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1. Structural Disjoining Pressure
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1. X-Ray Fluorescence
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1. Calcite

2. Dolomite

3. Gypsum

4. Quartz

5. Pyrite

6. Kaolinite

7. Whole Core
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1. Atomic Absorption Spectroscopy
2. Pore Volume (PV)
3. Irreducible Water

Sod o5
56l Jl plseay Soi o5 Ol s sl
(Ol e pp a55) )b mds by Of 5l s
Lo YAYP. ppm ol i slayg cdale glls
WO ppm c—to sl cbile 4y ol (55l
Ao Ly Ly ol (g5, 5 o0, oy g
Loyo ol 5oy slosl Lo Ol as opsbigs ol o0, S
03, eoliisl o330 (59,0 adgl Ol olzul sl 5
am by ol (Sond sla Sy S0 F dsaz
Ol 3 d5zge e sl bl Gl ool 2
b Ko L il i byl gy a S
VGP-210, Buck Scientific Com-) ' 3l Gi > g

el 00l 58 i s i (pany, USA

by ol Glasie P Jgus

L9 slade s
g/lem? VY S5z
cP25°C) | .. s9Al5
VYO pH
ppm YYooo Na' ()5
ppm FEO K" on
ppm Oy Ca’
ppm RN Mg™ (g
ppm Yav#. | (TDSY) cuie by JS clale

S il

Lojro (g ;lwoslol

Pl L Laojie ( I oS 5 g5lwg )l et
Vo Ly ooty Al g oS50 b s oy Sg)ss
590 Pl o) et pae 50 03ld gl 39,
Sty (bl atai ;s S5 55
SloS 5 BAs jetaie a e .Sl Laojae
imws 5o Jo—ibe Pl 1 Lwojin (9,0 (—rla
Sameds Jgoilie L giitncds 45 ol solawl Al gu



o 258 BEleT )

P ez Sl Sl 00 5 0l 8 Jsu o
sl slaj bl 5l eoal e woty m ol co o
w88 Lol 5 eles agly Sl il
90 aalol o Gz ol o ad F bl sla ol
s S 5 iy by S 45 LS ol
S pgme 0 ol GHSes 5 315 s (6,500
Sl 13 5,31 gl aalllan 5 el 3 S
T oslial Ly e S iy 55 i
Hlpssadllas ;55 085 1,5 ) 090 ;- lake
Pl (bl 5 (Sis—dy ety Sd o5
IVe g o] as aallas s Siw 095 a09>
o Lacble oLl slaimley] ol i
Syl ol s alallas wlwlp adlio o]
Sodie g a8 S alomil )l a Loy ;o )0 (b ansl;

el oai 5 ol a5 Sl

ool a9l 9 Ll lale]
Stz Jolaie slalil 5l (6 4 Sgal - s |
plosl anld )0 e S (Swig—iy (—b)]
Sl i o eolil il (g05 S 09>
=k sbwesls 3k 5l el a0 So (Swigb 5
s Sy $3g—ags pl bl hwg c i
Lo (wled gl 6ol Lo as e )57 )l 8
b pdy plasl 8 )l eSe b, 5l s =S o
Ol e Lmogie sl i (b3l sl loges

slwools i g m ol awslie gl o s

Db eoliwl gogFang: pli] Lo ol
b i o bale (8L S iaghy ol o
) T sl i e il Sl
Simleyl S i 5l esalie g S (49,0
o LaialesT ol s 52 <l oo Lol sl

bl sy 5 g5 anss plal gla bl £,k & Jgur

(%) adgl o bl ol | (%wt) 0,8 ok cdale by ol SaB 38, Gl | (03 0 )led) i il o et
3934055 pli]
ofe / plp Y. V) sle,s \
/ o/ e Y. ) sle,S Y
/ [-Y e Y. ") wlo,s Y
/ [+ 0 slp Y () wly,s ¥
/ AR Y. ) «sly,s A
YIS [0 plp Y. ) sly,s 4
VIV ol plp Y V) wly,s \
YAIAF SN plp Y. W\ sle,s A
/ /-0 plp Y- Q) Kw awle a
ovled agl;
ofe / plpYe Glo,S Sw po)8 \e.
/ /Y JUIA R slo,S Kiw )8 A
/ [+ 0 JUIA R slo,S K 0,8 'Y




AR ol § oo M o ylacis 0;,&_"/,’2

ool )l Jlsel g lyd sl asl a5 slgs 5l colaz_ul
o5l A s Sz ey 90 Lusges [YV] 5,5 aslaz
Al o 99 5 sl ad> o ST Jell a8 5 s 92y b
S5 ok lm 4 lad> o ST g 50 i
ooliasl (o, nbl ialS) Jlws o5 s assls |
S s (bl sl eslaiul Ly g3 oo
lyd 9l ot Ay 9wl sl Jlw (39,0
8l e LT lejen o b am anly J—w o
(S Seid slaan] B i Js an iy, ol
e b 4 glST S b gy g JLal syl
Smbos Gl Jlm 950 (sl 5 0nw; Sl
5 5ol s gl e g3 by, Lol [YA 5 YV]
2 Sl SV 56 s sl sy S sl
L (—So5d slabg, Lo ool olyd 536 ¢ by o
o 9 00=b Sl SiS (09 O jgoty (liend
b dm o 00953 5l Gy )3 55U ipgs ad> 50 50
slapien L g (Sl slayyon S5 4 a0l
o aog L adigdioo ity 4l Jhw o (Seel
= plosl (e Geldie 1o D)3 93 adgs a5
b ey g ) o esolatdl g,y il w05
ol o5mg g cdedy Jlo ol L cwl oVl
ol Jales b ol el 5 oedaw o Jlad
Sl 0 LYV 05 ls gy ol )0 o aslS oy
D yg—ods ol 0,5 55U ad () o ey o
S 58 O)lgme (B 50 9 Cloans 5 Ly (23U
ogdleds Cwl oisls (Lo a Jlmw 550 s 2,
g Ce o L (b g0 5 S slags glsl ses
St (ST e 00t 38, Ly O o (e
Laslllas ol 3o 058 (oo Jlmw 56 (g5 oy
sl el i Ly g Lo (slaioles] plox
Sleslaiwl ey oo « Sig—l 2l ol ylg—
e 9 Sgul il ols 5 (blise (o0
=l Jhw o0 o lw dial oges 4Bl s 5
J=B 63155 a5 5 p9bas 0l ol o e iBee L

At Jole sl Jhw 55U A )0 (Ho

1. Aging

ol epldl Gimlogl s 5l lipebl cgr (izon
S o S gl el (gl e S il
slaiole;] ol 09 mols jo golks 78+, Slo
los 55 olad agly Gmeizman 5 g5 4055 L]
Ll (gl oizd 8 oLl (g pinal ,Lid 4 VO °C
sloaghio gl ol (wlad aygly Lol
9 g 5l ey 5 93 )S A s S 5l S S3U
3 i oy ad ulad 4yl ccds Ly (g5lwglid]
ahaie (g g 0 (g Sojlail ;e O 55 o>
YO °C slws ;0 59, VF Cowas pls css o S50
oz o las gl 5 8.5 8 53l cgr
Cwgd Sl lid moli e S b (g, Sl
5 kb AT oloS 5 oin b an S as
S Sy prlas (59, i ) 09250 (il
g 53 S aaie o o 5l aw V] csls
(@l 46 il sloaclale L) (el YL
iz glaple; yo o) ulad ansly 5 <85 )1, 8
aolg> asl)l som s ol plias a5 el
e Ho-b oy Jlmw 550 (55l a8 Losl jlas
NS 58t (g0 Sanss plal slaiulejl galts
ol czse Jlw 550 o9 Jlanly pae g ol
WDy g0 Ol slaudl 5o,k 5l aslw 4 awa s
0,3 93U alide slaclale )5 Jlw 5536 55k
3,90, glaol ;o VO °C 5 YO slales ;o S wig
S S

Sl Jbw 95U and

2 8 o et 3 i Sl 5 4 b
sl e (S35 53 i O] 005 0,8
el laldlinl L 5 s Sl ol g
il Bl (sloj—g el g Ll 8wl el
Sl (Ggrailimgns 3 (BESG aile (—sle>
Jb— @l oo 1o pae 5 g ilngen
S 550 g e Sl 550 0,0 5 At yo a5
Pl Lo (o 5L Bl (6l il s
PH s ale iz slaol, 51 g oo 00l S8
(o JLsd olge 5l ooliinl ¢y gamiligas Jo-loe



o 258 BEleT )

S 153 9L ojlasl &l s 0gou 3V ISl
Ll edale Ly e 556 4 gy yo loo o
ppm 2000 < bale 9o Ly Sas Ol g 1 hakie Of o 34
Dynamic Lightee w5 51 4 ppm NaCl 10000 4 NaCl
Depd o s |y el ool Cwoay Scattering
S alols o lse Ly bl yon 3o s ol gl
b 45 ailge Ghanld e (w8 5 U]
Gl L e 08 o ke s 55t oo ]

e il il s g ekl

3 s ot 3b s B 0,3 9 G vy

S o5 Ol jyax jo c i Guled agly mols
o ohd o b @ lize laslale 5 (Ve r - ppm)
oo a3LIY ISy o) e 5 YO °C slwos
Agly 00,5 oo alaxde 45 4 SeT les ol
oais 5 Lis VO sgu > Ladiges plas adgl ulos
oobed 31 e S 0l S (09— Cngd S
Al el gy S8 s on Sl s U Ly
el cale Uyl 5536 gl ialS ol ol
0,8 556 (g Jl—o sl 5 Sl 05 (i
Ol Ly 0,3 936 (39 1101+ ¥ 5 (Sad o5 D)
b 56 Lol mols 3ollae ol ol o il o
Stz Gy Ul ok (S35 000 5l

Syl wpu]wc\_u_i_mémg—wy;—wu

> A 0,8 530 3l pat i loae laul gy ol o
aol> aged o A a8ll i O 5l sat i
Jrﬁw.dﬁa;‘bj_lﬁmminﬂ)ﬁo\Y"—\"'
S 2 o 1) e min Suea J—w 956 g5l
S gl il oo ;o (Ve min aLold L, ¥+ min
Sate e B 00lo S 3NY e W la 5 Ly gy

Lale A o

S 9—0 & \)M_PL_JJQU]W
S 03938l Jlw ol A 0,3 93U g S s
o)l_ggo JL»_M) 5_:L’ 65L> J)_la ‘4_1>JA u_:‘ )‘ LN 3}
a Lol Lo Y. min Lo 2 L5 Y) A min o eay
8V e e W onles L Sigl il ol o () + min
Dimlejl eVl 9306 (g lanl wy p S 8
oo jleslaiul Ly iail)d j90 v & jgaS
«UV-2601 Jo—») UV/Visible Spectrophotometer
pl=l (—z j3—iS <l «Rayleigh Company
0,3 95U 5l ez laslale (g laie o0y . o3 )8
e rdigas B o Lo O 5l aglae slacs, L
39 ;0 Ladiged (e . dl a i VO Ml > Lo
by o ol asa_bools )1, 3VDHC 4 VO slos
=39 Lo lo0 g+ slaokle Ly Jl—w oL 4y
] e J_»L‘B 7 J9~.\_>- o &L_w o)b 9_’14 )‘
L Jb— s5b g lasly ol calols mols 3olas
5= ylambl = Lo jo—am a8 1 093 oo
Lrv-val s ls —wlol 5 oo o i Jlus

alizes glocd, Lo ol 5 Skew 0,3 6l G397 /00 5 /Y laclale b Jlow 9 g lul by 4 b o mlis & Jgus

e e 0 Sl Y Ay Ve Lo ol <8, olime
Sakoms 03 936 (35 e[+ 0 cdile b Jbow
vs g Yy Yo VY VO G YO °C o sylab oo
\a V¢ Vo ) a 4 G9) Y8 °C 50 )lwb oo
ISl 0,8 936 (G590 /0¥ clale b Jlw b
vq vo vY YA Y\ YA G YO °C o sylab ol
\12 Y YA VO VY Ve (G3) YO °C ;5 5 lasly o




IFAQ sl g cpog N o ylodd

'.:@’_‘7,"4

€. .

Yo - 0.5% wt Silica (Distilled water)
= v wp-. 0.5% wt Silica (2000 ppm Nacl)
—‘3,\ ==k='  0.5% wt Silica (10000 ppm Nacl)
> Yo E
.9 .
AN R o,
— &
=) AR L o L.
<. e

P Pt gy
- ':::::;;;:::""

Ae Voo Y 0¥

(h) ok

Seos it Sl jga 55 (59 7 J0 Sl L IS S5 5 3L i ogni ) JSC

V5

(©) les agl;

—@—0.00 wt.% Nano silica
——0.02 wt.% Nano silica

—#—0.05 wt.% Nano silica

Gy oley

£.

Ve ppm ol e slayg clale gl oad 58, sl 0 Ol L Luled 10 L) o ki 0, a8 ulad asgl; ¥ .
YO °C sl 1o Slw 0,3 o5l wgliza slacdale Ly J—

g 0,8 4 5b ygan S Ol aib o /00
o=ty o,le 556 /0 sl Jlmw 5l (6 5eS Sl
To1Y 0,8 ol e ils Ko Sais—by oS
36 Je8 J=B g lanl poe o] JJo aS o)ls 6,3
S 95— G990l Ao po g o bale ol 503
0,3 gl o) cdale L Jlew o)l Saisi
0y3 53U gy Sad Ol (o ys ot (i 0y
ol ¥ S jo calizdes slnlogad auglin o)ls
0,3 536 59 /o100 ol Jlmw a5 020 0
iy S Sy 55y 5 e il
Dbl oo 3 3890 Ciilo p ologl g as, S
d_:u—‘dj.m&c)_wbo)_:.a)‘;a_muyﬁ«cj_w

] )—)‘)J o}_;w O9y°

sl sl talesl als ;g alin j5Lite 4y
5 Silwant o= slalie jleslan il Sass L
[f-] aols Jdow o b gl 51 Bis
S b e Jlo i (lik slsloges

TEVT as solaul ¥ 1Y Loy, Gy o5 3l
R=R®O)R, M
t,=V(k/p) o/L 2 \(u, 1, t )
L 2= D? LY4(D*L?) ™)
=t Ol ez b (2 ol T S
Seod @l je—ax o plbl ol an by e o
o=y olyd ol e lizee cdale Ly (Ve -+ ppm)
Jh—w 05— o0 calie 45 4 555 len 020 0
Ly i (=l (i 08 5536 /0 o bale L
St (=3l i oY e ol Gl g0l
Y Hleged cud aSl A asg Lasdl s ls |,
g pldl ey 1T c ol o+ Slog e 5l i
i o BBle [Vl o (Swig b5 s



o 258 BEleT )

Y¥/- -
KRR
.3 VA«
AR
_.,ﬂ \Y/
i .
3 a/

5 Flee if

—a—0.0 % wt
——0.01 % wt
—u—0.02 % wt
—e—0.05 % wt
—x=0.1 % wt

R O T

Aevee Yoooo \Vooo

Sxe ol
Slcadizee glackile b Jlow 950 bawgs sl slaiolosl an g ye ans (o (yle) ey i (bl Hlogai ¥ SISl
YO °C glws ;o Voo v ppm cie sloyg cdale gols oass 523, Lo ol o K 0,3 95t

5L ol (b 5,50 bl SlasdlS o)
aoes 5o LFP] Ladlg il (g9, aiile oo &l
G950 e 9 M (o0 o 4 laul )3 o b
UKt ) e 3 506 Sl ol o | el
A (SVsDy i 0 (L (e 5 Wl (o
9_:1.: 6‘4_’>5.15 T D) L ...\_3)‘0 ‘) ‘é_wjégrj Comw
9 oAl S ‘;})l} C.'a_.u K9y u‘)b 9_ila )‘ 6‘
50 Olyd el Cncits o ( Shdae wlode o L
ol amet as [0--FY] sgs 35 ols I, Ll
s 5 oz bl >y 8 w5l ] Slas
Jslo a O 3445 ol addy a4 04 anles
)_..I uT 9O Og—>ge duuﬁ-' 9 li..l.._w u‘)é 9_>Lt ‘o}_;.a
d—‘"" | PN U_" 5o ‘L’ﬁ—““"@ \))|3 S 09y 4=
Bk @l)8 ol Qi 58 9 Lo (g5 D3 (¥ IS0
g aaly> S5 mhaw (St oS 5o Lalys
59 N edale U o453 anngs plil iolesl o
S inle] 5 S i a5 Sale s 03 5k
Gl L s el (09 556 a8 e ale L) , S
Laoma 5 53 5l alols oy Silio vl o5 il

i oy Jlo an Ol 3485 ey a2 ol b
Sl @3 b adale noli8l L og 0 aales
s alass jlas oo i Jlew o O3 gL ST
Ol el s Cda L 0gd o iy S
S 6?&49_»»); so}_.i.o s_:‘)_.Q} Cld v (59 lSl

e il ol Jmolr a5 00, S i iy
il Solos F JST 09 aalgs o550 3l ol
Sadge LS |y (Swigd 5 5 ess o &lyS o b S
S5 Ay S oo Jlmw 50 o] b aS
Lo wbss )3 g o0t Sl i 3)lg oS Soglite Ly
asog> plnl o [HERVS DS o )8 S e
Soi oS ol anl L o 56 g 5055
(S Vg ;i e go 3y o0 0des Jle g3
Laps iz =) la)le aS ws o Ko glas
gh— 59y Jb 0 0920 DS ol DA T
= S i 59y = )3 b i S
Lo 50,8 530y (ol 0d 5k jlalys o
Sgzg il i (59, )8 55U laSlS G
sk o [F0 s FF] adsS (05,5) (655 sLovg s
Sy ko )3 500 o 09290 5nST e
Sl ;0 05250 e (> g pelS (52 e
Olyd gl g Siws o (e (sl ) S oo
RUUWOR{L US| N IR P 1 VIR W S W VR Y 1




P P ﬁ
AR sl g ok IND 0lecs 0;,&./,”4

W e e

C‘"‘“‘dﬁ) LQ)T u»Bo)M Q|).a.> uﬁ)oa\)lSJ.wul)o yLa é}d.af JS..»

sl alyd slae s b S (sl ol
Lol 51 emli] ) s i 5 53055 Lo Sae
=k Sl il Sl 0)3 56 5o 4 S
Bl o Glaiee ey i S5t | 0o
S92 (o iz Doty Kok 28 5 3b as
JSt ilods i 4l S oj ke i e
=i oy dad wlad agly Ol sy wo e auslas O
3N e (=l =k Olie 9 V7 gl agly)
S Jlr 536 Ly et 3 (355 apags oLt
15 (agl o gl ygu) gliie slacdalé L
Cos Ve ppm Cte slags sl gl ye o
A S 4 g8 len a2 o lis 1) VO °C gl
o gy el e O edale Uyl 05 o 4 Lixdo
Ceomty) wlood dygly i )0 Cnise (o 0,3
sl il |y cds (b3h o it 5 (Sgo]
oS ol e o ca (ol (bl 4S5 5k
o 0 s 99 Lo 5 (0,8 93U (ypiy) Sas
J=B 35 0)3 95b (Sig /0 Y g5l Jlmw (g
T i o s s il e 5 g
] Bl S oS

4l S 050 (39,3 arlgl o bl )T s
L Sk Jlmir 93U @l g i (ol 31 s
=i el v b cdale

ol 2 58 (b Jlep (mlsk vy 7 S
by o plen 50 (Dl (b S
St ey o e i () e
cble gl sl ol gossanes plil by
Joled cdale o Ve e ppm ol c e slayg
Lyl s 0 VO °C slos cosd o 0,3 55U (9
D e sl 1) Gglate adsl O elil L S

s s 5 b e ezl a Lol i als ol
Sor—s S99 ybl> am g 0 S e ol ], S0
Co—wy S el IS 13 o b s a3l
s Laig o oled Al ()b 5l e S o
Sl 3 o e aslidl 31, old 5k
D9 D3 55l i (2005 e gl oo
cbile Lo gog2ass sl palejl o ol nle
L o5 536 S 0l Ao 08 536 559 7oe /)
039 (Fhaw i &jpon asln S S
S (3350 4 a5 D5 93U Sl ol S a s,
pds eSS g § o A olS o S5 By
S gile g w i o0 i (215wl (59,
b A 50 45 03, 5 (o0 S (93 4
4 (—rag 50 il oo iyt | 0p e | ks
bl b pdy plosl 18 Gl Sen 5 oLl g
Slyde sl ctale i oli8l ala ulgas oSy, s

Sm=So3ll ¥ Jga o [V ] el sa i sanl e
plol glagialol )0 a s, Sasy glaoyie (lsls
slagg cble gl sl ye ol Ly 355 anass
@ lize glackle o Veer ppm )y G i
a5 il a5 550
039 (S9lg L Jo—ene (g, amy Lvojie (Sodijeed
pas o ol alols moli aes oo olas |, ol
g 59, = ek &I,5 55U lasols pocs,
GBIy Dyg—o 5o oy el S Ol
Sl b a9, ke 2,3 50 GlaslS
bgs Joore go—tind Ly IS ol g o5
Wg—sed oz S i wla 59, 5] (98
S (29l Gl 5o Al Sl oo LSleie
Y Jsoz zols Gollas (Jls ol L ogis cvnliue



e 56 Aalel ()

Ciie slayg ccbile gol> sl Ol L o045 asgs PL..J sla bl o 5 0 slaociae =lely molie ¥V Jgu—s
Siolej] plzsl 5l aes 5 Jd G 0,3 950 calisee slacdale ;o V0 ppm

(mD) plal 5l am S5l 5

(mD) plal 51 L3 Slgl 5

(0320 c)LaJ;) Wu)i o)Lo...'l'a

Y/ Y- MY
-1 -/ MY
\lid i\ ) ¥f

s 2l @bk w oeled agly

(1) e sk

- <t 1t 6 & 0 < >

OA/- «

/s Yo.wt

o [+Y %.wt

o[+ O Y%.wt

.aLi'fl b ;00,3 ol clale

(sd53a55 ol 5 i oles (b3l Glime 9 OVF 7 adglagly) (i o, had yulod asgly Ol prss 9o )0 dlie & JSmib
C,h»_uc Lgl_buy 65L> 03— d_d) 6b)¢ u—| )Q (4-»..]5‘ u] 8[.»._.»‘ 05“‘\—’) ujl_n.:.o &l_bu.]al: L) ma—nu' JL._M: 5_.\[) l_: uaLo.) )Q
Yo °C gles )0V -+ ppm

Jby 2Lk

—¥—Swi= 0.00 % PV

—8—Swi= 13.16 % PV
—8—Swi= 16.35%PV
—d—Swi= 18.96 % PV

Ve

(tD) el OL‘}

i lizee a gl O slaglil jo slsl sla iole;] am ba e ant (o o) cmw p cii Loy (b3l Jlogos & JSuii
VD °C (slas 1o AVO PPN oy st slaygn cbile (5l o0t 5ad) sl yo wlyo gy Torl+ O lile Uy s 9 anags

olas v Jss o slal Jog s i , Ko o)l
Db e adgl O ga Sl s aJgl O
)ag,,'la_ng&L,_moL?glJail)_aBuz”a_?L?jsl_g

| WT&P)‘&HAU‘)_OJ ‘;».\.03_«»).’ co)'_;m

ol slaglsl o coas sl bl zals V S
Jhmo 5 g5 0055 pLil lawsgs aLises 4y
S Ble ol lsys Dlys e T8 kil L
I, VO °C gl ez Vo v v ppm Ciie sla gy
Oly—ise S 99 rl alie o as oo Lt
PN SN N IR S P gU e

ol Gds e aci ol bk o b



P P 3
AR sl g ok IND 0lecs 0;,&_44

YYNF

—“ =t
. >3

(1) eds 2l 2bst
T &

[>4

ARVZVA

AR
A

.

WS

VST YAAS

(PV 7 adgl o gl

s el 0 ele U Jhow 556 gog3anss alil bwg calises adgl O slaglsl jo et slos (bl mols ¥ JSsi
YO °C slws ;0 YD ppm ciin sloyg cdile gols 0l 3.3, sy ol

Cemnsgos] Sl i s 0o (9,0 adsl O el
2 Jobss ) o Jloil (g 058 (o 0l
Al T olas a8 s &l ol gy aomsts
(o=l ambior i3l oS 09,0 adsl T L
ol Ssles jobar A S5 0 4 S 4l wsls
Sgg 0 jre (49,0 adgl O 5l elil SOl sods
g dalys Skl bk Gyt b Bl aS sl
by C (ol ot S i U (s 2

=39 Lo [+ 0 cdile Ly Ko Jlmr 93U oLl
sl bl (Ko aile 050 4 Sl o2 e
=k Lol el asly S 050 4 S 6 i
wl gosangs plal g a0y o 5l o
S slapg cbile ol ea B33, sl e
=39 1ol 0 ke 0,5 950 e lale Ly V- -+ ppm
51 i TVAY L, e 4y VO °C glss o
bl S Il s (A JS) el S aule
$o5Fag plil lhwg Kiwawle oj e 5 cds
Cte slagy cbile) sa b 58, Loy ol L
OS2 5 (6,515 daugi (0,8 556 (99 VFFY ppm
5 4l S oy 5 cod mlil s AYV/AF Jlaie asy
CORBVIRS | o f IRGERSC TS /A RY L 2 0 [N VS
ol (sl i ba 4l S slaeiae a5 cl
A, S awle 4 Cod (me o bL

g5 (Sl 1,5 5L 51 onlial s

s ol
asle,S slooyre sl cods (b3l g 00,5 ol |,

Aoy L)

shlo g ol b (o2 0 4 S (tme
Sy ey 500 (F 0 9 Smgdol (SWisd
s by 4 AT T IS gl e el
095 dmt iimgdol Ol i e Sig by
o b Ay A S WS e by i S Bl i
I I g B RS e 2
Veee ppm Sw cbale L) sl ol olas doa,
Sos o) S 9,0 adgl OT L (0,8 95b +/+0 4
50 5 9 3l —glaie slacdale a S (Yo« - ppm
tr) e SOl 5 LIS e ails 08
=l 99 o (Slinaga i Jolss 4y (o,
DS 5L Sl (i sy Sl 0,5 0 D j5—0
A ols sgmg a Tl oo Ol i Lad o KL
Sl e gl 5l (s ol Al ulgay a5 sk
Rl 1y Si g e 4568 G g a8l als
Ty b alS i (Sl a g B aes o
0l oo Kiw yo adgl Ol og>ga S a5 bl
Jos Ko Sl 950 50 3l Y S alie
Woled Japeand 1) S 4 Ol 59,9 45 5 5bas 0sS
Codi bk ye sl e il slsl ey 13
plsl g a gl T el slls 4l S o5 e
ot Ol ally 99 005U Jodome L (6095 asg>
1y smolisl s Sy 536 gy g Cmga] Dl i
Oyt s ot el )l ciia> o 0S o Layl

) 15‘)?1

9"L’ NP . ‘)l.: 9 K ‘.~.A s g (.

i3 Ly ol i sl o |, e i )3



o 258 BEleT )

J'..h-"i"Y P el \5“".)"'

Calyd gili gy

oeds ala 5l 5

5ol o el 50

g ol il do 15

audgt o el (2l 330

Of 6)ls Sl agew oo 3 DL 93l gy adsl O glesl 13b 5 slas A S

Y¥/--

—A— (F o) &Ly S

—0— (A cuw) (gl anwlo

e ol

Jolod cdale b Jlaw 96 gy Sglite slacSons iz b ala] slaiole)l 4 bgs o o o o) o p s ob5b Jloges & JSCi
VO °C los jo Voo ppm plp Cudio sloyg (g9l oo 58, b0 olyo &9

Do 6, lal ooy ialS g ailel o 3
s Gl el Il 0,8 5l el 2l
oy K 0,3 45U cdale iol8l Lol o aslo,S
6Lmu5; clale ‘_g‘)‘d) 03— d_d) )_>‘).’ Y. (_gl_g.)d
as Syl o0 ) Gesan (Voo ppm ol G
Eeb VO °C glaos o KL &3 430 g, , bl
4S5 ebas s asly S oyse l s bk a e
= ol agly o —Se il slatale z b
plsl slaiolesl 5l J—ol> mols .ol ol asse
ol L Jhow 95U jleolawl ols lis gog2a04>

=t Gay—m e gl eat 38, sLuys o

=

Cilo p olussl o S oS ol e blB an a sy L
S g g =l 5o sl S S e
oot 55, slays ST anl L ISk 6,8 53,56
=k = O e ppm ol cie slag cbalé)
&35 aogs plil g asly S slaSiw jlois
o asleS Kb o (Swgdy s Saa b
Sz by S Gl 10100, (s Cnsgo]
= ol 5o ek 03 55 51 by Jodoe ags
56 s lml oy sl ilesl o assl )l e
Se=ge slagg cble pnlplas sl i Jl—w
56 slmb gl el an pomie 4l Jlw o
0,8 b cbale Sl iaren 5 09,5 oo Sl



AR ol § oo M o ylacis 0;,&_"/,’2

LAl ¢ M

s 0

obey o cdi 2bsk s o R(Y)
i ol 2Lk oo i,

s e oo R,

Obey it

“\’"'j ! QL‘} Ay

dasio Job L,

ok Jobo:L

38 90 o s uiS o
o}.;.o )Ja.‘) :D

5 Jles 55 ool al iy s e S i
e Lol o101 &) gods 00 58, sl yo o
Ao e - aSe LS 0 G 03 5 plages

B ge Simw Slpi> w55, (B, i
=ik S (0 adsl Ol o2y 5l s
J 5L L 055 g plsl ol 8 o oo
doos ol cmsg slom] do 4 as oy lis
oo (49,0 adgl O L pls] O Lulos o8 4y
O3 gl gy am yomie wlgi oo 4 S Ao S
ELtl Mol S 09y S Sl i 9,0 Sl
3z Glaglil L oy Comnd Cd 3l ous

550 sl 1y ccas bl ol G s adgl O

30 Smwdiole 03 3l el bk o w03
Sl a5 S Sa Uy gl

N PU A WLS

S ALy jeSe g AL,

&l
[1]. Kong X, Ohadi M (2010) Applications of micro and nano technologies in the oil and gas industry-overview
of the recent progress Abu Dhabi International Petroleum Exhibition and Conference, UAE.
[2]. Karimi A, Fakhroueian Z, Bahramian A, Pour Khiabani N, Darabad JB, Azin R, Arya S (2012)Wettability
alteration in carbonates using zirconium oxide nanofluids: EOR implications, Energy and Fuels, 26, 2: 1028-
1036.
[3]. Giraldo J, Benjumea P, Lopera S, Cortés FB, Ruiz MA (2013) Wettability alteration of sandstone cores by
alumina-based nanofluids, Energy and Fuels, 27, 7: 3659-3665 .
[4]. Kapusta S, Balzano L, Te Riele P (2012) Nanotechnology applications in oil and gas exploration and
production IPTC 2012: International Petroleum Technology Conference.
[5]. Ogolo NA, Olafuyi OA, Onyekonwu MO (2012) Enhanced oil recovery using nanoparticless SPE Saudi
Arabia Section Technical Symposium And Exhibition, Saudi Arabia.
[6]. Hendraningrat L, Torsaeter O (2014) Unlocking the potential of metal oxides nanoparticles to enhance the oil
recovery offshore technology conference-Asia, Kuala Lumpur, Malaysia.
[7]. Torsater O, Engeset B, Hendraningrat L, Suwarno S (2012) Improved oil recovery by nanofluids flooding:
an experimental study, SPE Kuwait International Petroleum Conference and Exhibition, Kuwait City, Kuwait.
[8]. Nazari Moghaddam R, Bahramian A, Fakhroueian Z, Karimi A, Arya S (2015) Comparative study of using
nanoparticles for enhanced oil recovery: wettability alteration of carbonate rocks Energy and Fuels, 29, 4: 2111-
2119.
[9]. Esfandyari Bayat A, Junin R, Samsuri A, Piroozian A, Hokmabadi M (2014) Impact of metal oxide
nanoparticles on enhanced oil recovery from limestone media at several temperatures, Energy and Fuels, 28, 10:
6255-6266.
[10]. Lu T, Li Z, Zhou Y, Zhang C (2017) Enhanced oil recovery of low-permeability cores by SiO, nanofluid,
Energy and Fuels, 31, 5: 5612-5621.
[11]. Li S, Hendraningrat L, Torsaeter O (2013) Improved oil recovery by hydrophilic silica nanoparticles
suspension: 2 phase flow experimental studies, IPTC International Petroleum Technology Conference.
[12]. Hendraningrat L, Li S, Torsater O (2013) A coreflood investigation of nanofluid enhanced oil recovery,
Journal of Petroleum Science and Engineering, 111, 128-138.
[13]. Jalil RR, Hussein H (2019) Influence of nano fluid on interfacial tension oil/water and wettability alteration
of limestone IOP conference series, Materials Science and Engineering.
[14]. Hendraningrat L, Shidong L, Torsaeter O (2012) A glass micromodel experimental study of hydrophilic
nanoparticles retention for EOR project, SPE Russian Oil and Gas Exploration and Production Technical



e 250 allles] )

Conference and Exhibition, Moscow, Russia.

[15] Li K, Wang D, Jiang S (2018) Review on enhanced oil recovery by nanofluids, Oil and Gas Science and
Technology—Revue d’IFP Energies Nouvelles, 73: 7.

[16]. Wasan DT, Nikolov AD (2003) Spreading of nanofluids on solids Nature, 423, 6936: 156-159.

[17]. Zhang H, Nikolov A, Wasan D (2014) Enhanced oil recovery (EOR) using nanoparticle dispersions:
underlying mechanism and imbibition experiments, Energy and Fuels, 28, 5, 3002-3009.

[18]. Aghajanzadeh MR, Ahmadi P, Sharifi M, Riazi M (2019) Wettability modification of oil-wet carbonate
reservoirs using silica-based nanofluid: An experimental approach, Journal of Petroleum Science and Engineering,
178: 700-710.

[19]. Hendraningrat L, Torsater O (2014) Effects of the initial rock wettability on silica-based nanofluid-enhanced
oil recovery processes at reservoir temperatures, Energy and Fuels, 28, 10: 6228-6241.

[20]. Hendraningrat L, Li S, Torsater O (2013) Effect of some parameters influencing enhanced oil recovery
process using silica nanoparticles: an experimental investigation, SPE Reservoir Characterization and Simulation
Conference and Exhibition, Abu Dhabi, UAE.

[21]. Salem Ragab AM, Hannora AE (2015) A Comparative investigation of nano particle effects for improved
oil recovery—experimental work SPE Kuwait oil and gas show and conference, Mishref, Kuwait.

[22]. Sadatshojaei E, Jamialahmadi M, Esmaeilzadeh F, Ghazanfari MH (2016) Effects of low-salinity water
coupled with silica nanoparticles on wettability alteration of dolomite at reservoir temperature, Petroleum Science
and Technology, 34, 15: 1345-1351.

[23]. Al-Anssari S, Wang S, Barifcani A, Lebedev M, Iglauer S (2017) Effect of temperature and SiO, nanoparticle
size on wettability alteration of oil-wet calcite, Fuel, 206: 34-42.

[24] Keykhosravi A, Simjoo M (2019) Insights into stability of silica nanofluids in brine solution coupled with
rock wettability alteration: An enhanced oil recovery study in oil-wet carbonates, Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 583: 124008.

[25]. Yekeen N, Padmanabhan E, Idris AK, Chauhan PS (2019) Nanoparticles applications for hydraulic fracturing
of unconventional reservoirs: A comprehensive review of recent advances and prospects, Journal of Petroleum
Science and Engineering, 178: 41-73.

[26]. Soleimani HM, Dehaghani AHS (2016) The effect of smart water and silica nanoparticles injection on
wettability of limestone, Int. J. Bio-Inorg. Hybr. Nanomater, 5, 4: 257-265.

[27]. Yu W, Xie H (2012) A review on nanofluids: preparation, stability mechanisms, and applications, Journal
of nanomaterials, 1-17.

[28]LiY, Tung S, Schneider E, Xi S (2009) A review on development of nanofluid preparation and characterization,
Powder Technology, 196,2:89-101.

[29]. Esmaeeli Azadgoleh J, Kharrat R, Barati N, Sobhani A (2014) Stability of silica nanoparticle dispersion in
brine solution: an experimental study Iranian, Journal of Oil and Gas Science and Technology, 3, 4: 26-40.
[30]. Kallay N, Zalac S (2002) Stability of nanodispersions: a model for kinetics of aggregation of nanoparticles,
Journal of Colloid and Interface Science, 253, 1: 70-76.

[31]. Kobayashi M, Juillerat F, Galletto P, Bowen P, Borkovec M (2005) Aggregation and charging of colloidal
silica particles: effect of particle size, Langmuir, 21, 13: 5761-5769.

[32]. Saleh N, Kim HJ, Phenrat T, Matyjaszewski K, Tilton RD, Lowry GV (2008) Ionic strength and composition
affect the mobility of surface-modified FeO nanoparticles in water-saturated sand columns, Environmental
Science and Technology, 42, 9: 3349-3355.

[33]. Zaeri MR, Hashemi R, Shahverdi H, Sadeghi M (2018) Enhanced oil recovery from carbonate reservoirs by
spontaneous imbibition of low salinity water, Petroleum Science, 15, 3: 564-576.

[34]. Zaeri MR, Shahverdi H, Hashemi R, Mohammadi M (2019) Impact of water saturation and cation
concentrations on wettability alteration and oil recovery of carbonate rocks using low-salinity water, Journal of
Petroleum Exploration and Production Technology, 9, 2: 1185-1196.

[35]. Romanuka J, Hofman J, Ligthelm DJ, Suijkerbuijk B, Marcelis F, Oedai S, Brussee N, van der Linde H,
Aksulu H, Austad T (2012) Low salinity EOR in carbonates, SPE Improved Oil Recovery Symposium, Tulsa,
Oklahoma, USA.

[36]. Austad T, Shariatpanahi SF, Strand S, Black CJJ, Webb KJ (2012) Conditions for a low-salinity enhanced
oil recovery (EOR) effect in carbonate oil reservoirs, Energy and Fuels, 26, 1: 569-575.

[37]. Mahani H, Keya AL, Berg S, Bartels WB, Nasralla R, Rossen WR (2015) Insights into the mechanism of
wettability alteration by low-salinity flooding (LSF) in carbonates, Energy and Fuels, 29, 3: 1352-1367.

[38]. Al-Attar HH, Mahmoud MY, Zekri AY, Almehaideb R, Ghannam M (2013) Low-salinity flooding in
a selected carbonate reservoir: experimental approach, Journal of Petroleum Exploration and Production
Technology, 3, 2: 139-149.



AR sl g cyote N 0 ylacis 0;,&_"/,’2

[39]. Alameri W, Teklu TW, Graves RM, Kazemi H, AlSumaiti AM (2014) Wettability alteration during low-sa
linity waterflooding in carbonate reservoir cores, SPE Asia Pacific Oil and Gas Conference and Exhibition, Ad-
elaide, Australia.

[40]. Zaeri M R (2017) Experimental study of low salinity spontaneous imbibition for enhanced oil recovery of
carbonate resevoirs, Master of Science, Chemical Engineering, Isfahan University of Technology.

[41]. Shouxiang M, Morrow N R, Zhang X (1997) Generalized scaling of spontaneous imbibition data for
strongly water-wet systems Journal of Petroleum Science and Engineering, 18, 3-4: 165-178.

[42]. Hosseini M, Ghader S (2010) A model for temperature and particle Vol fraction effect on nanofluid viscosity
Journal of Molecular Liquids, 153, 2-3: 139-145.

[43]. Nguyen C T, Desgranges F, Roy G, Galanis N, Maré T, Boucher S, Mintsa H A (2007) Temperature and
particle-size dependent viscosity data for water-based nanofluids—hysteresis phenomenon International, Journal
of Heat and Fluid Flow, 28, 6, 1492-1506.

[44]. Ehtesabi H, Ahadian M M, Taghikhani V (2015) Enhanced heavy oil recovery using TiO, nanoparticles:
investigation of deposition during transport in core plug, Energy and Fuels, 29, 1: 1-8.

[45]. McElfresh PM, Holcomb D L, Ector D (2012) Application of nanofluid technology to improve recovery in oil
and gas wells, SPE International Oilfield Nanotechnology Conference and Exhibition, Noordwijk, Netherlands.
[46]. Caldelas F M, Murphy M, Huh C, Bryant S L (2011) Factors governing distance of nanoparticle propagation
in porous media, SPE Production And Operations Symposium, Oklahoma City, Oklahoma, USA.

[47]. JuB, Dai S, Luan Z, Zhu T, Su X, Qiu X (2002) A study of wettability and permeability change caused by
adsorption of nanometer structured polysilicon on the surface of porous media, SPE Asia Pacific Oil and Gas
Conference and Exhibition, Melbourne, Australia.

[48]. Ju B, Fan T, Ma M (2006) Enhanced oil recovery by flooding with hydrophilic nanoparticles China
Particuology, 4, 1: 41-46.

[49]. Parvazdavani M, Masihi M, Ghazanfari M H, Sherafati M, Mashayekhi L (2012) Investigation of the effect
of water based nano-particles addition on hysteresis of oil-water relative permeability curves, SPE international
Oilfield Nanotechnology Conference and Exhibition, Noordwijk, The Netherlands.

[50]. Onyekonwu M O, Ogolo N A (2010) Investigating the use of nanoparticles in enhancing oil recovery
Nigeria Annual international conference and exhibition, Tinapa - Calabar, Nigeria.

[51]. Pashaie H (2014) Experimental study of spontaneous imbibition imposed by nanoparticle, Master of Science
Thesis, Faculty of Chemical Engineering, Sahand University of Technology.

[52]. Naghizadeh R, Azin R, Osfouri S, Fatehi R (2020) Wettability alteration of calcite and dolomite carbonates
using silica nanoparticles coated with fluorine groups, Journal of Petroleum Science and Engineering, 188.

[53]. Ahmadi A, Farmanib Z, Osfouri S, Azin R (2019) Condensate blockage remediation in a gas reservoir
through wettability alteration using natural CaCO, nanoparticles Colloids and Surfaces A, 579.



Petroleum Research
Petroleum Research, 2021(February-March), Vol. 30, No. 115, 1-3
DOI: 10.22078/pr.2020.4187.2897

Experimental Investigation of Nano Silica
on Wettability Alteration and Enhanced Oil
Recovery from Carbonate Reservoir Using

Low Salinity Water

Amir Masoud Mahpishanian'!, Hamidreza Shahverdi*!, Mohammad Simjoo?, Mohammadreza Zaeri’

1. Department of Chemical Engineering, Isfahan University of Technology

2. Faculty of Petroleum and Natural Gas Engineering, Sahand University of Technology

3. School of Chemical and Petroleum Engineering, Shiraz University, Shiraz, Iran

hr_shahverdi@iut.ac.ir
DOI: 10.22078/pr.2020.4187.2897

Received: June/06/2020

Introduction

The low salinity water is an effective method for
wettability alteration of rock toward water-wet
conditions. Using nano particle in low salinity water
can increase the efficiency of oil recovery. The high
surface energy of nano particles leads to the further
adsorption of nano substance on the rock surface and
subsequently further wettability alteration occurs [1].
Some experimental study showed 8% additional oil
recovery while using nano silica [2]. The presence of
some ions in the water can decrease Zetta potential
and then enhance the attractive force between rock and
nano particles. The previous studies have shown the
significant change of contact angle toward water-wet
conditions [3].

In this study, the capability of nano silica in low
salinity water for wettability alteration of carbonate
rock is evaluated. The contact angle and spontaneous
imbibition tests have depicted acceptable results. The
brine with salinity of 1000 ppm NaCl and 0.05%
(weight %) nano silica revealed best choice for EOR.

Materials and Methods

In this study, the low permeable carbonate rocks taken
form an Iranian oil reservoir were used. The XRD
and XRF tests showed that composition of carbonate
samples are 6% dolomite and 94% calcium carbonate.
The porosity and permeability of all samples are
reasonable close to each other confirming that the
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results of tests are comparable.

The nano silica with specific area of 200 m? and
diameter of 12 nm (nano meter) were used for
preparation of nano fluid. The crude dead oil taken
from Isfahan Refinery was employed for aging process
as well as rock saturation. The oil has 0.4% (weight)
asphaltene content, 0.1 mg KOH/g acid number and
viscosity of 11 cP (at 20 C).

The low salinity water (1000 ppm cationic ions)
was prepared by dilution of brine of Persian Gulf
(concentration of 29260 ppm cationic ions). The
initial water saturation in the cores were established
using high salinity water (Persian Gulf water). Table 1
demonstrates the specification of Persian Gulf water.
The spontaneous imbibition test as well as contact
angle measurements were used for evaluation of
wettability alteration of cores while using various nano
fluids with different concentrations.

Results and Discussion

Figure 1 demonstrates the oil recovery versus
dimensionless time using low salinity water (1000
ppm) with various concentration of nano silica. As it
can be seen, the concentration of 0.05% nano resulted
to the highest oil production. However, the slope of
oil recovery in 0.02% nano is steeper than that in
0.05 which depicts the wettability alteration takes
place faster in 0.02% compared to the case of 0.05%.
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Table 1 Specification of Persian Gulf Brine

Density, | Density Vis- Total cations
Propert PH | Na' K* " Mg*"
roperty glec cosity , cP a’, ppm ,ppm | Ca®, ppm g, ppm (TDS), ppm
Value 1.03 1 7.35 27000 445 510 1305 29260
24.00
——0.0 % wt
21.00
——0.01 % wt
= 18.00 —=—0.02 % wt
§ 15.00 —+—0.05 % wt
S —x—0.1 % wt
£ 12.00
o
9.00
6.00
3.00
0.00 &F

40000

60000

80000 100000 120000

Dimensionless time, tD

Fig. 1 Oil recovery versus dimensionless time obtained from spontaneous imbibition test using various concentration of nano

fluid at low salinity (1000 ppm).

The concentration of 0.1 is less efficient than the low
salinity without nano which can be attributed to the
instability of 0.1% nano fluid.

Figure 2 depicts the ultimate oil recovery resulted from
spontaneous imbibition test while using low salinity
brine (1000 ppm) and 0.05% nano silica in cores with
different initial water saturation. This figure shows that
the presence of initial water in core adversely affects
the oil recovery. Since, the salinity of initial water in
the core is much more than that of imbibition brine,
the contact of these two brine (with different salinity)
would lead to instability of nano particles in the pores.
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Conclusions

This research has depicted that nano fluid positively
affects the oil recovery of spontaneous imbibition
process and increases the efficiency of low salinity
water injection. However, the instability of nano
particles at elevated concentration causes pore blocking
which adversely affects the wettability alteration
process. The further salinity concentration resulted
into more instability of nano fluid. The most optimum
nano concentration obtained at 0.05% (weight) in
presence of 1000 ppm brine. The presence of initial
water in the core adversely affect the performance of
nano fluid in oil recovery.

19.88
17.39

0 13.16

16.35 18.96
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Fig. 2 Ultimate oil recovery resulted from spontaneous imbibition test using low salinity brine (1000 ppm) and 0.05% nano

silica in cores with different initial water saturation.
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