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Abstract

The synthesis of a corrosion inhibitor and its application as a replacement of amine corrosion
inhibitors in the cooling tower of thermal power plants are proposed here. In the next step, the
performance of the proposed inhibitor is compared with other commercial amine corrosion
inhibitors from a technical-economic point of view. For this purpose, silica nanoparticles with a
size of 45 nm are extracted from rice husk as a rich source of silica using a multi-step method.
Silica nanoparticles are obtained after hydrothermal reaction and calcination. Afterwards, polymer
dendrimer molecules supported on silica nanoparticles with saturated amine groups are
synthesized as nano inhibitors. The properties and characteristics of the synthesized nano inhibitor
are investigated using XRD, FTIR, TGA, DLS, BET, FE-SEM and TEM techniques. After
ensuring the synthesized corrosion inhibitor, chemical and electrochemical performance
experiments including weight loss test, Tafel polarization and impedance spectroscopy are
performed in corrosive environments in the presence and absence of inhibitor. Based on the results
from the performance tests, the technical-economic justifications of using this inhibitor in the
cooling tower of industries and especially power plants are investigated. The corrosion rate in the
absence of corrosion inhibitors for corrosion coupons of carbon steel, copper and admiralty is two
times higher than the corrosion rate in the presence of commercial inhibitors (PBTC and HEDP)
and 4 times higher than the proposed inhibitor (FNSI). Based on the CV results in corrosive
environment, the lowest corrosion rates are related to FNSI, PBTC and HEDP, respectively.
Therefore, the proposed inhibitor is selected as the superior inhibitor in CV test. To investigate the
effect of copper scale inhibition, the HEDP inhibitor has a very good anti sealant effect and other
commercial and proposed inhibitors do not have much anti sealant effect. On the other hand, the
proposed inhibitor has the ability to be recovered and reused which other inhibitors do not have
these properties. This synthetic inhibitor is made from disposable materials, is available, cheap
(rice husk), environmentally friendly and can be prepared at a lower cost.
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Scheme 1: A cost-effective, energy-efficient and green route for the synthesis of nano silica
from rice husk.



(NSi02-NH2) ol s gy~ (Juls b oS 9516 59)- 1 b ooy 410 Jole (ki gl i —¥—)-Y-Y
Ol 5 9 03938 Slmaogili )5V 5 (Usaishee V) ool Urasn (el (S 316 )Y )5 - YOV (Jgibl il on O 4y
6 3Lz 59aa 5l LNSIOZNHz (65w S3gil G S 13 (WSB,) Sl 3k Ll 18 o el VY St & bogline
a0 A gl po Celw & Sae a0 O3l ol Colgs j0 o A oolai 2Ty slaaiss B jshaie a4 Ol g JebIL
IR WRE W I g W)

MA1-nSiOz yicww —F-)-Y-Y
Gae dy oo > bglses g o 039381 NSI02-NHz &l )346 0,5V g (Jga oo B) 3 ,ST e 0,5 +,FY (Jgilio yod Lo O &
59080yl (655,56 LMAL-NSIO, (63w &ldgil e 083 13 SUSG jis 1> Cod bae slos jo el YY
oo ;oM gl SO o gt Olhdgik Coles Ho b atwd ool STy slaaiss Bix jglaie )5 Joilie b g (gLl
IR WRE GES g PSRy 2

(NH2(1)-MA1-nSiO2) youdy s y0is s Jodg0 b ouds HIo Jole olSdwgib ytow —0-V-Y-Y
onlg 9 03938l MAL-NSIO2 &35l 0,5 ) 5 (Jgaidhn V) uel(Uarg g DY s yid (o VY Jgilie yid Lo O
139l s 2,8 18 S8, Ll b Cow el T s 4 L (Slg Ve r) 5099,k il o el ¥ oae 4 byl
Coled 0 b did 0,5 Joilio b oolas 2iSTy sladisl Bi jelain 4y 9 (gjlulaz jeuiy yle L NH2(1)-MAL-nSIO2 (s i
Dol Sas o5 Gle ax 0 7 gles [0 M sl SO o Ol3gl

(NH2(2)-MA2-n-Si02) pouls you ;050 Wb JgSIg0 b o 410 Jole (gl 33950 jimw—F—V-¥-Y

VE Soe o bglse 1l g 0 039381 &S T e oo s Vo g NH2(1)-MAL-SIOz &l 346 p,5 ) «Jgilio jd Lo Vo
5 bt by il oz 5ot sl LMAZ-NSIO2 (o3 39l .08 5 )18 (Sl (22 52 cod laome slod ) sl
el V¥ Jgilie pid s Vo G ioss Seis o 5 il am 0 £ slos ;o M 9] S o cales 4o g i
loo yo el w ¥V o a4y bglses () g 0 00938l MAR-NSIO, &l ,dgil .5 Y 9 (Jgosboo ¥°) Q#"T(J'.?iﬁ)iﬁ*#“bv_u“ﬁ
3l g 28,5 13 S, daal i o el B L (0,8 s a0 VYo ily Vo0 ) 299,50k il cou Jassre
aryd P sles o M sl o 5o cald o g w05 Jilie b 5 (3llaz ok il L NH2(2)-MA2-n-Si0; (55
(Y z5b) was Sas ol 5 il

10



w
O T
(E10),SHCH, CH,CH NH,y - par; %J\o/ o, r
% EIOH, reffu, 8 OO' ST Y WQ‘E"S‘WN\/\\H/QK
uSio; nSI0; NH; ® R, ®
E.
E1H
(U] -':%
HiN NH2 ) ? =
. J i H:N 21s
J |
g_l N 5
NH:
HiN o T j O N/ \K‘ ]
HiN HN l
-~ \2 ‘/r ;’ @ x/“v“ 7'0 NH
H\f\,\ NN R -/“"w MA2-BSI0;
Ias
(b)
Gc‘-um,\ \W\V«W&_}LNH-“'—
i = O'Ws‘v\/“«f Mo NH:
-1\"‘\-/"\ T
5]
e NH;(1)-MA1-0SI0;
NHy(2) MAZ-nsi0, B

el o0 5058 b oo Slo Jale how &, 3g50 (g s o 1,5 Y 2 4b
Scheme 2: Synthesis process of silica nanoparticles functionalized with polymer dendrimer.

095 b Ghg,y Y-V

S5 5,5l angd —)-Y— Y'Y

S8 cnl 0 )5 09 58Ul g 550 098 4t gl )M (295 L I 09 58Tl Sl oo e g ()5 Y58 38 diged Ll
S A (oo (6318 s So () e Lags g 005 n 1) Sheee N Sl g @pe e ile ) sl 4y 53 azis SG 45 ]
© 50 45 0 o0liil 352 s S5yl 03y 31 00 (615 e Cenms ()5 Bale gz (ympms 055 o0 o0l JLail T 5l amio
o0bions (Slo 5,5 Lawgh s Bl lod 53 05 )95 Laroe b and oo ST ) (grpe fo il ) (glazio a5 LS Sl e SO
0dds 2185 oy 5 gidiand 053530 ol g JSII sl ygianl Jagi dmy Al po 40 090 o 00ld Jio g i VY e BFer pol
IVE-ve] 05 o 48,5 )15 iolesl 8,50

o0 9 (25 Y98 mhaw (59) (59585 SN,k (w2 phgy -T-T-F-Y
2Eiolejl 5,9abse 9,95 slaioles] pas |y Jelse NACE-ASTM TM0169-2012-ASTM G31-12A g0
WlSins 7,8 4 8)lge ded ol gojl (ol s e £pb g o0ls iy S e s o 20l slatlesl o 4 g
SIS sy slore p il S5 I8 8L es el Jslore oS3 Gralojl lalpd talesT aige sl paiged
ol el (59,55 255 dmilons 5 @l yeend (laloj] (sladigad (0,5 s slabsy dptalejl ploy Sas ialejl sladised
w0 Sl iolesl glacsls 45155 gl cand S S g wiS 0 A SU abbgy e slrosls plai cod ol ioren Leial,
ol il o Lol ol o355 4o Jslomo 0oy Sl 5 (e Jolge Sl (5L (S5 55 (ordge o o5 )
plod rized 055 o Dypo aBilejl (g ysabse lajiolej] a5 cusl ol aB S L o mlio eoliul (sl Lual,
Slredg s pdy Syge Gl g5 Gl plnil 5 (HLb e Cosl (S oS (IE g wigd 4285 S 0 Wb a5 (le i
Lo, L g sbeosls adss Sl Liolel astiyl 51 liebsl (sl o2 0 (ylgie a0 b Lasal) ol il 00,5 (559105
ools polie .Wigd co aid )8 a5 o o lailiwl olgie 4 ST glaasly 1o oo 53 polie 09 coliiwl S oo pal,d S50 Jblos

iewd Ol gl Ladd il s eals

11


https://content.ampp.org/standards/book/983/Standard-Guide-for-Laboratory-Immersion-Corrosion

baid aS 5, 6l g o |, ASTM D130 L 5 ISIRI 336 7,0 &0 " s )l (55,65" 590l NACE 5051 ol b alize
5y omed 3, bsl nl ags 5l Ban el 0033 )5 (5351055 (5,188 €55 50 2 O (e ) S8 S L BT o Slredgs
Al gl a5 ()l 3 sl 00518 gyl als (oo (are slo Pl g e (Za gl 00518 10 (e (F9,55 e sl
) e (cae ais G yge3l al 50 0098 (oo Joli 1) 0l o gweads a2 )0 YVIA (slos ;o JISuly oLS VYF L jLud
Glo g 35D (o0 00ls Ol Bb (go (5031 090 Slge diils 039 45 pled 5 e 13 g 085 5,8 diged 3l Shme e (43,
Oyl Sae Gbl e igh ge (ygejl phmedl Lad 50 W es gl 8l g jlad cow B L G o b sle (3h g Lenlse

9 (50 dmnlile (59,55 slo o lailinl S5, b (] ST (s Gl ey 0050 (g e Ty (oo kS o 20
09251 58 el 0 (g5luoans NACE o il iolojT 5ol ouiiS Cgasy sladaze IS 0l jo 508 (903 el jgliia o,
oS 3l A gy Jalore jo el ouls solawl Ol S S 9 Ol gus S 0l 1 A5 Cgus ) Jaizs 5I NACE o sl
skl G IS gy Laoes o 0 el ool oolawl NaCOs 5l - + ppm jlade (pooxen o O+ ppm 5 4 CaSOy
40,8 oyl 8 oS cile az o Ve sles ;o e Sigm j0 Gl Y Goe 4y i (1l 59,5 o0 1,8 00l Cilo (0,5 Y8
NACE o lastiwl 3031 5o .l ooy (g jluwancs NACE o lailiwl iole;l Gubo 00iye5 sladae (]S fyg05] alonl ol
axdad S ol 95 laore j 40 el ouls oolawl Ve e PPM Wy IS s 9 B0 0 PPM Sl g mdes b 09> laxs

B ol cile az 0 Ve sleo jo j5iSiism ;o Celn YT Coe ay s (0l 99,05 o0 5158 00l Colo e b g (0,5 oY g8 318

55 s
R oS A ol yp3 5 (Sl mrand pedS Slig) (g Sladame 4 U5 el bl s o ol g3l bl ol
S St o lend 6LmQ9.oﬂ Ll opl jo 050,35 43lsl PBTC g HEDP FNSI ;0)99'- 0ad,lo3h 8y i yobo 4y g Ly
@ﬁﬁf‘i““‘ 09")] 9 (LP) J‘sl’ u?“"‘)’)y‘ «.)9")] (CV) 6‘4".')?:' LSJ:““":‘JS JAL"" cs’L"MBJ‘SJ‘ LSLQQV}] 9 LS)‘KO%?;

b pdy Sygo (p)S Vg g e (255 (53 y el

Lo iUl (fi9) 41 (50395 (SN0 oy 32 r905] Y -Y-¥-Y
=39Sl agd so 00ls 13 0 ye5 ole (g5l Jolowo 5 5105 g ole sol> Jslowe 10 0ud Zile e 5 ()5 SV sladiges
oiws 4y bgsye jl38le 5 5l eolawl b cliwlgunily oliws 098 co 00ls |13 diges Bl ;0 5 5 lads 09 2SIl g 2> 0 sl
@ abgy e SleMbl ol por 4 |y 048 co ) 1380 5 50 a5 uslagel 5 80 Cend glaz > (g yeldy slejloses (PStrace 5.2)
Sy sl Pl olime il solite 2 S 3,50 Sl 1l pmlz Bl ol oSS et sl s B 1 o]
Omleyl po o Galides Loyl s caiS Gl 1 o4lge 4 ouls ploxil gejl atws ¥ legesme ams o )18 JLaS o ) aoas ol

S 297 0305k (e N Cg; Larme )

PBTC s HEDP FNSI 55,55 sloosilsl Jlosl b )liF g, Laa

v
S 0,87 0adylasl e o ye> Lae Y
PBTC g HEDP FNSI 55,95 slaows lojl Jlesl b oiyg> Laes ¥

G195 5195 (2 Lol (S 348 Shgy & (53595 (w2 990)] —F-Y-Y-Y

2 (P55 Sl iz i) (dlyenol 5 ol e iz 5l 55 coijer Lazms )3 (59,55 Gl (s sokite 4
Opei] Lasee 13 50 y93 ele jga> 13 9 S Lase 10 (53,55 ol Sald )0 055 s 518 Ssbl (59,05 sbbS ) s,
DS oo B sy 0590 59, VF Lo 4 PBTC g HEDP FNSI 55,55 slaoai losl g oaije5 Jole jqa> o Lol

12



OlE (59,95 S (o0 paiin | Oloy Jsb )3 e Jelge Lawgs 16 Sy o 03,95l 45 aBl o0 (s )lme (S99 £
Syn 03,55 V3 25le 316 5, o il et 5,09, 01 b sler oz 45 sl Jblcs g 1 $Ysh 5 5] 034
gz Gl S s ol il ]y a0 )lg slog i ply jo (S plSoil a5 05 o hias Sus olge 4 oy 5l Sty
S5 5583 055 o |y ok 3y (sl b 1y 53 45 e e & o5 ol e b 4l 55 5185 L il
O 2 a8 Ao (e WIS (g0 ST oly l 50 a8 (slalne 1 (S0 yls Sa 5]y (50,95 anTd cds 4 ledige
haamme bl jo 51 ya ()T o a5 abbge e (5995 £ 0gdise (S0, lzo el ae lulyh 4z Ll e
Dylo 3l Cmg g ggi aiile [0 (oSl (S g aime Ll pd @ dis (50,05 Gy b 25 050 o0 (5055 jlo ol
S5 e (53,55 £ 500 Ojle 4 580 dnle Jlo 50 ble oy Jgore job 4 150l 13 (Soy95 slag
Sl LSl o) sy Sledbl Wl (59,55 £ 5 salie gl S (oo 390 58 50 Sl S sk jo a5 Caa

(3950 Sows 5l pative (Sloy 503k o Jobo o a5 31 (59 Jlade) 4ty Cews 5l 05 )

(b J5z) S5z ¥
(59,5 ol jo 318 5l ashad S mhaw 5 coli) Ccoluws Y
¢

(& 2 Oloy Saw) Glo;

&S Cawl (MPY) Jlo 50 bl e 1 59 520lS e (s 4ol 018 159 2alS s (g1 0 lasbiwl g, G NACE
5 gl polye slae 5l sk Caelied S5V Cumal S 4 Ygono (53,55 St ps oy (sl ol 03liial 8590 @2 5o 0 i
oolawl L»‘)/M S 0,95 T 9yl g s AlS g Cwls Sl e ax Lo Jeb o s 08 )5 e eslasul (MpY) JLe
Foglo p )8 e o 1) 035 SRS o) Bl e (59555 S e Sl Grizres 295 o0 Al Sl o MlS )
D90 Gl (MAA) 55, 2 a0
13,19 3,18 gl 4y (K (59,95 5 e

Weight of metal dissolving (g) - KxIxt

K= Atomic weight of metal (g/mol)/No. of electrons transferred x 96500 Amp/Sec
Where: I= Current (amps) t = time (sec)
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Weigh loss of coupon (g)

Total exposed area of coupon (cm?)
X

3.65x10°
Exposure time  Density of metal
in days X (g/cm3)
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Weigh loss of coupon (g)

Total exposed area of coupon (in?)

mpy .
2.23 x10%

Exposure time  Density of metal
in days X (g/cmd)

gl 50 30 (6725 (139 § S s § Mg oo ALDIS 1 g ca 00ld 18 3 Laize S 50 e (Mg 0 (59 il oy S

(mils per year) i

S s |y et Gloj 0590 o 50 (59 SRRl (50,93 Glime B0 pF (o0 &y an T3

&5 sr Ol JW0 4 0,8 o0 Dygo Sl g il )8 e Jsome slaysS 5l eslil b skl 5o (6,135 55
95 Sy & by e gl 5 lacnsS (nl (9 Gl 00,5 oo (swyp 039y VY e lej 50 (sS 039 Sl bl (S99
bl @oliion 5 6 o8 oo lojly 9> 9 0 )lojl jgampas o @S Hlaiie oSy s (S SiS 7 Dsbly o (T8 2
335 0 )18 oy 2 9,50 MPY s MDD sla il

Tl g oy Y

e 592 o 5L O 5 0 )l 0aiiS s 75 50 6 S wgms 5l S sl 5 gy S5 Slasng; (2gye Corio
Egey 03503k (plard oole Sy 9,5 a8LAN (V) (S e @I b o5 (5e) @l 00iiSp 5 i S 5l oslaznl b Sl
(F) s PH Lials (sl SO yealgm aul 590 J 08 (V) s g0 (ol 1) Gany oSS ases )0 9 Cdew sloSed o> oS
009! bl gmy oSS JS sln Loty 30 )l p 5l (S eBiod (nl )0 adlbioe gm) S5 Jonily a8
&5 S5 ) Cualon podle SLS 5 iz el 485 1B dalllae 0550 o Lo 4 (50,55 oailoil olierds Slge
pd e SRS Dal 4 5]y (S 65

3 asms e ol a5 1, Sheil s 5 e ool Yl o & s o b b 555 slaosi ol
ot s st S8 S35 plon 1 3 lisn rplSl 1, 5,55 ) Caon sV 4l el a3y Slopa
S 3 Yl o & s o ot s by 653 3 S 31 sy o ol o] (S Sl
@ il bl @ i 0391l nl (orlans Collad 052y (ol b ailazd )5 15 az g 0550 (i ls 5o bbesgican; I Ll
s 595 O3] LS 5000 (sl 5 4y lg5 oo koo 3530 (60S (gl S 5105 o0 sl (gl )5 rals g (s a5l
53 97l oged o)Ll (> (cale slas )5 (sl (55UsS (ele slaoSdge Jlasl jolaeds conlio yin S5 (lye @ L
b lofele (el (sloog S bl b joely jouyin b g ghiiiinl g p atwgy 5l ko 350 J0l> )18

S35l aly n (53,55 0ylojl il g 09 e adlol anllla 5,50 o] Lo & (53,55 0y 05k (plard Byme (5 (nl
Sy (59,55 sy 035] 2l 5 0550 S sz 550 (NACE TMOB74) ez o (503 Billae (53,55 wnl b 5
Dyglme )3 45 (pume dnkad g ()5 SV 98 dxlad y9laie udy WO F (o) e 9 525 SV hans (59) 2 peedS DlL S g S
O3y b (50,55 oy skt 4 (ol (y5031) (5995 005105 ol o s IS gy oS5 5 (S (y9031) SRS gy S 5
wlive Lazws )3 (59,95 (lime Ghomies jolaie 4 (cune Wigei 9 (0,5 SV98 diged (s 315 (o0 )13 (bt 5 (pliandg XS]
N9 oo oy Slalgas B e PPM g 9ISV e PPM Jold sl oijo Ll b (5l laolSy s (S SS 0
(F2,95 S 5 ko) szl S )bSs Sl izmen 5 (SlSe (puolidn « S0 S0l (ploorcd (S 58 Dl il 39 28
O 00D F oS alol )0 5 09,5 oo i JI5 3550 S 5 I 50w (nl ool 1 005 o0 1B (s )90 (085
b @leoads 1Sl g olonds slagygejl Sl abals 5l (aly 5 aline Lulpd ;0 (59,95 oaijlojk plgie 4 g ould datie

>

.oo;so

14



S 0395 009,103Leil oSy aatino s —)-Y

(FT-IR) 41,98 Jows' 30,8 (y90lo (ommwidnb —1-)-Y

OB (o 52 90 498 hiod 508 (gole (i b jlleslinn Th (53595 03)lojlgil al> e 4 al> o s il s cnl ol
5 NH2(1)-MA1-nSiO; sMAL-nSiO; nSiO2-NH;2 nSiOz &l ,34iL 4y 598 o jo,3 oygole (omwcinh V JKmib .28 5
emt aels jo slwbs LB slocSy ams oo lis |, 0+ «-F oo CMT _>g0 sae aials ;o (FNSI) nSiO,-Dendrimer
ogdas [YA YV] (VAB JS) 50,5 o Lo o Si-O-Si izl 10 Si-0 wigw o il i a8 lilas )l ay Voo o=V VO
Slbl o vy S o 399 (plp odle 03,5 o atbe H-O-H i os ol byl 4 VPV 120 Cm? o L slaail
SV Y e laasl jo Sy yax VAl i b Of Gla sUge ot S Ol b)) ayge Yoo ot
wbloo N-H ies clils )l g CN ais olals )| SiF0-Si o litel oaiS Sliols )l by e iy 4 a5 VOFY Cmt
s YACA-YAAD 4ol o bawgio b Sio golaws jomd cpizmen (VAD JSL2) WS o b 1, NSI02NH2 &l ydgil LS
(&1,390) el JolS o ol oo (as s N-H g g sloog,$ C-H —aeaS olils )| b bas o YIFO-YYAZ Cmt
)90 4,98 s jo,8 gobe iwiinl by (NH2(1)-MAL-NSIO2) sl & sl 3 (MAL-SIO2) jil 4, NSiOz-NH;
Voo eV 10 CME g VVFA-VY -0 VA=V YY)+ ATAY AVFD YAV --YAAD jo sdo slocSy jo—das auid 5 13 anbs
Si-0-Si 5 (oii5) C-N «((oieisS) C-O o oiies) CH3 o (oiudS «jil) C=0 o o2tS) C-H lislas )| b o yo o 5 4 a5
S oo b VAC JSE jo 1) MALNSIO, &3l jgis ail o ((oieiS)

[(B)

2808-3165

-t

Transmittance (%)

=~ 2817-2982 1643 7
4000 3500 3000 2500 2000 1500 1000 5004000 3000 2000 1500 1000 500
Wavenumber (Cm-1) Wavenumber (Cm-1)

(e) nSiO2- 4 (d) NH2(A)-MA1-nSiO; «(c) MA1-nSiO; «(b) nSiO2-NHz ¢(a) nSiO2 1,346 FT-IR cals (A) o) S
FT-IR v b L nSiO2-Dendrimer (FNSI) a4 MA2-nSiO2 &l 356 Jas Sy yssle (B) <Dendrimer

Figure 1: (A) FT-IR spectrum of nanoparticles (a) nSiO2, (b) nSiO2-NHz2, (¢) MA1-nSiOz, (d)
NH2(A)-MA1-nSiO2 and (e) nSiO2-Dendrimer, (B) monitoring the conversion of MA2-nSiO-
nanoparticles to nSiO2-Dendrimer (FNSI) by FT-IR spectroscopy.
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Figure 2: X-ray diffraction of silica nanoparticles and FNSI nanoparticles.
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Figure 3: TEM images of (a) nano silica and (b) FNSI, FE-SEM images of (c) nano silica and
(d) FNSI nanoparticles; Particle size distribution results for (e) silica nanoparticles and (f) FNSI.
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Figure 4: Thermogravimetric analysis of (a) nSiO2-NHa, (b) MA1-nSiOz, (c) NH2(1)-MA1-
nSiO2 and (d) FNSI nanoparticles.
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Table 1: Thermal analysis (TGA) results of synthetic nanoparticles.

s | Initial weight lost Secondary weight loss Organlcd Efficiency
ample (%owt) (Yowt) compoun (%)
(mmol/g nSiOy)
nSiO2-NH; 2.54 571 1.15 -
MAZ1-nSiO; 2.94 11.10 0.48 42.0
NH2(1)-MAL- 3.11 13.69 0.37 771
nSiO,
FNSI 3.42 43.28 0.23 62.3

& Percentage of weight lost in the range of 150-600 °C.
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Table 2: BET results for synthetic nanoparticles.

No Particle Specific surface Pore volume Average of pore
area (m?/g) (cm3/g) radius (nm)
1 nSiO» 430.5 0.77 1.81
2 NH2(1)-MA1-nSiO> 380.1 0.71 1.85
3 FNSI 350.2 0.65 1.92
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Table 3: Corrosion results of copper, carbon steel and admiralty coupons in a period of 14 days

in a corrosive environment - no inhibitor and in a corrosive environment with the presence of
FNSI, HEDP and PBTC corrosion inhibitors.

W1/g | W2/g | Material | Type AW/ g | Day | Corr. Ind. | AW/ mg | MDD/ mgdm? | MPY
Control | 10.203 | 10.179 | C1010 Carbon Steel | 0.024 | 14 1.714286 | 24 8.857160571 1.424611
12.761 | 12.729 | CDA110 | Copper 0.032 | 14 | 2.285714 | 32 11.80954743 1.899481
13.254 | 13.217 | CDA443 | AdmiralT 0.037 | 14 | 2.642857 | 37 13.65478921 2.196275
FNSI 11.214 | 11.209 | C1010 Carbon Steel | 0.005 | 14 | 0.357143 | 5 1.845241786 0.296794
12.776 | 12.771 | CDA110 | Copper 0.005 | 14 | 0.357143 | 5 1.845241786 0.296794
13.332 | 13.254 | CDA444 | AdmiralT 0.007 | 14 | 0571429 |7 2.78577186 0.469985
HEDP | 10.491 | 10.478 | C1010 Carbon Steel | 0.013 | 14 | 0.928571 | 13 4.797628643 0.771664
12.711 | 12.695 | CDA110 | Copper 0.016 | 14 | 1.142857 | 16 5.904773714 0.949741
13.115 | 13.101 | CDA445 | AdmiralT 0014 |14 |1 14 5.166677 0.831023
PBTC | 10.325 | 10.309 | C1010 Carbon Steel | 0.016 | 14 | 1.142857 | 16 5.904773714 0.949741
12.611 | 12.501 | CDA110 | Copper 0.011 | 14 | 7.857143 | 11 4.09531929 0.659467
13.253 | 13.232 | CDA445 | AdmiralT 0021 |14 |15 21 7.7500155 1.246535
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Figure 5: a) CV curve related to copper coupon in corrosive environment, b) Impedance
spectroscopic curve related to copper coupon in corrosive environment.
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Table 4: Numerical data of Tafel polarization curve related to copper coupon in corrosive
environment.

Butler Volmer PBTC FNSI HEDP Control
E Corrosion/ V -0.251 -0.591 -0.301 -0.67
I Corrosion/ pA 106.3 16.12 347 44.09
| Corr. per Surface Area/ Alcm? 1.06E-04 | 1.61E-05 | 3.47E-04 | 4.41E-05
Polarization Resistance/ €2 2025 1.07E+04 3221 9307
Anodic B Tafel constant/ V/decade 0.674 0.454 3.409 2.57
Cathodic B Tafel constant/ V/decade 1.873 3.128 10.51 1.495
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Figure 6: a) Tafel polarization curve related to copper coupon in corrosive environment, b) CV

curve related to carbon steel coupon in corrosive environment.
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Table 5: Numerical data of Tafel polarization curve related to carbon steel coupon in corrosive
environment.

Butler Volmer PBTC FNSI HEDP Control
E Corrosion/ V -0.89 -0.95 -0.91 -0.89

I Corrosion/ pA 114.5 185.2 258.9 431.8

| Corr. per Surface Area/ A/cm? 1.15E-04 | 1.85E-04 | 2.59E-04 | 4.32E-04
Polarization Resistance/ 949.3 535.4 803.7 649.6
Anodic 3 Tafel constant/ V/decade 0.69 0.681 4,044 28.496
Cathodic B Tafel constant/ VV/decade 0.393 0.343 0.544 0.661
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Figure 7: a) Tafel polarization curve related to carbon steel coupon in corrosive environment, b)
CV curve related to copper coupon in depositing environment.
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Figure 8: a) Impedance spectroscopic curve related to the copper coupon in the depositing
medium, b) Tafel polarization curve related to the copper coupon in the depositing medium.
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Table 6: Numerical data of Tafel polarization curve related to copper coupon in the depositing
environment.

Butler Volmer PBTC FNSI HEDP Control
E Corrosion/ V -0.541 -0.551 -0.361 -0.54

I Corrosion/ pA 18.91 19.69 12.28 9.921

I Corr. per Surface Area/ A/cm? 1.89E-05 | 1.97E-05 | 1.23E-05 | 9.92E-06
Polarization Resistance/ {2 7506 5849 1.02E+04 | 8918
Anodic 3 Tafel constant/ V/decade 0.607 0.501 0.459 0.414
Cathodic B Tafel constant/ V/decade 0.708 0.564 0.776 0.401
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Table 7: Numerical data of Tafel polarization curve related to carbon steel coupon in deposition
environment.

Butler Volmer PBTC FNSI HEDP Control
E Corrosion/ V -0.89 -0.88 -0.82 -0.93

I Corrosion/ pA 176.7 52.4 16.33 224.3

| Corr. per Surface Area/ A/lcm? 1.77E-04 | 5.24E-05 | 1.63E-05 | 2.24E-04
Polarization Resistance/ €2 1550 2261 4657 1482
Anodic B Tafel constant/ V/decade 5.795 0.869 0.426 114,942
Cathodic P Tafel constant/ V/decade 0.708 0.398 0.297 0.771
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Figure 9: a) CV curve related to carbon steel coupon in deposition environment, b) Tafel
polarization curve related to carbon steel coupon in deposition environment.
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Table 8: List and cost of materials needed to synthesize 1 kg of FNSI inhibitor.

List of required materials | Dosage/kg | Unit price kg/Toman | Total price/Toman
Rice husk 0.8 2.000 1.600
Triethoxysilylpropylamine 0.211 250.000 52.750
Methyl acrylate 0.252 39.500 9.954
Bis(3-aminopropyl) amine 0.72 100.000 72.000
Methanol? 0.5 10.000 5.000
Ethanol? 0.5 50.000 25.000

2 Due to the ability to recycle solvents using a rotary evaporator, the cost of solvents is not
included in the total cost.

4 Jslme <l 4 PBTC ol sl SelaaS'51,5 6,5-F5¥ by 5 sy gigindY ol b sliand oS 5 (PBTC) (liggigind
Sgds oo ooliiwl ol Glapias ;0 Sad sl (Jlo 00iS Gl S g (59,95 5 gy 05,05l laie a4 Blad g 5,5 K,
Ve bl Lo Do e o S 35, 85 55 b (o s2e2) oole (51 5hS b Cend e el ol
2l plegi

2G5l g0 (HEDP ol Soigy03) dnl Sbgand 60 SS9 j000 caslio 10 00,5 5 55w (59,95 slaossjlosl Koo 5l
2 5 bawgie sles YU PH slopinws ;0 5 923 0 i3 Ol 10 (53, 5 2] (me sloyg b Il colS ©lS 5 HEDP
HEDP .ol coew Jgane Sl 5 558 bulids j0 (T iz g 5y pans (s (et 4 amo oo gLt Jle (gl IS g0
2uitS Sis ol (Glapinnns ;3 (53,5505 5 g0l Glyie a5 mlio )3 @o¥s8 sloaY nj e (Fou5% 0 lojl plsie 4
Vo Cad 5,8 3 (ko g2az) o3le ol 1 5k 52 e 465 50 e Dl sl 353 sm eolisi 3
wabn oleg 100+ ¢+ bl Lyyas b

HEDP 5 PBTC o 51 Jsane (5,25 55,55 (slaodi 15}l 3 el oS FNST 15555 o0 gl (530 42358 ol
Sy Laea 5 5 325 559 o0l 5 51 00 o3 ol i 13 48,15, sl gy ol 5o 50 By bl oo
QIR Gl 0 gp Wmgy )92 blES 351 )0 iy B (o8l Ll @) a2 55 b izren Cesl o 5l (0 Atgy)

30


https://drchemical.ir/product-tag/%d9%81%d8%b1%d9%88%d8%b4-%d8%b6%d8%af-%d8%ae%d9%88%d8%b1%d8%af%da%af%db%8c/
https://drchemical.ir/product-tag/%d9%81%d8%b1%d9%88%d8%b4-%d8%b6%d8%af-%d8%ae%d9%88%d8%b1%d8%af%da%af%db%8c/

bl b Bekewsl b 2 g5 003105l aSol 4 4z g5 b (izren ol o0 35290 595 5l alall 1 )0 (i LB 5 )]
033l e & 595 i slil a2 508 (salsS oIy Sy 3 WL s s & €55 b 5 23lym Jslona 3 e S
ceriwo Ol zd g i ;0 91l (gl 2ld 5l (6 .8 )16 L dases oolaiwl g <l 3L o lild 5 s Lisle 4y ax i b g 04y dnlgs>
ool 5 b3l bl g ) (Stae Sl (S )l Spe 50 S5 0 33kel cnl cnlple ile o pdy Bl
slass cply ogde 0,05 0529 Sl ol Jolaie (5, ¢ (sxio o o5l 5l (6 lews 9590 j0 a0 wil oo )lo 1) daoxe
AS...HD B 05....)‘5@ OJ....SJ.J}: le.co)}..f L ‘-;..w_v‘g 9 )5..“5 )‘ ))‘ ij.’> A e as 09y (5"'5)‘5 JB‘M 6L¢o~.\4)‘\>)l.a )‘ ‘5"5|)3
oolaiwl Colild olyon 4y (S5,95 5l Saijloil ol e collB ( 59,05 60, Sles slacus 4 az g b (g5 0adylo3bail

Sjleer pd el (Gl gl 4 az g bojbnais

& S 4o - F
ooy sl JoSdge b (slal> o aiz ol Slo Jole 51 ey g oo 2l poeinl g a5 IS Ol )39 ol jo pol> Jueghs jo
S35 o3k o Shee laml jo 1285 13 Dbyl g (omyz 3590 FNSE (59,05 oijlojligl G plyie @ (ool pocdy
o o i a5, 55,55 Sbly 3 3y S Seih el b 4 5 PBTC 5 HEDP sl 5 FNSI (soleiis
093 agmma ;5 (5l slaoni ol g (oleriny (59,55 0w )Isik nl 0 ,Shes s (Z8F 18 (g 950 055 Laze
550 stleanig 58U 5 (5 15 155 Sladgasl (2l cnl 5o 25 1B Dbyl 0550 (SluS S Cges; lare 5 Dlilgumay IS
GRS 5 (oot 7 (555 mlio b 5 (B cio ) Gliles ge3T £58 S IS (s Ggasl T 18 esli
&5 on Slr o9 5 el leigesl elil 5l aloaring 2SI (sla (gasl a5 ol (Jlo s (ol Bl o0 (59,55 ke
69105 o8 LS 5L gl slp SedlST g Slilas (g5l aws 90 1 iz (ol 50 0l (g0 (F9)55 enilSe 5 (50,55
o7y Sliet 4 (loords S ledge;] 0,5 s )I05k 5 (lwlid (59,95 59 ge Jalss 5l (sl o0 iunS s b el onys 5
Finils o Rl b () 4 6535 0sS ge3] 45 el (I 50 Gl 5 91 5L (59055 (s Sar @Y G s
oS ool (o g0 0l 5 S o e ) (50555 Oliee IS (55 93T e plmil (BB SadlST il 4y 5L g o,
2 5955 Ol a5 Sl G151 (Sl (F9)55 @l wms (oo @) Bad 1) (59,55 6lo nils glgil pliandis 2SI (50
b 5 55,55 5 i ot ¥ oline 4t iellons] ot i 0,5 53,55 a5 sl (J555) ooy
el 525 (59,57 lansS lp (555) oni)lojl jpampas )3 (59,05 Glime mizmes adlbioe )l laow ol )5
4 azgi b gl 5l adlbioe FNSE ol slooss)lojh jpa> banmme 53 (59,55 5| jutn 2l ¥ (e 0 (liesl g e
5 HEDP (5,5 slaows losly olss 5l e plpe ¥ dgam 0 FNSIE (oot (S0l olss s 050055 5l Jol> mls
o 550 (i ipn] b Sl JS o5 lme )3 (6,5 5 csoliiig oo, o osk o Shas ozl s PBTC
14z s by gl (bl .03 18 (lB g (o 2 9590 5 BB ol o D g uslieel (02989 Sl s1as 2 (6 el
@ ooliiay 03,05k gyl 5l 5 2l oo HEDP o PBTC FNSI 4y bgyye i 5y (59,55 £55 (nrmeS oy Lo )
09y 6ol e losl b (Wl )0 (golgriy oujlojl o Slas reizman 00,5 oo DBl gail cnl )0 i eiloil lsie
(ol oo sy oo S 4 s (@390 U (50,55 Jeily SRl ) e 155 BB (gl Dy 9051 el
S5 by ooty S sloigail b SlsS I sm, Lame )5 s 5 (ool (Foys5 5ol o5kes
2 o 5185 89y 2 S5 G809l nl 50 2 HIE b g s 9590 BB (gl D 5 eilagal (95ng S
S (2gmyd SLHEDP oijlajl ygesl cnl )0 a5 ablion oo gm) (SWIo3k Sl (o) (e 0 IS 0y Ll
G595 b (oo 52425 gl (o3 2 o901 50 5,105 oIS jogm; 2 iz Sl soleriy 5 5yl slaows ol e 5 coslis
St (stgm 02 2L (S5 003105k SR (S5 3l 5 90,5 o0 oanline (g & gail Gl 4 035k giges s ol CV

31



9y b 093l 50 edlail g yas ol raizmen aad e i 353 1) ()l slaenilal a5 5w jo Jlew
dgax> g > 4o Jlowsl e sswyus o8 FNSIE (giw oailosl 00,5 o cdwlice by 4 (uilael (o 98g iS]
005,05l 45 00,5 o sadlive (3B yguunl 3o Db yge] b olaly copl podle s so lis 895 5l (5 lw slaonslssl
5 2k colloniylosl cpl as sl Jl> jo cpl g 0)ls (g,lw slrows losl sgum g a jo caslis Hlas & Sloe (golgiinn
(5 0 A ) O3, e yiwd BB 55590 Slge 5l g3 005 losl (] ;0 B )b 5lasjlas laoas ol ple a5 ol sasrs cslaiul

blse 4t BB Soml anze bg Comj e b 55l

Sloyad g Sl -0

sl Jos

&l -F

[1] Poulson, B. (2014). Predicting and preventing flow accelerated corrosion in nuclear power plant.
International Journal of Nuclear Energy, 2014(1): 423295.

[2] Ahmed, W. H. (2012). Flow accelerated corrosion in nuclear power plants. Nuclear Power-

Practical Aspects, 1.

[3] Afshar, M. G., Azimi, M., Habibi, N., Masihi, H., Esameilpour, M. (2023). Batch and continuous
bleaching regimen in the cooling tower of Montazer Ghaem power plant. Journal of Hazardous Materials
Advances, 11: 100339.

(4] Afshar, M. G ,.Esmaeilpour, M., Ghaseminejad, H. (2024). Microbial corrosion affected by
environmental factors in cooling tower of Bandar Abbas power plant. Journal of Environmental Studies,
49.(4)

[5] Ghahraman Afshar, M., Esmaeilpour, M., Namaki Shooshtari, N. (202 .(3Microbial corrosion in
cooling tower of ramin power plant: determination and corrective solution. Journal of Water and
Wastewater; Ab va Fazilab (in persian), 34(4): 97-108.

[6] Ghahraman Afshar, M., Esmaeilpour, M., Ghaseminejad, H., Esmaeili, N. (20 .(23Detection and
Analysis of Microbial Influenced Corrosion in Cooling Tower of Shahid Mofateh Power Plant. journal of
New Materials, 13(50): 46-59.

[7] Ghahraman Afshar, M., Ghaseminejad, H., Esmaeilpour, M. (2022). Microbial Corrosion in Cooling
Water of Lushan Shahid Beheshti Power Plant. journal of New Materials, 13(49): 26-15.

[8] Esmaeilpour, M., Ghahraman Afshar, M., Ghaseminejad, H. (2024). Investigation of water
consumption in Shahid Montazer Ghaem steam Power Plant and technical-economic evaluation of the
boilers' blowdown recycling solutions. Nashrieh Shimi va Mohandesi Shimi Iran, 42(4): 177-89.

[9] Ghahraman Afshar, M., Azimi, M., Habibi, N., Esmaeilpour, M. (2023). Providing Operational
Solution to Reduce Water Consumption of Cooling Water Cycle in Montazer Ghaem Power Plant by
Chemical Modification of Clarifier Water. Iranian Chemical Engineering Journal.- :

[10] Ghahraman Afshar, M., Esmaeilpour, M., Faghihi, M. (2024). Technical-Economic Evaluation of
the Proposed Solutions to Modify the Pattern of Water Consumption in Tarasht Power Plant. Iranian
Chemical Engineering Journal, 23(132): 66-84.

32



[11] Ruiz, J. C., St-Georges-Robillard, A., Thérésy, C., Lerouge, S., Wertheimer, M. R. (2010). Fabrication
and characterisation of amine-rich organic thin films: Focus on stability. Plasma Processes and Polymers,
7(9-10): 737-53.

[12] Hoenig, S. H., Budhathok, M., Robinson, G., Pierce, C., Meskers Jr, D., Ellis, M. C., et al. (2021).
Technoeconomic benefits of film-forming amine products applied to steam surface condensers.
PowerPlant Chemistry (Online), 23.(1)

[13] Dyachenko, F., Petrova, T., editors. Cycle water chemistry based on film forming amines at power
plants: evaluation of technical guidance documents. Journal of Physics: Conference Series; 2017: IOP
Publishing.

[14] Ghahraman Afshar, M., Esmaeilpour, M., Kazemnejadi, M., Yousefpour, A. (2024). Fe304@ SiO2
nanoparticles functionalized with glucosamine molecules as an effective and recyclable magnetic
adsorbent to remove Zn2+. Iranian Chemical Engineering Journal.

[15] Asgharinezhad, A. A., Esmaeilpour, M., Afshar, M. G. (2024). Synthesis of magnetic Fe304@ SiO2
nanoparticles decorated with polyvinyl alcohol for Cu (Il) and Cd (ll) ions removal from aqueous solution.
Chemical Papers, 78(6.814-3799 :(

[16] Esmaeilpour, M., Ghahraman Afshar, M., Kazemnejadi, M. (2023). Preparation, characterization,
and adsorption properties of bis-salophen schiff base ligand immobilized on Fe304@ SiO2 nanoparticles
for removal of lead (Il) from aqueous solutions. Applied Chemistry Today, 18(66): 125-46.

[17] Ghahraman Afshar, M., Esmaeilpour, M. (2023). Preparation, characterization, and adsorption
properties of bis-salophen schiff base ligand immobilized on Fe304@SiO2 nanoparticles for removal of
cadmium)ll) from aqueous solutions. Iranian Chemical Engineering Journal.- :

[18] Ghahraman Afshar, M., Esmaeilpour, M., Larimi, A., Asgharinezhad, A. (2024). Core-shell
Nanoparticles Functionalized with Polyvinyl Alcohol Molecules: Effective Magnetic Nanoadsorbent for
Removing Zn2+ lons from Aqueous Solutions. Iranian Chemical Engineering Journal.- :

[19] Ghahraman Afshar, M., Payehghadr, M., Bahrami Panah, N., Akbari, M. (2024). Fe304@Si02
magnetic core-shell nanoparticles functionalized with 1,4-dihydroxyanthraquinone as an effective and
recyclable adsorbent for the removal of divalent nickel from aqueous solutions. Iranian Chemical
Engineering Journal.- :

[20] Esmaeilpour, M., Ghahraman Afshar, M., Noroozi Tisseh, Z.,, Ghahremanzadeh, R. (2023).
Evaluation of the Performance of MnFe204 Nanoparticles Functionalized with N-Phosphonomethyl
Amino Diacetic Acid as an Effective Magnetic Nanosorbent for the Removal of Ni (Il), Pb (ll), V (V) lons
from Aqueous Solutions. Iranian Chemical Engineering Journal, 22.104-90 :(130)

[21] de Gais, M. M., de Alencar Souza, L. W., Cordeiro, C. H. N., da Silva, I. B. T., Soares, J. M. (2023).
Study of morphology and magnetism of MnFe204-Si02 composites. Ceramics International, 49(7): 11552-
62.

[22] Safir, 1., Ngo, K. X., Abraham ,J. N., Afshar, M. G., Pavlova, E., Nardin, C. (2015). Synthesis and
structure formation in dilute aqueous solution of a chitosan-DNA hybrid. Polymer, 79: 29-36.

[23] Ghahraman Afshar, M., Hamidavi, H., Maleki, A., BahramiPanah, N. (2025). Theophylline-
functionalized Fe304@Si02 nanoparticles: synthesis, characterization and application as cadmium ion
removal adsorbent. Iranian Chemical Engineering Journal.- :

[24] Crespo, G. A., Afshar, M. G., Bakker, E. (2012). Reversible sensing of the anticoagulant heparin
with protamine permselective membranes. Angewandte Chemie, 124(50): 12743-6.

[25] Soleimani, M., Afshar, M. G., Shafaat, A., Crespo, G. A. (2013). High-Selective Tramadol Sensor
Based on Modified Molecularly Imprinted Polymerl Carbon Paste Electrode with Multiwalled Carbon
Nanotubes. Electroanalysis, 25(5): 1159-68.

[26] Soleimani, M., Afshar, M. G. (2013). Potentiometric sensor for trace level analysis of copper based
on carbon paste electrode modified with multi-walled carbon nanotubes. International Journal of
Electrochemical Science, 8(6): 8719-29.

33



[27] Esmaeilpour, M., Sardarian, A., Javidi, J. (2016). Dendrimer-encapsulated Pd (0) nanoparticles

immobilized on nanosilica as a highly active and recyclable catalyst for the copper-and phosphine-free

Sonogashira—Hagihara coupling reactions in water. Catalysis Science & Technology, 6(11): 4005-19.

[28] Esmaeilpour, M., Zahmatkesh, S., Fahimi, N., Nosratabadi, M. (2018). Palladium nanoparticles

immobilized on EDTA-modified Fe304@ SiO2 nanospheres as an efficient and magnetically separable

catalyst for Suzuki and Sonogashira cross-coupling reactions. Applied Organometallic Chemistry, 32(4):

e4302.

[29] Kazemnejadi, M., Alavi, S. A., Rezazadeh, Z., Nasseri, M. A., Allahresani, A., Esmaeilpour, M .
.(2019)Fe304@ SiO2@ Im [ClI] Mn (lll)-complex as a highly efficient magnetically recoverable

nanocatalyst for selective oxidation of alcohol to imine and oxime. Journal of Molecular Structure, 1186:

230-49.

[30] Dindarloo Inaloo, I., Esmaeilpour, M., Majnooni ,S., Reza Oveisi, A. (2020). Nickel-Catalyzed

Synthesis of N-(Hetero) Aryl Carbamates from Cyanate Salts and Phenols Activated with Cyanuric Chloride.

ChemCatChem, 12(21): 5486-91.

[31] Sardarian, A. R., Eslahi, H., Esmaeilpour, M. (2019). Green, cost-effective and efficient procedure

for Heck and Sonogashira coupling reactions using palladium nanoparticles supported on functionalized

Fe304@ SiO2 by polyvinyl alcohol as a highly active, durable and reusable catalyst. Applied

Organometallic Chemistry, 33 :(7)e4856.

[32] Cuartero, M., Crespo, G. A., Ghahraman Afshar, M., Bakker, E. (2014). Exhaustive thin-layer cyclic

voltammetry for absolute multianalyte halide detection. Analytical chemistry, 86(22): 11387-95.

[33] Afshar, M. G., Crespo, G. A., Bakker, E .(2014) .Counter electrode based on an ion-exchanger

Donnan exclusion membrane for bioelectroanalysis. Biosensors and Bioelectronics, 61: 64-9.

[34] Jeanneret, S., Crespo, G. A., Afshar, M. G., Bakker, E. (2015). GalvaPot, a custom-made

combination galvanostat/potentiostat and high impedance potentiometer for decentralized

measurements of ionophore-based electrodes. Sensors and Actuators B: Chemical, 207: 631-9.

34



