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Abstract — Phase equilibrium and dynamic behavior studies were performed in systems containing C;,Es nonionic
surfactant solution and nonpolar hydrocarbon oil. The phase behavior result showed an oil-in-water(O/W) microemul-
sion(UE) in equilibrium with excess oil phase at low temperatures and a water-in-oil(W/O) pE in equilibrium with
excess water phase at high temperatures. For intermediate temperatures a 3 phase region containing excess water, excess
oil, and a middle-phase microemulsion was observed and the transition temperature was found to increase with an
increase in the chain length of a hydrocarbon oil. Dynamic behavior at low temperatures showed that an oil drop size
decreased linearly with time due to solubilization into micelles and the solubilization rate decreased with an increase in
the chain length of a hydrocarbon oil. On the other hand, both spontaneous emulsification of water into oil phase and
expansion of oil drop with time were observed because of diffusion of surfactant and water into oil phase. Under con-
ditions of a 3 phase region including a middle-phase pE, both rapid solubilization and emulsification of oil into aqueous
surfactant solution were found mainly due to the existence of ultra-low interfacial tension. Interfacial tensions were mea-
sured as a function of time for n-decane oil drops brought into contact with 1 wt% surfactant solution at 25 °C. Both
equilibrium interfacial tension and equilibration time were found to increase with an increase in the chain length of a
hydrocarbon oil.
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A Al (surface active agent, surfactant)®t 5 w2} Wjol] X
T 25799 S FA 7R Sl R (amphiphilic)
EAZA A Faste] AEe] ARReluAE waro] ALl A
AL dAH AT 2348 2t AdEgAE 174
(hydrophilic)®] ™2](head) =2} 225 (hydrophobic)2] 772 (tail)
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er3lr 0] ARERA 54 (lipophilicyS 7Hd ol vkl 489 o]
A B A 58-S A deth A AAEAdAe] 1
HEGL AHEIA L] 15797 A ] el wht gt

AAZAIARE A e] tidAd Aol QJsto] o] AlE A
(ionic surfactant)2} H]o]& A E/J Al (nonionic surfactant)®. -5+
=, o]& A A= Fgdo] SH3ME Wil Q= Sol Al
H&/d A (anionic surfactant)?} FAsHE Wil Q= ol Add
*J A (cationic surfactant), 7123 pH =7 wfg} 338} o= o
S U= e AH A3 A (zwitterionic surfactant)® TFHELH &
3] H]o|& AAGAIA= o] AU Aol Bl3to] vk A nlo]Ad
5% (critical micelle concentration, CMC)2} Z )3 (aggregation
number), 352 71-31 (solubilization capacity), 57§ 2=ol|4] v}
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= 4 (cloud point) @4, ot AN, A5, =2 71xH
(foaming ability) 2 |74 7% (hardness)2} 34 (electrolyte) &
ol & izt Ad 59 AHES 2 QlofA AlAlL ARE, A1
Al & L Axel Bl ARSI QIek1-3]. B3 H]o]& A
EJAI] CMCE 107 mol/L == vilg- Wopa] vk 51zo] 7|
HEAGAE 2ol H7IsloiT AR dA 3 (aggregateys A7
FgstA Fct. o8 59, AHEIA L] Fsk B30l ulet whit
A% (monolayer), ©]%%(double layer), T}o] Al (micelle), &Jvto] 4l
(reverse micelle), PF0] T2 'H 3 (microemulsion, pE), <47 (liquid
crystal), 2|35 (liposome) T2 2= theFel T72] A4 ulA|

= o A~
Z5 4s 5 U

ARAIAR= A1, AR, AR, B8, 3P, ookE, 59, 35,
EEAS, 8N, A%, AA A 5 B2 A Folel oY &
T2 gy o]g¥a glom, A tefst -S-8tof SollA
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= Ao]9] 78t A% (adhesion) O F Q15[ @ o] Fakr|o] §l=
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7P (intermediate phase) 843, EXk(diffusion)ol] ]38t Z}3E 3} (super-
saturation)=. Q1810] PoLh= 2P| -3k(spontaneous emulsification)
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oAl dojuli= AL & F Ut} o) 'elrA 299 ARE Zol
7%l wet AR Hg7do] SRR Fd Fee A

oft

o
f

-

3lerast H473H M1E 20094 22

Table 1. Effect of temperature on phase behavior for systems containing
equal volumes of 5 wt% C,,E; surfactant solution and nonpolar
oil

25°C 30°C 40°C 50°C 60°C
n-hexane 2 2¢ 2 2 2
n-octane 2 2 2 2 2
n-decane 2 2 3b 2 2
n-dodecane 2 2 2 2 2
n-tetradecane 2 2 2 3 2
n-hexadecane 2 2 2 3 3

“Lower phase or oil-in-water(O/W) microemulsion in equilibrium with
excess oil phase.

bMiddle phase microemulsion in equilibrium with excess oil phase and
excess water phase.

“Upper phase or water-in-0il(W/O) microemulsion in equilibrium with
excess water phase

o7k dojuAl 317] flaiMe 55 S7AA AAEA Al
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(cosurfactant)® H7FsH= "4 Fol Qlrt. Tt FUst e 3]
AE AREEE Hlo] & AHEGAL] 25718 ol S7M7IAY
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water, excess 2A/d7 217} L& o= 3 FE 1A upper
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55 ok ave) fAkeh Zlow 4R Qlvh22, 23]

Table 12] AFolA & F lRo] LEE F7HFIel wet vlo]
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W uBS 323t 240 EAlekE 2% 993 W/0 pES
Aol EAsh= 2% J99] 7 5 oM = vlo] AHEA

phase UE®] excess water, excess 2.Ud} Z17F S o] F= 3
o] &3t

3-2. X 7{S(dynamic behavior)

Ho]& AAEIA] Fg-elat v]54 @ Afole]] Uojuk= F4
7155 videomicroscopys ©|-g3te] TSRO, ¥4 eUR=
el @ Y-S B e AR ARSIt B4 A AR 1 wi%
C.Es 848 2491 31 °CHU} whe 27191 25 °C9} 3 K}
=2 2% 791 30°C, 40 °C, 50 °ColA 27t =asislon, 4
BT} SR 25 °Co M= 7] 1 wit% CoEs 802 o]l 4=g-of
9] Lygo] EAEITE. 3R AR & 25 ZoA 2 27
1 wi% C,Es &9 WHL, 9] 7 o= Al om, ol &
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< YERISITE &, 2 drop oAl Zdell 7HE-slE o] Alzle] A
ol wheh 717} sk 7183 s 1]l Ae Alflehas
LA} AR FEede] Az Agol A9 gl As
7 QT &, £ ATelA 2] 72 IR ) Ao 2
D37 AEDIA &AL ghrtel &gt Hazste Qlste] o
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Qo] F2 C),E; vlol AAEH A, &, 181 gelra 29
I Aol gk ABEE A3 AifelA B 5 9lzo] 25°CelA
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excess LU FHE o] F= 2740 EAsh= AF At ¢
= 28 & 5= 9k 25°ColM n-hexane 2.9 0.1 wi% C),Es
FE o) TPt H--oll= ARl wet v T4 A% JERIL
t}. 25 °Collx] A& g 53 7] 12 stell= v
A H1FA 297 U6 n-hexane 2 dropo] molAl Aol 7}
gslE]o] A7l Al Wt 717} 3HAskE 7183 S UEL
ot Ajgte] Zastel] wet @ drope] AMAEdA] 84 4
o 22 drop?] FEHIZ F3tE= RS HAE = UAUTE F, n-
hexane 2% dropE AHEAA & ZAdoll AEZAX F 13 oW
o 24 drope] EIXHA] 22 dropl 2 ZINA] F2 AIE Uil £
ATt o]2fst FAd2 Table 10 YERA 23538 A3 Ao o}
EFd 2127 n-hexane A|2~E12] 74-9-, middle-phase pES 33t 3
3 o] 25°Ce} 30 °C Atelell EABE] WHERl Ao ® AJZTt,

H]=A] @9l F7-9} 243¢ele] lower phase uE 2> O/W pE°]
excess LUNT HYE o]F= 240] EAllshE oM E oY
drope] AL A mol el oo} 7Rg-shelo] Algtel| whe} kA
She @l BEESI oE 59, 25°CelA 0.1 wi% Al
Al F=&Hell n-decane TH3] HEAZE We 2 75 &
A= Fig. 20 YERARITE Fig. 2(a)x= 7] 27 °] 85 um<l
n-decane 2% drop®] F5S YER Zo]H, Fig. 2(bye 2 ho] A
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Fig. 1. Solubilization rate measured when a single drop of nonpolar
hydrocarbon was injected into 0.1 wt% C,,E5 nonionic sur-
factant solution at 25 °C.

(b)

Fig. 2. Dynamic behavior of 0.1 wt% C,,E5 surfactant solution con-
tacting an oil drop of pure n-decane at 25 °C; (a) initial oil drop
with diameter of 85 pm, (b) an oil drop with diameter of 68 pm
after 2 hours.

5 AEEYA] Yol 7HEskEo] Aol 68 pnmOE AT
2% drop®] E5HS UERH Holt).

25°CellA] 0.1 wt%2] AAL A 8- Aol T3 v]54 2
A drop A4S ARl wfet S7g318lem, 2 dropd] A7 DE
%7] 299 474 D2 Vit #R1(D/Dy)ZE EAEKT Fig. 101 e}
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Table 2. Summary of solubilization rate and interfacial tension measure-
ment results

Solubilization rate”  Equilibrium interfacial tension”

(—dD/dt, pm/min) (mN/m)
n-hexane 0.2048 0.0140
n-octane 0.1734 0.0215
n-decane 0.1493 0.0374
n-dodecane 0.1200 0.0447
n-tetradecane 0.1099 0.0630
n-hexadecane 0.0767 0.0716

“Measured when a single drop of nonpolar hydrocarbon oil was injected
into 0.1 wt% C,,E5 nonionic surfactant solution at 25 °C.

®Measured between 1 wi% C,,E5 nonionic surfactant solution and nonpolar
hydrocarbon oil at 25 °C.

UiSith AfellA & 7 Ql5o] AR 2.2 AlE Zo| 9} ATl
o] 2L mlo| Al Aol 7hg-shEo] At et 27|17k HE A o w
FASIRTE AlRte)] e sl A o] 7REE £ e
Azt w2 222 H7] M3H(-dD/dtyE Table 20| 2.9kslo] L}
UISIt}. Table 201 YFERH n-hexaneol] tht 7183} £ 5= 2 drop
o] 22 drop FEIZ F3}=]7] 27K S74gk 0d AV|2HE T
$F Aufolct. Table 28] AifellA] & 7 150l ®lelra 29e]
Sk 7183t £ (-dD/dt= 2Y99] ARE AolE TV Al whebA
fashs s & 7 Ut dE E9, 854 'ela 098] A
Z 7Z10]E n-hexane, n-octane, n-decane, n-dodecane, n-tetradecane,
n-hexadecane®] &0 % Z7A 7o) wkel 7}43} S (-dD/dh)=
0.2048, 0.1734, 0.1493, 0,1200, 0,1099, 0,0767 pm/min= Fx} 7+
Z3I5iT) ol ®Elra 28 Ak Holrt sl w2
9] =579 (molar volume)’} 71310 8- dol] EAl3k= mlo]
HgtA| 2] FE #9S penetrationd}] core 3ol penetrationd}]
71Hg3kE7] o A7) wZolH, FUSE njo]& A& Aol of
3lo] gkl AR ehslra 2 7R3} 45 (kinetics)2} ¥ oA
9] 7123} % (equilibrium solubilization capacity)ol] 3+ A5 4=
et AN AR FES vERA Aot 21, 24-28].

AAEAGA o] Adlof] o3t ¢l Ao 3] 718-31= (solubilizate)
7Hgstell At A5l Qs 7HEshs A 27F4] WAUSel
oate] dojdtiar ATt &, A7 AL A -2 A
Hol| no] o] F2F = YANE]E 7170 rate-determining step?!
interface-controlled MIAUFT} AHE/IA| 78 Joll g3l 52
FrakEl 29Jo] AEdA) wio] A gl AH o A=
}7g0] rate-determining step®! diffusion-controlled M7 <l 3k
271A] rello] Zyz}k A E 28], AHEAIA| 8- Aol A5}
 tol Aol ogk vl Aol 7HE-3= 7HE-317t interface-
controlled MIAUFS == -9, 7H3F £ 2719 24 drop
7|9} kA AlRtel| Wt AEA 07 FHAsh= Rbde] 7FE-s)
7} diffusion-controlled MIAUF= W 3ol 7R3} e
%718 24 drop A7]ell HHEsh, waba 7H-sE 5= AlRE
of] whe} #]9=2] © & (exponentially) 7+43HH24-28]. WA Fig. 1
of] Lhekd AatellA & 5= Qlzo] ARt whet @ o] A77) HE
202 IHAehs Ao ZRE 25°CollA C,Es Hlo] A A
ufo]Ale]] oJst H| 54 ©halra YU 2] 71831 interface-controlled
HAUSS wEtta & 4= it

Table 1¢] YJEFH middle-phase nEC] excess 2474 2 excess &

3l5kast Hl473 HI1E 20094 28

(a)

(b)

Fig. 3. Dynamic behavior of 0.1 wt% C,,E5 surfactant solution con-
tacting an oil drop of pure n-decane at 40 °C; (a) initial oil drop
with diameter of 87 pm, (b) an oil drop with diameter of 56
pm after 70 minutes.

A BEE o] F= o] AEE oM E LYo] 78
of vlwA] wE g 7HgstE ], @Yol A2 drop FEE 3}
wo] =gl Aol falu]= AT 22 drop? convection @]
HHEILE. o5 501, 40 °COlA 0.1 wt% C,Es AlAZIA] 8
Mol n-decane LUS HAEFAIHS Wl T2E IS Fig. 3 YEf
ISt Fig. 3(aye AlHE/dA &8 Aol 9% n-decane 2
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Fig. 4. Dynamic behavior of 1 wt% C,,E; surfactant solution contacting
an oil drop of pure n-hexane at 50 °C; (a) initial oil drop with
diameter of 72 pm, (b) spontaneous emulsification of water in
the oil phase after 2 hours, (c) further spontaneous emulsifica-
tion of water in the oil phase and expansion of oil drop after
2 hours and 33 minutes, (d) further expansion of oil drop after
3 hours.
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Fig. 5. Dynamic interfacial measurement between 1 wt% C,,E5 non-
ionic surfactant solution and nonpolar hydrocarbon oil at 25 °C.
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Fig. 6. Dynamic interfacial measurement between 1 wt% C,,E5 non-
ionic surfactant solution and n-decane as a function of tem-
perature.
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