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Introduction

In order to select the proper surfactants during
chemical flooding process, the effective mechanisms
of each substances must first be investigated. Among
the effective mechanisms, the reduction of interfacial
tension (IFT) between the aqueous and crude oil
phases and wettability alteration are of particular
importance [1, 2]. By improving these mechanisms
that lead to improve the oil spreading coefficient, the
trapped oil in the porous media of reservoir rock can
be pushed to the production well [3]. Recently, Barari
et al. compared the performance of [C, mim] [CI]
and [C,; mim] [CI] IL in reducing IFT and CMC in
the presence of NaCl and Na,SO, [4]. In this study,
in the continuation of the systematic study of IL ([C,,
mim] [CI] and [C,; mim] [CI]) efficiency, the work
of adhesion, the work of cohesion and spreading
coefficient are calculated by measuring the IFT and
contact angle. In this regard, according to the CMC
of these ILs that obtained in the previous study [4],
three concentrations of IL including before the CMC
point, at the CMC point and after the CMC point in the
presence of NaCl and Na SO, salts were investigated
to determine the effect of IL cationic chain length, IL
concentration and the effect of salt type on wettability
alteration and spreading coefficient.

Accepted: January/01/2023

Materials and Methods

Material

Synthesized ILs including [C12 mim] [CI] and [C,,
mim] [Cl] were used as a surface active agents. NaCl
and Na,SO, were purchased from Merck Company.

Apparatus

To measure the IFT and contact angle values, a
drop shape analysis apparatus (Fanavari Atiyeh
Pouyandegan Exir, Apex Technologies co., Arak, Iran)
was used.

Analysis
FE-SEM, EDX, and Mapping was used to detect the
rock type.

Spreading Coefficient

The work of cohesion (WC) is defined as twice the IFT
(y,,) while work of adhesion (/) can be calculated
from the contact angle (¢) and IFT using the Young-
Dupré equation (Eq. 2).

We=2y, Q)
W, =7, (1+cos(9)) (2

In addition, the spreading coefficient (S.) which is
defined as a tendency of a liquid phase to spread
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(complete wetting) on a rock phase obtained from
the difference between the WA and the W, as seen in
Equation 3 [3, 5].

Se =W, W, 3)

Results and Discussion
The contact angles measurement at different times
(Figure 1) show that there is a significant difference
between the performance of NaCl and Na,SO, at
concentrations below CMC value while increasing the
concentration of [C,,mim] [Cl] to CMC and above that
lead to decrease the effect of salt and this IL was able
to change the contact angle from a strongly oil wet stat
to a strongly water wet state.
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Fig. 1 Contact angle in the presence of [C ,mim][Cl] and two
different salts, i.e. NaCl and Na SO, as a function of time.

The values of WA and WC of desired solutions are
shown in Figure 2. Cohesion work decreases with
decreasing IFT while the adhesion work decreases as
the equilibrium contact angle decreases (approaches to
strongly water wet state).
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Fig. 2 Work of adhesion and work of cohesion (mN/m) of all
studied solutions.

The results of spreading coefficient (Figure 3) show
that the best performance is obtained for IL with
shorter chain length ([C,, mm] [CI]) at a concentration
of 1000 ppm and in the presence of NaCl salt.
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Fig. 3 Equilibrium spreading coefficient of studied cases at
three IL concentrations including CMC point and lower and
higher than CMC.

Conclusions

In this study, the effect of the ions type in the aqueous
phase on the efficiency of ILs from the imidazolium
family with different cation chain lengths in improving
the IFT reduction and wettability alteration by
calculating the adhesion and cohesion works and
spreading coefficient were evaluated and the following
results were achieved:

* The results of EDX, Map and Fe-SEM analyzes on the
rock sample showed that most of the rock is composed
of oxygen, carbon, calcium and magnesium, which it
indicates that the used rock is dolomitic. In addition,
it was observed that the elemental distribution and
its configuration on the rock surface are not uniform,
which can be one of the reasons for the contradictory
behavior reported in the literature in the topic of smart
water process.

* Reduction of IFT has improved the performance of
the wettability alteration and solutions that had the
least IFT caused the greatest change in wettability.

* For IL with shorter chain length ([C,,mim] [CI])
NaCl has shown a better performance in reducing IFT
while IL with longer chain length ([C,;mim] [CI]) had
a more favorable effect in the presence of Na,SO,.

* The lowest IFT and the highest surface activity was
obtained for [C ;mim] [CI] / NaCl solution with IFT
of 0.6 mN / m at concentrations higher than CMC,
indicating the synergistic effect between CI- and
[C,,mim] [CI] in reducing the IFT and finally the
contact angle values.

* To improve the spreading coefficient, the
concentration of surfactant was more important than
salt type. The best performance of improving the
spreading coefficient was obtained for [C , mm] [CI]/
NaCl solution.

References
1. Hezave A Z, Dorostkar S, Ayatollahi S, Nabipour
M, Hemmateenejad B (2013) Effect of different



families (imidazolium and pyridinium) of ionic
liquids-based surfactants on interfacial tension of
water/crude oil system, Fluid Phase Equilibria,
360: 139, doi:  https://doi.org/10.1016/].
fluid.2013.09.025.

Manshad AK, Rezaei M, Moradi S, Nowrouzi I,
Mohammadi AH (2017) Wettability alteration and
interfacial tension (IFT) reduction in enhanced oil
recovery (EOR) process by ionic liquid flooding.
Journal of Molecular Liquids, 248: 153, doi:
https://doi.org/10.1016/j.molliq.2017.10.009.
Lashkarbolooki M, Ayatollahi S (2018)
Investigating injection of low salinity brine
in carbonate rock with the assist of works of
cohesion and adhesion and spreading coefficient

Petroleum Research, 2023(April -May), Vol. 33, No. 128

calculations. Journal of Petroleum Science
and Engineering, 161: 381, doi: https://doi.
org/10.1016/j.petrol.2017.12.010.

Barari M, Lashkarbolooki M, Abedini R (2021)
Interfacial properties of crude oil/imidazolium
based ionic liquids in the presence of NaCl
and Na2SO4 during EOR process, Journal of
Molecular Liquids. 327: 114845. Doi. https://doi.
org/10.1016/j.molliq.2020.114845.

Kakar MR, Hamzah MO, Akhtar MN, Woodward
D (2016) Surface free energy and moisture
susceptibility evaluation of asphalt binders
modified with surfactant-based chemical additive.
Journal of Cleaner Production, 112: 2342, doi:
https://doi.org/10.1016/j.jclepro.2015.10.101.



ot 8 & ) )
wr R %4 WP VPD amio AF+Y Caiigusdyl 9 03905958 VA o,lais

SRR (P R m) Job S

O ) 9O gt 3 § S0 A by

089 K (59 fl_’c,_m@’.,\:g_a
Aol 57 9 OlWe—w Sl Jg—a> 5

ole Lo,y 9% Soly i) a5yl 2 doxo
JJL’ ‘5),4\44}9.’ WOKA&AJL) ‘)lS 6)55.99;4.04 w‘é))él.n))‘ GKMAJLA |“5.o..~.w ‘SAMW 05;

IAERVARVAR RSSOV SRVARYATNERH TR

LRVCES

e 5 s dlpleed (IFT) (s a8 ials 05ty ool onae lalie oty colislyy o (oM
Saa Ly ol sdiod Coloa b aisli b i oo bloy ool a il o, 55e Ly, 5l (0 plyeas Sais by
Job L porlgjlassel oolsils 5l Smamlo anly ;o slocalissjos (TS 1 (L3 50 95250 Sloiig £95 51 (s
¥z IS oelSn 53 ol a2 5l el 00 L] il 53 ] S5t 53 Syt isSlS oy
locdy xSl jgma> 55 [C\, mim][CI] 5 [C, mim][CI] leesliss g 0 dslne (SWigd Gty Gy pd 5 (Nimwis 3
=5 olwb jlalale a 6_3'1)5 (CMC) Jsbo (ilpme e lale wlul oy ailass 518 )y 5,50 Na SO, 4 NaCl
eglys 4l S S (59, 0 Skl (SNgd iBu b S5t 9 (S NeD 5 et 5 (CMC 5l iy 5 «CMC f 5)
4z ST Sl Sead 95 A wily oy Jo-b APl o (Saple 3 Shee sbiplts ol )5 8 (o) 050
e 53 Jodome 3, o (rla i AiS GalS o (S el il 035 Sed g9 5l idnn bS8 e i bld el
L, CL2mim][CIY/NaCI] Js_loo (slys oxla o e opy 5Vl 5 onba oy S oy a8 el 0l g |, Sl 5
5 Cl gl L Sad (lidlen 151 sais i a8 el sasl Cwsay CMC 51 1 5VL sla e lale jo +/f mN/m ,l, IFT
5l eglgn asln S S (Swigd i s el a S coul o o i8S 1alS o [Comim][Cl] S anle
Sl S Nism iy gy 3V 0y S sl g5 39 ] sl b0 Enngs o el Ay Cgac g

Dol cwoay NaCl Sei jg—a> ,8 5 ([C,mim][Cl]) ,5obsS oy Job Ly Spale

B iy i s o S i G S g it ol 1,548 RIS

cale sl s Ll slaciw bslwa S Lss y» Aodo

Y G omlin 4035 0 lgh sod Oyl 5,5 A Jgsrt
m.lashkarbolooki@nit.ac.ir SS9 Sl ol

b oyl e ol sl s oder lendly o
PO o) TY Oy O (DOIL:10.22078/PR.2023.4680.3110) : Jleasess anles



VWYoAFO amino NF+Y Caiiurdl 3 (295958 VA oyleds ~u_)p!",}
k4

Sl 009y 1,5 Jrmgh a8e 8,50 Lo b, 5l SO
o Bg 0l G35 Gl Gl )0 a5 (glaisS Ay
35— L Sl bl sl Sl (S Gle—e
i T L dte g Ol el a s S | S a g
Layg rmesd Lo a8 095 o aal layoa
ol ol Al o g ot Lyl e dale Ly
bl el S S (Saisd ol e o
S S| L g s Clay G wgolds
il S o e Sl a1y G plsl g ools
Ol 69t 5 Loys (i 052 ol Ly [F-Y] aas
o5g dm laciliSE 5w els sl Ly o (2sSTy 5 (B35
S St i e ity i Sl
diged d (xhawn iS ) L OS2
[C, py][C]] 5 [C; mim][C]] —pale 3o g plscss
ppm cbale Ly MgCl) ol j5-a> pac g j5-a> o
o33l ] A Wiy A (gl Ay VO <
§ S S A dlnly Seasle s MgCl S

Lol el (Sapl g4

aallla Lo ol 5 5 oglia (o nalall o) (e
i 9 po—dglaeell (S Slale (59—
[C, mim][CIJ[C,, mim][C1] <[C, py][C1] (sLoapls 4y
Jplsods (xhwim2iS 65,— [CHIC, py] s
o=l wlwo] (Sad Jodows s NaCl (Sad Joloxs
Oty [C, mIm][Cl]  Sepole 45 Qo) dons
2 g el A A ) (e 225 A alS
(=S 3y JeSIT ooy (a3l L o0l il g0 50
aslllae [F] el oas ;saS e wpn eiS
C,, mim][Cl]¢ [C,, mim]] g anlo go Lt
Wil asses ;o [C g pyIICI] 5 [[C1)¢ [C, py]ICI

[C,, mim][Cl] Sgale 45 se cdlao ool , Slo
Jsome (hawimpiS als )0 0, e o e
o=l L Syeodw g cal 4 sls als ek g
5 (Cds e Bls ol by a2l ad> 5o 50) (Sale
(gl ad> 10 ,0) Ol L Gyt L 4l

LV] et osls lzs 1y cos coslsb /Y el

FENTIUER

(e S A g ol b 5l 4568 ool jo
oludl acalgs 5Lasl s jlo an O (goga045 sl
Mouc)l_&g)_?u.a_\_s\sssaa_?%ﬁ)od
Ol Clapo g B Caasty )] 50 95250
Cpplo )0 ypesd Sloml Lo ((S,leay 00,5 0 Jgs
Lo g sd ol oty (Swgocdd 5l (Swisb
by Bl Glytige (ot hiS ials

2,5 pl 1) o

wL.SS)B_MJ u_..uL..;o g_JlJL..t‘ 9 C,_..u).) AS)\) )5_14...@4.:

9ol laolia L oleo b oly o 5,5 > 5o
Lol b 50 dlee ol Sl plaS 0 350 sla 595l
Sl g5l (50 1S )58 () 2 990 Al
(ilord Sl sl slaJslme (6lm i ]
3 90 plee (IFT) (o o (it 2als
Slesmy ol (Sis 35 i g (i 5 ]
O 50 g5l 50 ml Sgmg Lol o 55
S92 e 3 ()5 A (lien B Sy 35
15 0oLl alodly Cii g s S Ns iRy s 5
g 305 Enlas gadgioly Cenar | 055
Oy 9 S Sed il Az g Ly K00
Dy ;s pyd dari dny ol (2 (LS - iS]
23k Lol ool slaig, 5,55
SSlSE )5 dmsr s 5l osliiul alox 51V
el oa s )55 Slojay Cvonl 5 ok

losdhe pely = Jdoar (g Slsle 0jg,—l
Homly SBlE o g o, Slee Yy () a Lo
A S S e L s ()55 L

b 3Rl e (Jyone SlaliliSE
asd S b el 5 B)laite slaciliss ) sl
SLElSE )5 o i Atz Ll ailea
Slaciliss e Sad Aline (i amle 4l —
Cdlopangl al> e o Y}—"-’“’ ] e =%
Sl Gy 3l pitee Lad bad> g batedy S
5 09— Il g s o Jdodr o b oo ool
Sl 5 gy e b (6,5 izen



1Yo Olyo2 g (5,5l doxo

VM) Sl g 508 L laJslome Sl 1S
ool wl (L, 8 s Ol e Oy Bay S5
ol 5o ead ool ul sl [A] cul sas
=SS L 1Y (e 4o L o3 el gy
Sl S 5 VIO g Vo) Fefe FYIE lansys
e il 5 sy o Slog T gl bl LS

N o TN
( S
p) T)
CH“ (CH2)16 CHs CH2 (CHa2)10 CHs3
sl (o5 [C, mim][Cl] ksl (Gadl ) JS—i
[C, mim][Cl]

logS i) (ygais; 5| i oo ool sl Siws
455 Hled Ll sl a s w8 Ll —asSLL
ol S ol cel oo oals plas ¥ ISii jo as
S5 sloay &g oty s g 0k JS5 Ay
bl sl glayY Kol oa sols i,

el a4 8 3 e Saisd s

00— r:l.?ul L;Ia..‘)! u,u)_u (g.) 9 o)_m ,.._<.c (u:_!lT lS_w
ooled angly Lol | el sl

S 301
P95y oo 3| Ko o 51 5885 (50 pgad sl
solawl (FE-SEM) ¥ Slowe oS (g, (9,28
g y—olic 0o )0 0,5 et e glm . Cwl ou b
55 S5 iy el S 5 S et
4025 gl as (Al by SO aS (EDX) S
S bbb Slogas L (g ol Jl

1. Critical Micelle Concentration
2. Field Emission Scanning Electron Microscope

o i 5 Jsb

o9y L Sl bl b o ) Sen 5 55l - ‘J—'-"
il (s S Bale b p 5 5 5o
I, [C, mim][CI] 4 [C,, mim][C]] Sg ale 5 (CMC)
Aledges dunlin Na,SO, ¢ NaCl slaSes jg—a> o
cmlie oS3 4w Ol ) mges 3,190 5 (SG [A]
cdeas Lyl s, joma i cobls pobsjl anl g o
gl a5 )] el S gl (s, i
ol b [a] ccul e )L s asly,s S
4595 ol sl GlySse (9l laciliss)s
o=l g =l plo ol i a5l e s, oo il
2 e Sl sy dall 3 gy
[C,, mim][CI]
orbss agly 5 (i iS5 —Seslail Lo
TS g (Smgm S90S (Sdz 95 )8
imbesl b aril ool aile  Saigd iy
o=l CMC as a g L aS cwl odgm & gm0 ol as

5 [C, mim][CI] S5 S Slssle

saal Cwoty LS pagh 0 a S Spal g
Jod Jols a5 Sg olabe 5l ackale aw JA] el
CMC a_ladi 3l o g CMC a_lai ,0 CMC a_laij
,9—0 Na,SO, ¢ NaCl slaSas ja—a> ;0 Sl 009
5558 iy b 31 el 48,5 )5
ey Sd g Sl Ll e il Spmle
355 bt Saiph Gy ey Syt

‘;‘5‘;’ .'.”Lo).i R )

b"o Olasin

— sleilSe e w5l aslole s eolar
slopl 4 pgdgslaesl soly S 5l Spale 4l
Cy, Sl poedgslaenl Jute - Jowoge-)
odlgsls 5l (S amle 90 =l LSl ([C mim][CI])
755 Jsb 5 9ml)lS ey 9T L padsslaey!
| o oo)9| \ JL»; 5o u.AjLﬁ.uo ‘:_’9»)[5
J)_w )‘ NaZSO4 9 NaCl ool S y9—o (_gus_i‘w

mim]])

55 s Sl El oo ()l 5 Ll S s



VWYoAFO amino NF+Y Caiiurdl 3 (295958 VA oyleds ~u_)p!",}
k4

o ,8 Cwl 004 Na,SO, 9 NaCl S g0 L aslo,S
o=l o el sais sloml wijlw Ol L (Sai
lal dlmoie (48,5 Cmmgalid j3lareds ¢ ing
(Ve 050> Lulad angly L) Cwgs ol S5U ablis
L Lap] G 5 00 T j5abogé il aigad (49,0
g odls 1,8 pls i (olm gy il (4550
ol ay (Sigdp i a0 gyl 6l

‘5‘) “ e

PRI SEUIIN WY VR, SEWOT R S PRV
B Y0er JLidpsigVe C ol a >0 0ol
asgly s ploul Lo ol g0 5l ey .l oo oolo
J—ol> el ablias o d cwgocds 5l wlos
i aS Sloj (VP o0 wled dagli) cwl oal
O3y 9 el 0,8 e 58 S w5
g 0d—d Qi Siw w59, S )0 9925

(CA) wlod asgl; g IFT (55051051
S SN S ey Sl G2 2 50
Ee (Gm0F 9 Ojg oSS JolB) (35
Ol pld oo, tad lal> g sl )l 58
Yo e b pmpal SBilopn JliSle s 5 (y9e
o)_|a§ JFT 6)_50)\..\.»‘ 6‘)—’ 4o )5_104;. el
o wetee ool )8 s S o slio,e
S5 JoB asSs 0gb o ol g olwlid o, dad ]
)9_.:‘).:‘ S ol U_" OMJ&»‘: o)_.‘aé S yg—0 4O
Ml_)J)l_»«SS_»)QMLAO)_}QBgS_:A_:L)
)QQM‘W‘HUH&.MQ@‘EU
ayle 5,8 Jolas jo (2l 5 (5,5 slag e o
Sl g Sa 3l o loes aliw] o o,lad g
R 3B g a5 S ojlail S ploul jetaiea
Ol lwgie g Cwl oo 1S5 L 4w JBlas ols

sl 00 55

1. Mapping
2. Aging
3. Soak

g3, alie

S i g yolie o) (53,5 At 6l
(EDX) Sol 952 (5,1 (tlmy (it 1 5
J—dod g 4o sl S (oS gy S e S
Sl aiges S bt Sloogas Ll
ol SaST, SisS l ool 45,8 IS,
=9 o obe chile Ol oss by ()2 s
Ll BT L (6l gl Ly s dged dalizes
b pdy alol

Cowgdids S50 ablio as d959

oz g s i gl )0 5 e
S 3 0p2ge b like SLoS 5 (P
2 Lo, o 5 S5e 5l 3Fee i85 Lo ol s
(3 3l b 5l i Blige jFee (Saig—2 5
Cponl 3l 5te S iz g (= Jglme S 5
45 b Jle gl ol lo )03 6 s
EUW] v LAV LSRN L ST [ B N I S e
el asis o ugscd 5,lsS sladiges Lo
5O Cwgaiadi Sl ablas 5l jiwsh ol o Dy
i Eg ] 00 oolaiwl  Saigi 5 Slioles]
ator 5l (B 5 (S S5 5 psasa pls
S Sy i ) (glofmy G el
Som s i S e 4 ) (e
Sl am (5Fre S (SNgB S i g 35
sloca 5l o)la o iy (Cmwgoiis) adsl
0as oo oolaiwl YU pidla wl oo Ly oS
oS i oLl Ly e s o yledy
DYl sls pacals 1y o gley o (Saigmd 5 s i
@S 4 sl Jseme jbas o] ,mopdle
Sae L oyl b e S0y Swie i L
§ S S i e (Seslinge 5 Jolss sl
I L ool Socs 0 ool b asln of slagyg
i Ly s 3 VL i (695 Ly Ygamo) a5
ol Sladllas jo aS Sty g o plol (sl
3 Shos ;3 plywty ;36 Loy j5d> wietga
b8 gagh ol o go)l Swg by ks
S ol i le (Sealinsge i JobsS (o 2



Yy Olyo2 g (5,5l doxo

5008l el [ s S e fad o jglze 33
5L adal; jo wled angly bawgs 4 S 09 B, o
0] 09t o alone ¥ el 30l 190

W, =7, (1+COS(‘9)) )
S Vg S am p B yre gy 90 ol I LS
D] o5t o arlne ¥l 3l oS

Sc =W, -W, )
(5‘)—’ aS cel ,_0.5 dasr s &_, (;“\"3—"‘"
9 P om iS5 Seslail an s ol 4wl

S 93 (25 aduia
robis sy (EIESS 5 S e e Sl
S50 ataie (ol adadi a5l easms JLSis
EDX-dot map- Lo jiale;l ¢ ilo;l 0,90 S
Sy mall g el oa s 438 5 Fe-SEM 4 ping
(CaC0,) CodS sl 00 00,51 ) Jyo> 5 F
ol pmelS Sy 5y 5 40,5 S Sy
00 oSS eS| g S iS5 AS
SlisyS slm ol Jgare asS g0 5l (S ciS1)]
Ghls aS cwl co S SIS, K0 4365 5 pudS
e el an P
S y09sS gl 55 6l )ls 45 (CaMg(CO,),) Cooglgs
W PR TS PURIL g B IR F A
L ol )0 pjete (3ol aild 51 0 iy
Sg—dor JuSis T S a Sl L Sl S
Sal Ko L) e nglgs saims LSt , _wolie
o e duwS| 9 (Ca0) S_al RV (—oglgo
b3 5o olie Eod 5 S 5 e (MgO)
St 53 5 mris 5 0 popmsliy gloo S|

o ‘ K l< 4_’ L..A.

1. Spreading Coefficient
2. Adhesion Work

3. Cohesion Work

4. Lithification

o i 5 Jsb

e N Sl Sy ok Sws
Y j5—a> 0wl pshw 00, S S
5 iy t5 o 239 o iy i il
L5 cmgacds slacdls Jols ¢y gyl
ools Las ¥ IS jo aS asgS led ool Cewgaos]
Cdio,ad S fals 8L eled angly el sais
wih—ewﬁd&—wab—wsw—ec—x%‘ﬁb
9 6)‘—"“"”‘ )l—"“'9 2° ol S 9 wm)ﬁ—‘*’ J“L“’
il 00 (5, S03lail (YO 'C Ly ,5) 5Ls1 slws

Solid
Surface

Gys
Oos

Water
a ow

Oil
gl 2 o)ly slag s Sles ¥ S5

S oy lad o (led agly S5 a8 as T olen
by w4 S b a bz 0 S wxhw g
od— 5 =Soslal VEe L ol il g
il slags o Shes (o 2 sl mlnbe ol
4S it lej 4o wbed angly (S Slle g
oadsazs S, 8 T Lo sloe Ly (ulad yo S
agly Aol glmosls .l oo (S0 jlasl ol
ooliwl ( Swigd (st co pd dle gl ules
FEOEW P

'S N Sy g

Ol A c T Siwgn T Satax S
3,0 o)Ll - Ken g (5Na i s S 0 00ls
31 (65,1 potie 0 (Siwsy JI5 & Bls 0 [V F]
oole S aS Cl (65,51 o 5wl oo o
Bl g aS B anl snse mhaw LS gl
s L b o S il 58 (oS
oo ol ) adaly o a s Vo] aisb o (v,) (s
!

We =2y, M
93 ilulaz Gl anbas el )5 Sas )5



Cumdaw T Contine

Mg Bl O |@ Al W S

Ca @l N W Si

ooliiwl 8,50 Ko diges 5l (o S5 Map g (&l S Fe-SEM. o glas § S0

Cawgao! S3Lablic aiges ;I EDX 5JUT azs ) Jgio

K] ¢ N 0 Mg Al Si S Ca
Vabis | VaNf bIvS DAIND 2 4 Y “IVE Ty
Cowgos] | Yahis | V8-V YTV V77 Vs VA YIA- JYY | AYIVY
Yabi | VYN0 Y4 FEVO | VVYY -0 YIO) JYY | YoIef

—ramb 9o ol Gl b 515 5 CMC a
—on S slaslxe (xS vl
i g S s CMC Ly, (O) slacdals o
el 00l 00,9l Vg ¥V sla Jou> 0 L£MC
b o i 58 e sanliie 45 4eS L
DS oo )b Sasi 90yl Cm S Slmbe
=9 emle ol Sl S D> d g LB 4SS
o Sl 45 el Sed Jsloxe 4o [C, mim][CI]
ppm) (g gmle ml oy 9)50 S bile ST
[C,mim][Cl] S amle jl eSSl pe a4 (O +
Jsoz )3 a8 aF e 00,8 SLsl (Ve -+ ppm)
o ey Job L (S amle gl sl 00 0051 ¥
6=t S o NaCl S ([C,,mim][C1]) ,olssS
el osly lid 09 5l odaw o uiS el o

5 o S‘d;‘uM‘)‘&wowM‘&w

Sanglgd odmsjlid a S Cl oo LSS v e
u‘ﬁ—’ns" ‘QT )_303)1.(: g.,‘_m‘ J.._’LA)T ‘>)9—" S 009—:
I u] LS"\—"’)LB S e 2398 4_701_7 PRV-Y R

403 EDX sla; Ul 5l J—ol> zsli 4y a>g5 L

siealS gl 00,5 eled angly slayge;] jo Las
sz JBlae e eles angly a3l o ez ao o
Ll aSils g 00l 48,8 S @ lizeo aags

il 00 155 Lavools [Lxs il ool Ly ol e
Bae b o dedle i Sy 04 S A i les

s9—a> 50 (haw sleg s ) p gt =l
g L il gplale ) il Laclal



Y4 Olyo2 g (5,5l doxo

o i 5 Jsb

[C,, mim][C]] s3> sloglze g pls i orbans o 2iS ¥ Jgu

IFT (mN/m)
Sod CMC (ppm) C<CMC (Y- - ppm) C=CMC C>CMC () - -+ ppm)
NaCl YVY VY .5 .If

Na SO, OYF /) VIV V/E

[C,, mIm][C]] sol> slo Jglors g pl> cai 2 S ¥ Jgus

IFT (mN/m)
Ses CMC (ppm) C<CMC (Y- - ppm) C=CMC C>CMC (0 » ppm)
NaCl YAQ \YIY \A% ¥/
Na SO, f1Y £10 Y)Y \/0

gl ol 50 ead odaldne St (b
Olssise [y OlBe 9 GYLls ipgly 4 s
L pe—dgslanel oslols 5l (g amle jlosliiul 4y
SIS S 255 STl oy Jo- b

5N 5 S5 o0y

35— =1 sloslns CMC 5 IFT (s s 5| oy
CMC sLocilé 5 ;15 05 o (ol Jolons o il
oS g oa s oslal 5T 5l 5 i g 4 taS
2 SN Sl ) 2 Sl S
30 ovlbed dgly mals cwloa s jgabge Loyl
[ i 90,0 Na SO, s NaCl S g0 jg—a>
el oS 0351 oy 5 9y5 (Himmle 55 sl
[C,, mim][CI] (Ll

sl gl Lo S atged (SWg—d 5 Ol s
y9—a> ;o [C, mim][Cl] e Lo loacdale fol i
5 b eols s & JSi 0 Na,SO, ¢ NaCl S
L ol olios sl Jlane il 55 s
03,5l (VWYY h 3l ) Jolws cdl> j0 0, hab L Se
o o e Bl ol il o
Lacols a8 el )] sasmsylis aS ol Sussl,
alold bwgio Jlade 5l lade az Sl j5-boay
FEL ¢ IRUU PR VIR RS NG DN (P S PRW S
Slee a Losls o3 g Sadl SasTy,
oot Lt 5 iy ane Gl ol 4 S oy cl
el Lol a g |6 _SussT,,

SR = Jeb o (S el 45 5900
Sr-eshe ,SINaSO, ,3—a> ;s ([C,ymim][CI])
s o eSS (T 9oz Sl il
(V0 °C) gLl glos o omba o e oy VL
mN/m |, IFT L, [C,,mim][C]]/NaCl Jgt>o 5!,
5 YYY ppm) CMC ;| s i slackle o -/F
O § JouiS L .l ooal sy (i
ooly sl g Slmle ;51 s sl [VA]
S (el e AiS s pSY g podg sl
“prd— S8 Y (5,50 L (Hsloelpls
¥ g g Slnle 5 (SDS) Slig s Lassg
Y=g ) ([C4 mim][Cl]) o IS podslonel Je
{[C4 mim] [PF6]) Slawds, sl S poeljlacel Jote
Sl §390—p po—dgilael StV oK)
py—dlgslonel e Y- L2SH) ([C6 mim][HSO,])
CSgliRe plo5Y5, S ([C8 mim][Cl]) oIS
csgliSa  pliSVy,ds ¢ ([CPIC6H11COO])
NaCl e Jsd=e ,o I, ([BTJ[C6H11COO])
gy Azml Gl dy g a0l 8 )y 0 )50
po—sdsilanal ol L 5l Logass (nclale a5
SDS 3|y olye an |y Sllecis (oo piS
sedle oo o i alS YU gyt byl, b c
o,y Job L (Hs lule a5 ol sanloiie ¢
S ol ) e 5 5,5 ST
S als wlails Slals i s



PP amiuo AF+Y Cadugensd sl 3 03995958 VA 05lacis ;&_y;}
<

FENTIUER

NaCl ¥-+ ppm

~n— NaCl\+++ ppm

L L

Na2804 4YY ppm

—t— NaCl 1YY ppm

—--= Na28S04 Y. ppm

~®= Na2S04)-++ ppm

"*‘
” \\
‘." ~
.\
\\
° b
° S cccrc e e e =———— -
. °
d==o st cdecccacaaa et i s a
f f f
I You 18 Yoo
(hr) ;Lo

[C,, mim][CI] g5l> slo Jsloee b S digad (Sigds 5 Ol pois & JS&

[C12 mim][C] Jols Sod Jsbmo ol CA 5l oas (6,505l slaosls ¥ Jgu

[NaCl/ [C,, mim][Cl [Na,S0, / [C,, mim][C]
(h) ok; C<CMC C=CMC | C>CMC C<CMC C=CMC C>CMC
iz
\ Y VALY \YP1f \ERES ARE=4 VYALD \RREaY
O ARAEEA Yf£y Yv+¥ VY F£0 FO+0 fO£Y
Yy FALY YY+Y YA+D a4+¥f fo+f ARE—4
\td YY£Y \¥sa VALY VAVEY AgEN fy+f
¥ DALY YY+Y VALY 0+0 FY+£H YV+¥
V-0 A YO+Y Yo+Y \AE=N FY+Y ARESY
\YY OF+Y Yf+f AN \EE=N ARES g Y.Ly
- P 9O 0w e e

5 CMC ol oy [C mim][Cl] e bale a I3l
o=l 5 el 2Bl Gials e b o )
5l Gelod agly ol i ilyy cSgs amlo
S Cwgs ol o Cdld Cwgolds ‘..\J..\_w
el ceal a5 5, 5 (6 A plsT o0 0pd
03— Sa g9 5| i [C,,mim][CI] oSS 5o
55 ol OlsSee & JSi 9 T oo a4z g Lo

SN Sl 1 ke 56 IFT ials 45

o 55 e slncdl ol Sl 4 am L
PR XU EC RUA SO 5 B SN SRUP| JUN W g PRUE SR
Ol i 45 C3 )5 doe S lad oo Sl ulod asls
agly ol 0350 o g slaiel LB ulod asl;
a5 @ lize slale; ;0 00 i 5, —Fojlasl Ll
5045 aad e ol Sl sa b eyl TS o
latdamde b &gl a5 CMC 5l , 500l slacdale

aS 90,0 9,15 59>9Na SO, g NaCl o , Slae )



Al Ol 9 (55l oo

L glacdle o, oliole;] aliw joboa
Na, SO, ¢ NaCl S5 j3—a> ;o [C,mim][C]]
03,51 & Jsiz 5 7 USb jo mls g 0 ploxil
sl [Cmim][Cl] gy amsle G5 s sl 00
y=a> 53 1y (6,5 cwlin 0y Sdoe [C,mim][Cl] Sg
Vo Jses il ol ool Lis Na SO, S
O (oled amgly) 7 IS g (ko 2S)
Joome o Shoe (rhawpn S ials 9o o0
GlaseS an culools ogp 1) (Sdgdy ,osd jo
s e S S Sl Jylons S
ooyl 1) (Sdigby i ooy Wil b |
(CMC 3l ,5YL g ol ctale Ly Na SO,) aslosges

o i 5 Jsb

Sl o yShas G 4S5 sbar ol il
30 b el i YL IFT Jode Lo Joto
a—le o, Sloe CMC 4 | S sloacdle
el 004 Na SO, ;I , =g NaCl j5 > o s
0wl s e S A T s o0 48
=95l JiBu a S sl ol o Jodoe o
Olymes ) le oo ol b el Al Saigo
Bl Cuws SO § Cl sloaygusl e coglds a1,
Cl 9l (=58l 5l ooimo s &l as oyl
35 b e S i alS o [Cmim][CI] 5
el o agly sl

[C mim][C1] (&

VA
o~ NaCl \&-ppm —a—NaCl fi¥ ppm
V. —u—NaCl &4« ppm = = Na1S04 )-+ ppm
— & Na2S04 YA4 ppm —m— Na2S04 j4- ppm
1F. ‘l—-._,__./-
D N — e
el > . G ———
1 1 "" 1\ . .
3 .
Y & N
g \ »
-r A
4 \ A
- b N NI R tn A - m e e oo
¥ "‘——};‘—— _—__.____—————_.
L
B 4 Va. ¥
(hr) 4le;

[C\ mim][CI] (s5l> (sloJslne b i digas (Sigd i i £ S

[C, mim][CI] Jolis Ko Jolxo Jolss CA jlonls 5,505l slaosls & Jgus

) ol NaCl/[C,, mim][C1] Na,SO,/[C,;mim][Cl]
c<cMC | c=cMC | ceeme c<cMC | c=cmc | cecme
\§o2f

\ Y40 \AAEA% \YWe£f VOY+Y ARREN VYO0

A IAREAY AR E= yyYa+f \YY+F IR VYAED
Yy ) - O£A yYotf AREa VYYLY e vsf FALS
\rd \YotY AAREIN VFO+0 yvotf fr+f Ya+y
¥ \ - OY ARG \YYEf ). v£f fo+f va+f
V-0 9+f AREAY AREE=N \ -0ty TA£0 YALY
\YY ALY VAYEY ARTAES ¢ e V£Y Ff+y Ya+¥

ol Jso




PP amiuo AF+Y Cadugensd sl 3 03995958 VA 05lacis ;,&_"/;}
<

ol dgly dz e 4 S (900 a0 Aals
Cl) 5SS e 5y taS ,yolis 4y ol
Sel 5 ab o ol (Satz )5 (Cmgac]
Srody (SHgd (S cmpd Gah S3p
—ngle ps Job (5 jobay 00, S (oo pbo
Jlal Vil 5 ey iy ((lS i)
Spgo 53 il NS5 T 5 SOl cals
o2y Job B L ot )3 (g 9929 poe
(Fhoim tS) (o oly (g lle
G ol 3 a8 e [N al e 09
od—ols Cwddy Sod je—a> yo gl e
Sbwsly i8Il g 5, ST gl S o (S 50 el
2 Lol plosr 9 SS9 (lomos Sy
g Sl S e
S Cl S dSged S oA S (glaSeS A
S e 6,5 3l Sty 2 S e 31
S0 Oyee S )0 4S Jyse,0 sl il
Al aals |y ol 8 5 Kl gla S en
Sl gg—dge (ml eaamsplis Amgh ol @l
159 plBCd TFT L S e ol b S
9 S dny Ly 5 g (SWed S Ao
ST oy b 5 Sad g5 Ay iy (S
Sl ot P IS b dnazg Lol Sauab

el ol oA &

FENTIUER

alyyS S gl e S bl S8 (a5
o olidg il 0929 ] el cie )L Gl
s S L GialS A omie algi e Jodome
9 Seliwlg xSl Joles 2als ay jonie e )0 5
po—ddgsloaeal 09,5 o slopail> oS 5 e il
S oz 1y 9 el L (Sl
il yomie nld )3 saay il s, S e
SN et 5 S s 5l 55 9 ellis]
Sate Ko Oleds 05d o S| clay
plscds 5 Coliss e 9l (ol aole o IFT o5
Sl o Sbly 2SIl Joolss' ol e
) Swig—by o Sow g g plsed S
Ao dog Ly a o e e Cwgos] Conay
amgly BBEtalojl glmosls o F atal, Sl (58
9 Pl Sk G (G iS5 (0) Wles
Ol o5y Cmpenl 4y Gls S e (), ) =l Jsme
S 5 =l Jsdome (s (i GRS Ay S
S g ol Cd (s e (35 5 (V)
Ot G5 el S glassS A o (7, )
Som (FWgB 5 ;s el Jbl Jlow (b
ol 00 Swgos] oty a5l S

Vos = Vo5 T Yoy €08(0) ®
g 9 (S S )5

slaJslons 6l (Saaz 5 5 (Siwgn 5 0lis
sl 5 o _sools lcd VoIS s o a0 »

L APWETS L) n e igay
r.
Te
T
AT
Ve
JIJ‘ a
,_H_” - _"_ﬂ —a—aid
s S &S 2 > A D >
TIF P IFIATITSTEL
V_Q‘_m N AN ,Q**Q 9 ,Q\t{ e
4 &P 4
v ey = el A
DO D AT A AP
SO R R SO A
M S aaSsaSTaSd
ST S ELES S S
AT B a3 "D . "t
R N e e A e A
SN SO S
O T I L PO S
o T St



\FY Olyo2 g (5,5l doxo

= sl le Gl iiSer 5o (S
‘5)&‘)“05_“6940@&_‘”6@5@&5
o=l BA > Lol Ly ol as og b e olpiins
onmbl j5am 84S Syeeye [T ] s s AL
uaJL....n )L'i_é) ] 00iS sdmlie 6“’“\—.’.“\'3. =
H5Sse r Lm i e 4 sl a9 5o LalL
amdl (59 s o Selionly 2SIl asdls (g9, Jols
5o et s S0l Sla S oy g elg ol
g (SWe—b et e S e ol LS s
o s A e el a sl S S
asly,S S Saisdy Ol sy olo Coid 38
V¥ e V2o sg0 > I [C, mim][CI]/NaCl ,g—a> ,o
A \fe sga> I [C, mim][CI][/NaCl L awslas )0
o255 b (S gmle T (e0,88) o S 5L
S, Slae s g NaCl Sos jgma> (o, SolisS J_,SJT
S 5 sl phmlesl 0y Lo sle o 5o
= —lp ey iis L [C, mim][Cl]/NaCl

sl 00| sy + /8 mMN/m
& 5 4

S9290 slaom 95 5l (s n L im0l 50
ooly—l> 5l (—s Slwle ()5 (ol LS o
3 Dylie (g5l 0 on; Jyb Lo po—dgjladl
G e pd g (g 9 (Sdey )5 Al L

il oa Jolo |3 s Swip
5 EDX-dot mapping sl o Ul ;| | o> m s
odmas yisu ol il Kiw dbges (g9, ,— Fe-SEM
JS—i o e g eSS S5l S
N CEDWIR PN -SUTN PR CE-X N B U SN P W)

S o el UT )_305)19 RO d.._tLo)T Sy9—0

1. Closed Packed Structure

o i 5 Jsb

= =l (Fsn g Sz )8 4S
e ol 4 NaCl Soi js—ia> ,5 [C,, mim][CI]
J—dsa s el oss [C mim][Cl] g amlbs

530] ety

(i3] 3,50 gl slre 5, Slas y2ge S50 (sl
by S dged (St Sy cmpo olie
dmlbore (Swg ) g (Sotnz I G S

ab ool las A ISl o moll 5 el ol

- =]
E.g.n E.Q.E_
& =gz g&=282E8Eg
4 = TTEEAa K BEREA
S5cif2ggEiE:
E EESSSEEESSCS
EEZFsas 2EEEE
oo PR — i — e — B S B = — |
O o888 qn 3o BA 8
EEe=E2Ena o
= = =
2 338883338888
L n o s s = e ===
2 SSERREEEEEER
_r
-
-~
A
A
=AY
e
A
= Spreading Coefficient “AA
Yo

S dged (SXgb By o po Aule A S
[C,, mim][C1] 5 [C,, mim][C]] Jol_& oT)g & JoLloa

sials o, Slee lajpe ol )b ool A SST e lea
B el SN b S s e ES
=25 dsb L (Snale Gl o Sles e 45
Ve ppm e bale L ([C mim][Cl]) 5 oLssS
il B 0wl sosl sy NaCl S jg—a
—Sws) Jld e S lg—ieas NaCl coiaisga ol
JUNDUES ST [ I | NP s ON I I g



PP amiuo AF+Y Cadugensd sl 3 03995958 VA 05lacis ~u_)p!",}
<

CMC ;I , YL slacdale o +/# mN/m , |, IFT
=8l 5l saims i a5 Cwl ol Cwoay
st S i alS o [Comim][Cl] 5 CF sl
Sl el ol angly Gials cnles 5o 9 (e
g oothe bl b4 (Swis b p Sy e po de e
Cotl bty K05 (SWed iy el s
el 00y S 9 3l it LS8 e i lale
S WD GBS gt 50 O Ses e

S5 s simlel oy sladsle

LSRN RSN LTS [C,, mim][CI]/NaCl

PG gy
oS _tils llael e S 5 onlil Ly gios oy
BNUT/393055/98 o,lass Ly (ol Jlsyeissi oinio

FENTIUER

S gl 3 O S 5 i o
S8y JYo il (S5 ailg ge 4 S s LS,
b=l sl iagh o cu—i o)l 5 a8l
N LR FIRCONIV- SO I S SUNIET) e P
Ao Cowloold sgp ) (Sais—d i s jo Jodoo
S Kla_als ‘) g_s"l” ,

o =25 Job Lo (S amle sl aslosges sloxl
& = 0 SNose NaCl S ([C,,mim][Cl]) ,SolsS
Sl ools lis 042 5l e o ilS iealS o
=S5 =y Job Lo (e amle 45 500
&rwslhs , 51 Na SO, ,s—a> ,s ([C,;mim][Cl])
=AYb g (s n AS eSSl il
L [C,mim][CI/NaCl Jgtoo (glps onbas e

&l
[1]. Zante G, Boltoeva M, Masmoudi A, Barillon R, Trébouet D (2021) Supported ionic liquid and polymer in-
clusion membranes for metal separation. Separation & Purification Reviews, 51.1:100-116.

AV-V0 AT YO s

SXigd i s 0dmdy ey (VYA T (S s o p bgwge & dlinle oo ol o oo (5 Lixie Y]
Grps oebed sl 5 L Jamily il Sl esliial L sl S ojloe am diegn Of o35 ald 5o
FA-YA AV-F YA ook

SLlmods )15l sl diaign slac] abges 6,85 50, Shae () OYAA) o (2l o gooo [¥]
[5]. Lashkarbolooki M. Ayatollahi S (2018) Investigation of ionic liquids based on pyridinium and imidazolium

as interfacial tension reducer of crude Oil— Water and their synergism with MgCI2. Journal of Petroleum Science
and Engineering. 171: 411:424, DOI:10.1016/j.petrol.2018.07.062.

[6]. Hezave AZ. Dorostkar S. Ayatollahi S. Nabipour M. Hemmateenejad B (2013) Effect of different families
(imidazolium and pyridinium) of ionic liquids-based surfactants on interfacial tension of water/crude oil system.
Fluid Phase Equilibria. 360: 139-145, DOI:10.1016/j.fluid.2013.09.025.

[7]. Manshad AK Rezaei M Moradi S Nowrouzi | Mohammadi AH (2017) Wettability alteration and interfacial
tension (IFT) reduction in enhanced oil recovery (EOR) process by ionic liquid flooding. Journal of Molecular
Liquids. 248: 153-162, DOI:10.1016/j.molliq.2017.10.0009.

[8]. Barari M. Lashkarbolooki M. Abedini R (2021) Interfacial properties of crude oil/imidazolium based ionic
liquids in the presence of NaCl and Na2SO4 during EOR process. Journal of Molecular Liquids. 327: 114845,
DOI:10.1016/j.molliq.2020.114845.

[9]. Hiorth A, Cathles LM, Madland MV (2010) The impact of pore water chemistry on carbonate surface charge



10 Olyo2 g (5,5l doxo By gy Jeb

and oil wettability. Transport in Porous Media. 85.1: 1-21, DOI:10.1007/s11242-010-9543-6.

[10]. Standnes DC (2001) Enhanced Oil Recovery from Oil-Wet Carbonate Rock by Spontaneous Imbibition of
Aqueous Surfactant Solutions, Doctoral Thesis, Norwegian University of Science and Technology.

[11]. Tie H (2006), Oil recovery by spontaneous imbibition and viscous displacement from mixed-wet carbon-
ates. University of Wyoming.

[12]. Nair R (2014) Smart water for eor by membranes (Mastens thesis), University of Stavanger, Norway.
[13]. Anderson WG (1986) Wettability literature survey-part 1: rock/oil/brine interactions and the effects of core
handling on wettability. Journal of Petroleum Technology. 38(10): 1125-1144.

[14]. Tan Y. Guo M (2013) Using surface free energy method to study the cohesion and adhesion of asphalt mas-
tic. Construction and Building Materials. 47: 254-260.

[15]. Lamperti R. Grenfell J. Sangiorgi C. Lantieri C. Airey GD (2015) Influence of waxes on adhesion properties
of bituminous binders. Construction and Building Materials. 76: 404-412.

[16]. Kakar MR. Hamzah MO. Akhtar MN. Woodward D (2016) Surface free energy and moisture susceptibility
evaluation of asphalt binders modified with surfactant-based chemical additive. Journal of Cleaner Production.
112: 2342-2353.

[17]. Chatzis 1. Ayatollahi S (1993) The effect of gas injection rate on the recovery of waterflood residual oil
under gravity assisted inert gas injection, Technical Meeting/Petroleum Conference of The South Saskatchewan
Section, Petroleum Society of Canada.

[18]. Sakthivel S. Velusamy S. Nair VC. Sharma T. Sangwai JS (2017) Interfacial tension of crude oil-water sys-
tem with imidazolium and lactam-based ionic liquids and their evaluation for enhanced oil recovery under high
saline environment. Fuel. 191: 239-250.

[19]. Zeinolabedini Hezave A. Dorostkar S. Ayatollahi S. Nabipour M. Hemmateenejad B (2014) Mechanistic in-
vestigation on dynamic interfacial tension between crude oil and ionic liquid using mass transfer concept. Journal
of Dispersion Science and Technology. 35.10: 1483-1491.

[20]. Fathi SJ. Austad T. Strand S. (2010) “Smart water” as a wettability modifier in chalk: the effect of salinity
and ionic composition. Energy and Fuels, 24.4: 2514-2519.



