j.desal.2005.02.009
https://doi.org/10.1016/j.wri.2022.100171
https://doi.org/10.1016/j.actbio.2016.03.038

O g (5 Lol bye5
|

fouling performance for reverse osmosis”,
Desalination, 433, 94-107,
https://doi.org/10.1016/j.desal.2018.01.031.

Makrides, A.C., Turner, M., and Slaughter, J., (1980),
“Condensation of silica from supersaturated silicic
acid solutions”, Journal of Colloid and Interface
Science, 73, 345-367, https://doi.org/10.1016/0021-
9797(80)90081-8.

Mi, B., and Elimelech, M., (2010), “Gypsum scaling and
cleaning in forward osmosis: measurements and
mechanisms”, Environmental Science and
Technology, 44, 2022-2028,
https://doi.org/10.1021/es903623r.

Mi, B., and Elimelech, M., (2013), “Silica scaling and
scaling  reversibility in  forward osmosis”,
Desalination, 312, 75-81,
https://doi.org/10.1016/j.desal.2012.08.034.

Milne, N.A., O'reilly, T., Sanciolo, P., Ostarcevic, E.,
Belighton, M., Taylor, K., Mullett, M., Tarquin, A.J.,
and Gray, S.R., (2014), “Chemistry of silica scale
mitigation for RO desalination with particular
reference to remote operations”, Water Research, 65,
107-133,
https://doi.org/10.1016/j.watres.2014.07.010.

Neofotistou, E., and Demadis, K.D., (2004), “Use of
antiscalants for mitigation of silica (SiO5) fouling and
deposition: Fundamentals and applications in
desalination systems”, Desalination, 167, 257-272,
https://doi.org/10.1016/j.desal.2004.06.135.

Park, M., Park, J., Lee, E., Khim, J., and Cho, J., (2016),
“Application of nanofiltration pretreatment to remove
divalent ions for economical seawater reverse 0smosis
desalination”, Desalination and Water Treatment, 57,
20661-20670,
https://doi.org/10.1080/19443994.2015.1111807.

Park, Y.-M., Yeon, K.-M., and Park, C.-H., (2020),
“Silica treatment technologies in reverse osmosis for
industrial desalination: A review”, Environmental
Engineering Research, 25, 819-829,
https://doi.org/10.4491/eer.2019.353.

Rathinam, K., Abraham, S., Oren, Y., Schwahn, D., Petry,
W., Kaufman, Y., and Kasher, R., (2019), “Surface-
induced silica scaling during brackish water
desalination: The role of surface charge and specific
chemical groups”, Environmental Science and
Technology, 53, 5202-5211,
https://doi.org/10.1021/acs.est.8b06154.

Reiss, A.G., Gavrieli, I., and Ganor, J., (2020), “The effect
of phosphonate-based antiscalant on gypsum
precipitation kinetics and habit in hyper-saline
solutions: An experimental and modeling approach to
the planned Red Sea-Dead Sea Project”,
Desalination, 496, 114638,
https://doi.org/10.1016/j.desal.2020.114638.

Rolf, J., Cao, T., Huang, X., Boo, C., Li, Q., and
Elimelech, M., (2022), “Inorganic scaling in
membrane desalination: Models, mechanisms, and
characterization methods”, Environmental Science
and Technology, 56, 7484-7511,
https://doi.org/10.1021/acs.est.2c01858.

Saltworks Technologies INC., (2018), Periodic table of

Hu, Q., Yuan, Y., Wu, Z., Lu, H., Li, N., and Zhang, H.,
(2023), “The effect of surficial function groups on the
anti-fouling and anti-scaling performance of thin-film
composite reverse osmosis membranes”, Journal of
Membrane Science, 668, 121276,
https://doi.org/10.1016/j.memsci.2022.121276.

ller, R.K., (1979), The chemistry of silica, solubility,
polymerization, Colloid and Surface Properties, and
Biochemistry, ISBN: 978-0-471-02404-0.

Kaneda, M., Dong, D., Chen, Y., Zhang, X., Xue, Y.,
Bryantsev, V.S., Elimelech, M., and Zhong, M.,
(2023), “Molecular design of functional polymers for
silica scale inhibition”, Environmental Science and
Technology, 58, 871-882,
https://doi.org/10.1021/acs.est.3c06504.

Kempter, A., Gaedt, T., Boyko, V., Nied, S., and Hirsch,
K., (2013), “New insights into silica scaling on RO-
membranes”, Desalination and Water Treatment, 51,
899-907,
https://doi.org/10.1080/19443994.2012.715237.

Kherfan, S., (2014), “Investigation of fouling of
membranes of a reverse osmosis unit by silica”, Open
Access Library Journal, 1, 1-7,
http://dx.doi.org/10.4236/0alib.1100485.

Latour, I., Miranda, R., Carceller, R., and Blanco, A.,
(2016), “Efficiency of polyaluminum nitrate sulfate-
polyamine hybrid coagulants for silica removal”,
Desalination and Water Treatment, 57, 17973-17984,
https://doi.org/10.1080/19443994.2015.1091992.

Li, Y., Li, M., Xiao, K., and Huang, X., (2020), “Reverse
osmosis membrane autopsy in coal chemical
wastewater treatment. Evidences of spatially
heterogeneous  fouling and  organic-inorganic
synergistic effect”, Journal of Cleaner Production,
246, 118964,
https://doi.org/10.1016/j.jclepro.2019.118964.

Liu, Q., Xu, G.-R., and Das, R., (2019), “Inorganic scaling
in reverse osmosis (RO) desalination: Mechanisms,
monitoring, and inhibition strategies”, Desalination,
468, 114065,
https://doi.org/10.1016/j.desal.2019.07.005.

Loganathan, K., Chelme-Ayala, P., and EI-Din, M.G.,
(2015), “Pilot-scale study on the reverse osmosis
treatment of oil sands tailings pond water: Impact of
pretreatment on process performance”, Desalination,
360, 52-60,
https://doi.org/10.1016/j.desal.2014.12.045.

Lunevich, L., Sanciolo, P., Dumee, L., and Gray, S.,
(2016), “Silica fouling in high salinity waters in
reverse osmosis desalination (sodium-silica system)”,
Environmental Science: Water Research and
Technology, 2, 539-548,
https://doi.org/10.1039/C6EW00065G.

Lunevich, L., Sanciolo, P., Milne, N., and Gray, S,
(2017), “Silica fouling in coal seam gas water reverse
osmosis desalination”, Environmental Science: Water
Research and  Technology, 3, 911-921,
https://doi.org/10.1039/C7EW00128B.

Mahdavi, H., and Rahimi, A., (2018), “Zwitterion
functionalized graphene oxide/polyamide thin film
nanocomposite membrane: Towards improved anti-

Vo0 5l ) o les (o3l Jlo

Ml g O (it 9 pole 4 5


https://doi.org/10.1016/j.memsci.2022.121276
https://doi.org/10.1021/acs.est.3c06504
https://doi.org/10.1080/19443994.2012.715237
http://dx.doi.org/10.4236/oalib.1100485
https://doi.org/10.1080/19443994.2015.1091992
https://doi.org/10.1016/j.jclepro.2019.118964
https://doi.org/10.1016/j.desal.2019.07.005
https://doi.org/10.1016/j.desal.2014.12.045
https://doi.org/10.1039/C6EW00065G
https://doi.org/10.1039/C7EW00128B
https://doi.org/10.1016/j.desal.2018.01.031
https://doi.org/10.1016/0021-9797(80)90081-8
https://doi.org/10.1016/0021-9797(80)90081-8
https://doi.org/10.1021/es903623r
https://doi.org/10.1016/j.desal.2012.08.034
https://doi.org/10.1016/j.watres.2014.07.010
https://doi.org/10.1016/j.desal.2004.06.135
https://doi.org/10.1080/19443994.2015.1111807
https://doi.org/10.4491/eer.2019.353
https://doi.org/10.1021/acs.est.8b06154
https://doi.org/10.1016/j.desal.2020.114638
https://doi.org/10.1021/acs.est.2c01858

&l aiai sty 33 udw Slgwy 3952 3 (635 S yoliio & Flloe b bgy 3 (559
NS

Xie, M., and Gray, S.R., (2017), “Silica scaling in forward
osmosis: From solution to membrane interface”,
Water Research, 108, 232-239,
https://doi.org/10.1016/j.watres.2016.10.082.

Yang, G.C., and Li, C.-J., (2007), “Electrofiltration of
silica nanoparticle-containing wastewater using
tubular ceramic membranes”, Separation and
Purification Technology, 58, 159-165,
https://doi.org/10.1016/j.seppur.2007.07.019.

Yang, W., Zhao, Z., Pan, M., Gong, L., Wu, F., Huang,
C., Wang, X., Wang, J., and Zeng, H., (2022),
“Mussel-inspired polyethylene glycol coating for
constructing antifouling membrane for water
purification”, Journal of Colloid and Interface
Science, 625, 628-63,
https://doi.org/10.1016/j.jcis.2022.06.038.

Yao, Y., Ge, X,, Yin, Y., Minjarez, R., and Tong, T.,
(2023), “Antiscalants for mitigating silica scaling in
membrane desalination: Effects of molecular structure
and membrane process”, Water Research, 246,
120701,
https://doi.org/10.1016/j.watres.2023.120701.

Yin, Y., Kalam, S., Livingston, J.L., Minjarez, R., Lee, J.,
Lin, S., and Tong, T., (2022), “The use of anti-scalants
in gypsum scaling mitigation: Comparison with
membrane surface modification and efficiency in
combined reverse osmosis and  membrane
distillation”, Journal of Membrane Science, 643,
120077,
https://doi.org/10.1016/j.memsci.2021.120077.

Zhang, X., Dongying, Y., Melzer, J., Caroline, S,
Qiantao, C., and Sharma, M., (2022), *“Silica
antiscalant composition and method for silica scaling
inhibition in membrane applications”, U.S. Patent
Application 17/640,521.

Ziemann, E., Coves, T., Oren, Y.S., Maman, N., Sharon-
Gojman, R., Neklyudov, V., Freger, V., Ramon, G. Z.,
and Bernstein, R., (2024), “Pseudo-bottle-brush
decorated  thin-film  composite  desalination
membranes with ultrahigh mineral scale resistance”,
Science Advances, 10(21), eadm7668,
https://doi.org/10.1126/sciadv.adm7668.

This article is an open-access
article distributed under the
@ @ terms and conditions of the
AT Crc:tive Commons Attribution
(CC-BY) license.

scaling compounds, Saltworks Technologies Inc.
Available Online at:
https://www.saltworkstech.com/brochures/periodic-
table-of-scaling-compounds.pdf.

Sano, Y., and Yamaguchi, M., (2019), “Preventing silica
scale formation using hydroxide ions generated by
water  electrolysis”, Membranes, 9, 154,
https://doi.org/10.3390/membranes9110154.

Semiat, R., Sutzkover, l., and Hasson, D., (2003),
“Scaling of RO membranes from silica supersaturated
solutions”, Desalination, 157, 169-191,
https://doi.org/10.1016/S0011-9164(03)00398-9.

Sheikholeslami, R., Al-Mutaz, I., Koo, T., and Young, A.,
(2001), “Pretreatment and the effect of cations and
anions on prevention of silica fouling”, Desalination,
139, 83-95, https://doi.org/10.1016/S0011-
9164(01)00297-1.

Sheikholeslami, R., and Tan, S., (1999), “Effects of water
quality on silica fouling of desalination plants”,
Desalination, 126, 267-280,
https://doi.org/10.1016/S0011-9164(99)00182-4.

Sheikholeslami, R., and Zhou, S., (2000), “Performance
of RO membranes in silica bearing waters”,
Desalination, 132, 337-344,
https://doi.org/10.1016/S0011-9164(00)00169-7.

Subramani, A., Schlicher, R., Long, J., Yu, J., Lehman,
S., and Jacangelo J.G., (2011), “Recovery
optimization of membrane processes for treatment of
produced water with high silica content”,
Desalination and Water Treatment, 36, 297-309,
https://doi.org/10.5004/dwt.2011.2604.

Sugita, H., Matsunaga, 1., Yamaguchi, T., Kato, K., and
Ueda, A., (2003), “Silica removal performance of seed
from geothermal fluids”, Geothermics, 32, 171-185,
https://doi.org/10.1016/S0375-6505(03)00013-0.

Sun, X., Duan, L., Liu, Z., Gao, Q., Liu, J., and Zhang, D.,
(2024), “The mechanism of silica and transparent
exopolymer particles (TEP) on reverse 0smosis
membranes fouling”, Journal of Environmental
Management, 349, 119634,
https://doi.org/10.1016/j.jenvman.2023.119634.

Ralf K. ller, (1979), The chemistry of silica: Solubility,
polymerization, colloid and surface properties, and
biochemistry of silica, John Wiley and Sons,
Chichester,
https://doi.org/10.1002/ange.19800920433.

Tong, T., Wallace, A.F., Zhao, S., and Wang, Z., (2019),
“Mineral scaling in membrane desalination:
Mechanisms, mitigation strategies, and feasibility of
scaling-resistant membranes”, Journal of Membrane
Science, 579, 52-69,
https://doi.org/10.1016/j.memsci.2019.02.049.

Tong, T., Zhao, S., Boo, C., Hashmi, S.M., and Elimelech,
M., (2017), “Relating silica scaling in reverse osmosis
to membrane surface properties”, Environmental
Science and  Technology, 51, 4396-4406,
https://doi.org/10.1021/acs.est.6b06411.

Wang, Y.-N,, Li, X., and Wang, R., (2017), “Silica scaling
and scaling control in pressure retarded osmosis
processes”, Journal of Membrane Science, 541, 73-84,
https://doi.org/10.1016/j.memsci.2017.06.088.

o0 g o) o ko a3l Jlw

Ml g O (it 9 pole 4 5


https://www.saltworkstech.com/brochures/periodic-table-of-scaling-compounds.pdf
https://www.saltworkstech.com/brochures/periodic-table-of-scaling-compounds.pdf
https://doi.org/10.3390/membranes9110154
https://doi.org/10.1016/S0011-9164(03)00398-9
https://doi.org/10.1016/S0011-9164(01)00297-1
https://doi.org/10.1016/S0011-9164(01)00297-1
https://doi.org/10.1016/S0011-9164(99)00182-4
https://doi.org/10.1016/S0011-9164(00)00169-7
https://doi.org/10.5004/dwt.2011.2604
https://doi.org/10.1016/S0375-6505(03)00013-0
https://doi.org/10.1016/j.jenvman.2023.119634
https://doi.org/10.1002/ange.19800920433
https://doi.org/10.1016/j.memsci.2019.02.049
https://doi.org/10.1021/acs.est.6b06411
https://doi.org/10.1016/j.memsci.2017.06.088
https://doi.org/10.1016/j.watres.2016.10.082
https://doi.org/10.1016/j.seppur.2007.07.019
https://doi.org/10.1016/j.jcis.2022.06.038
https://doi.org/10.1016/j.watres.2023.120701
https://doi.org/10.1016/j.memsci.2021.120077
https://doi.org/10.1126/sciadv.adm7668
https://creativecommons.org/licenses/by/4.0/

Journal of Water and Wastewater
Science and Engineering (JWWSE)
Vol. 11, No. 1, PP. 17-32, Spring 2026
DOI: 10.22112/jwwse.2025.485324.1416

Research Paper

Optimization of Bioremediation
Alternatives in Petroleum-Contaminated
Aquifers: A Case Study of Shiraz Oil
Refinery

Soroush Amirakbari! and Saeed
Alimohammadi?”

I- Ph.D. Student, Faculty of Civil, Water and
Environmental  Engineering, = Shahid  Beheshti
University, Tehran, Iran.

2- Associate Professor, Faculty of Civil, Water and
Environmental  Engineering, = Shahid  Beheshti
University, Tehran, Iran.

*Corresponding author, Email:
s_alimohammadi@mail.sbu.ac.ir

Received: 30/11/2024
Revised: 28/04/2025
Accepted: 26/05/2025
© IWWA

Abstract

In this study, a simulation-optimization model was developed
to minimize the cost of bioremediation in a petroleum-
contaminated aquifer. Groundwater flow and contaminant
transport were simulated using MODFLOW6 and MT3D-
USGS, while bioremediation optimization was performed
using the differential evolution algorithm. The accuracy of
the modeling approach was verified through a benchmark
test. Subsequently, the Shiraz Oil Refinery was selected as a
case study, and the remediation of BTEX (benzene, toluene,
ethylbenzene, and xylene) contamination resulting from a
potential spill was evaluated under four scenarios. The
results of Scenario 1 indicated that natural bioremediation
alone could not reduce benzene concentrations to the
regulatory limit. The other three scenarios were defined
based on the location, number of bioremediation wells, and
remediation duration. In all three cases, the contaminant
concentration was reduced below the regulatory standard by
the end of the ten-year period. Optimization results showed
that Scenario 2 (with two injection wells and two extraction
wells over four years) had the lowest total cost of $157,634,
making it 12.1% cheaper than Scenario 3 and 9.5% cheaper
than Scenario 4. In contrast, Scenario 3 exhibited the fastest
remediation rate. In summary, Scenario 2 was the most cost-
effective option due to its lower bioremediation cost and
lower pumping and injection rates over a longer duration,
whereas Scenario 3 was more effective in achieving rapid
remediation.

Keywords: Groundwater remediation, BTEX,
Bioremediation, Shiraz refinery, Differential evolution
algorithm, MODFLOW6, MT3D-USGS
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Abstract

The introduction of antibiotics into the river system
regardless of proper treatment leads to the increase of
bacterial resistance, genotoxicity and genetic disorders in
the society, hence the implementation of -efficient
treatment in medical centers is very important. In this
study, the establishment of an upward flow anaerobic
sludge reactor or UASB was investigated in order to
remove antibiotics from hospital wastewater. The reactor
was started using activated sludge from the hospital. In
order to start the reactor, the sludge was soaked for 48
hours. The amount of antibiotics injected was
azithromycin 5.2 mg/liter and ceftriaxone 6.7 mg/liter.
The optimal conditions of reactor activity were 6 hrs of
hydraulic retention time, pH 6, cell retention time of 30
days and temperature of 25 °C, in which COD removal
efficiency was 81.58%, BOD 83.12%, the removal
percentage of azithromycin antibiotic 86.35% and the
removal percentage of ceftriaxone antibiotic 874/52%.
The successful efficiency of the system in reducing the
antibiotic load of wastewater and the lack of sludge
removal from this system has turned this system into a
clean system for the environment.

Keywords: Antibiotic, Anaerobic treatment, Anaerobic
sludge reactor upflow, Hospital wastewater.
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Abstract

Unlike the static design, a traditional method that
completes the design step in one phase, the dynamic
method divides the design period into various phases.
Nowadays, multi-objective optimization algorithms are
employed to achieve optimal designs in the dynamic
method. This research explains the multiphase design and
construction, a sub-method of the dynamic method.
Subsequently, two distinct approaches, namely the
aggregated model and the disaggregated model, are
introduced for modeling the decision variable vector in
the multi-objective  optimization algorithm. The
aggregated model utilizes a single chromosome for each
phase, while the disaggregated model employs two
separate chromosomes for each phase. Finally, the effects
of different approaches of decision variable vectors
modelling applied to the dynamic method are
investigated. The results demonstrated that the
disaggregated model leads to a 10% improvement in the
final Pareto front solutions compared to the aggregated
model. Furthermore, this model resulted in a 6% increase
in the number of final Pareto front solutions and a 2-fold
increase in the number of feasible solutions in the initial
iterations compared to the aggregated model.

Keywords: Water distribution networks, Multi-objective
optimization, Static and dynamic design methods, Multi-
phase method.
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Abstract

In this study, tungsten oxide (WOs) nanorods were
synthesized via a hydrothermal method and thoroughly
characterized using various techniques. Subsequently, 0.1
wt% of these nanorods was incorporated into
polyethersulfone (PES) membranes to enhance their
structural and functional properties. Structural and surface
analyses indicated that the addition of WOs nanorods to
the pristine PES membrane (Mbare) led to an increase in
water contact angle, surface roughness, and porosity,
accompanied by a reduction in pore size. These
modifications are attributed to the high hydrophilicity and
rod-like morphology of WOs, which increase pore density
and reduce pore radius. Performance evaluation revealed
that the modified membrane (MWOs) exhibited improved
salt rejection and antifouling characteristics. At a pressure
of 4 bar, the water flux of MWOs reached 14.81 L-m2-h!,
while the rejection rates for Na.SO. and NaCl were
62.94% and 34.97%, respectively, demonstrating
significant enhancement over the pristine membrane. In
antifouling tests, MWOs achieved a Flux Recovery Ratio
(FRR) of 71.57% and an irreversible fouling rate of
28.42%, compared to 51.24% FRR and 48.75%
irreversible fouling for Mbare. Overall, the incorporation
of WOs nanorods effectively improved the hydrophilicity,
water flux, antifouling performance, and salt rejection of
PES membranes, highlighting their potential for advanced
water treatment applications.

Keywords: Tungsten oxide, Nanorods, Polyethersulfone
Membrane, Salt Rejection, Membrane Fouling.
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Abstract

In this study, TiO.—ZnO nanocomposites were synthesized via
the sol-gel method in three different weight ratios (1:3, 1:1, and
3:1) to enhance their photocatalytic performance. The
synthesized nanocomposites were thoroughly characterized
using X-Ray Diffraction (XRD), Field Emission Scanning
Electron Microscopy (FESEM), Fourier Transform Infrared
spectroscopy (FT-IR), and UV-Vis spectroscopy to evaluate
their crystal structure, surface morphology, functional groups,
optical band gap, and light absorption characteristics. The
photocatalytic activity of the nanocomposites was investigated
for the degradation of Methyl Orange (MO) dye in aqueous
solution under Ultraviolet (UV) irradiation. Experimental design
and statistical modeling were performed using Response Surface
Methodology (RSM) based on Central Composite Design
(CCD). The four input variables were varied within defined
ranges, including UV light intensity (6-18 W), initial dye
concentration (10-30 ppm), reaction time (0.2-5.5 hr), and
catalyst dosage (0.1-1.9 g/L), and were used to develop the
predictive regression model. The degradation of MO occurred
predominantly through photocatalytic oxidation by the TiO2—
ZnO nanocomposite, and the pH of all experiments was
maintained at a constant value of 4. Analysis of variance
(ANOVA) confirmed the statistical significance and robustness
of the developed quadratic regression model, with a high
coefficient of determination (R? > 0.99) and a p-value below
0.0001, indicating excellent predictive capability and model
accuracy. The optimal conditions for achieving the maximum
dye removal efficiency of 96.36% were determined to be an
initial dye concentration of 13.68 ppm, UVA irradiation at 17.55
W, a reaction time of 2.37 hr, and a catalyst dosage of 0.62 g/L.
Enhanced light absorption in the UV region compared to
individual TiO2 or ZnO nanoparticles demonstrated the superior
photocatalytic performance of the synthesized TiO2-ZnO
nanocomposite in degrading the target organic pollutant.

Keywords: Nanophotocatalyst, Sol-Gel, TiOz, ZnO, Methyl
Orange, Response Surface Methodology (RSM)
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