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£ Ao A= EAF H|o| AHEAIA] Pluronic L64(EO,;PO;,EO, ;) Plo]Alell 23t n-decane, n-undecane, n-dodecane

9] 7Hg-3} A-E 3YSISITE. Oil drop contacting A H-&
3 3 A7l upE ©iskrs 2o 715 S48k 7R3t

ol g3t} Wad 0% ARMBYA plold ool 9]
S22 23 7188 SE 2] 29 dopdl 2

71oll 23gle] Al UelskoH, gFsl4 291 9] §hAd=(alkane carbon number, ACN)7| 5-7}ghe] e} 7hAskal

AAZ A F=e) whet AL Aoz 715k & = S
n-undecane, n-dodecane®] 7F&-31= diffusion-controlled M#H L Z<] o}2} interface-controlled WAYES

t}. o]23 A2 E] Pluronic L64 P10l 2]3F n-decane,

2= A

< gRlst 4= AUt T3t turbidimeters: 01835101 793t 7183} (equilibrium solubilization capacity, ESC)x= ACN
o wE} A4Sk, AAEA et 7Sl S5 St wel B S718kSIT). Spinning drop tensiometers ©]-8-5F
o] dynamic interfacial tensions =73t A3}, ACNo| F71ghol| uje} Fof] Tdsh= v del= Al7H} H3ox 9]
e o] B Sk o AEA] kel webAE sl

Abstract — In this study, solubilization experiments of n-decane, n-undecane and n-dodecane oil were performed by
micellar solutions of polymeric nonionic surfactant Pluronic L64(EO,;PO;,EO,) at room temperature. A single spher-
ical drop of hydrocarbon oil was injected into aqueous surfactant solution using an oil drop contacting technique and sol-
ubilization rate of hydrocarbon oil was measured by observing the size of oil drop with time. It was shown that
solubilization rate decreased with the alkane carbon number(ACN) of the hydrocarbon oil. The solubilization rate was
also found to be independent of initial oil dorp size and almost linearly proportional to the initial surfactant concentra-
tion. These results revealed that solubilization of n-decane, n-undecane and n-dodecane oils by L64 micellar solution is
controlled by interface-controlled mechanism but not by diffusion-controlled mechanism. The equilibrium solubiliza-
tion capacity(ESC) was measured by a turbidimeter and the result showed that EAC decreased with an increase in ACN
but increased with both increases in surfactant concentration and solubilization rate. Dynamic interfacial tension mea-
surements showed that interfacial tension and equilibrium time increased with an increase in ACN of hydrocarbon oil
but decreased with an increase in surfactant concentration.

Key words: Polymeric Nonionic Surfactant, Micelle, Hydrocarbon Oil, Solubilization Rate, Equilibrium Solubilization
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o'M4 (emulsiony> F 712] MZ T2 E-82421 A7} 5o
8t N7} drop BACZ TFE BAoll F-3H(emulsification)F] o] &
2k e e] S-S sttt od S i (dispersed phase)2] &
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Froll w2} oil-in-water(O/W)$} water-in-oil(W/0)2] -+ $-F% T
S} O/w olldd 2] 739 2 droplete] 8- Zdoll ik Q=
FehE wabi, W/O oldd2 £9] dropleto] 297l E4TE o] 9l
= FHE 2t oldAe] Fept A e 2 T2 AEE
A2l /el oEsHA H=dl, ARk e ® o/w el AHEd
A7y 2dEet =oll 2 gald W) 4351, WO oEdE Ang

AAZE 2R ool 2 gald ) et
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of8dE FAsh= AT, Talde] o] Skt E AW A
ol A] (interfacial free energy)™ H]EIEd S7ksle] sk o
= &9 (thermodynamically unstable)3t AEl7} ET}, whebA] od
AE AxE Al AHEA 9 22 731l (emulsifier)E AM-51]
T A Abo) o] AlAgHE S W, R} At A 71E vty
(electrostatic repulsion) == 71714 R.$ %(mechanical barrier) &
kS 5l A7} vander Waals Q18] 2Jsto] M2 2= §4
(aggregation)O|L} YA} Afolel]l EANSHE who] EPYsHAl Hof
FTH o7 MAA dojih= Y (coalescence) T B> S W
A)3le] ok Fh(kinetically stable) AElZ ZAE = QA Fic}.

o dd Ao drop> 37 (sedimentation), 12| (creaming), 57,
T S 2 B @ ofdet 7 A Ate]e] 3 W (mass
transfer) &gl ]38t UA|Z Q1 AF (transient behavior)©] Loid 4=
ATt oldd Aelela e 28 A @3S A 3 7R v
Sl AAZ, AEL/IA &) E84 E4o] 11 £k o]
ko7 gaj|elo] 3718 (solubilizate)o] A7tel w2} =717} 7+
28Rz 7Hg-3H(solubilization) E7ge] QATH1]. =3t =717} T &
A =4o] 8 Aol EAE uf oF Aol = Qlste] AlRte]] )
2} & drop> 717} B 7kl WAl 2R drop Al wh
2} 2717} 7HA8k= Ostwald ripening @7do] lth2]. iAo =
2 5 ol B879 o] AUBAIA 89 Aol EAE
=879 54 Uje] 279 Aol = 18k #8H4] EIE (chemical potential)
o) 2 Azt wet H717} W= compositional ripening E/]
SATH3].
7HgsRE @)l tist g3llido] of 2k o] AAE
off oaf 71 galt old o galj¥o] 518 (isotropic) ]
LHE FAlBl L e AEE geltt o) fakele gl dost
A 07 Pyt Au|EA AHEAA] N} {351e] 3T dEE A
Z¥ek 7 QATH4). 55, 7HE-8F A2 1A mle] 4l 55 (critical micelle
concentration, CMC) ©)/2] -5 Wl olx] AHEIA Al 52
3o Qlate] e viold(micelle)l 23l =l =849 =
Q1 9)71-8-8-=(solubilizate)o] APRA O o]Fsto] FoJstow
s AElE FAshe ddeleta & = qlnt. oleig AHEAd
Al wlo] el ogt 7hE-3} @A AL T A<k, P, FARIE,
ok A, A, AEE-E, 2135, enhanced oil recovery(EOR) 52
T ARJoll M = 582 Wit ol ), Y8}k ok2] enzyme action,
713}k #oF] micellar catalysis, 2318k 0] chelate complex
7HEsl T g RobllME 11 S840 FERA| AL glon, o]
91o] thE B I WolRE g-84do] gEar olrh4-8).

Ao we o] Hi Qle 7HEslel diEiA HE 9
‘2] Frkgslael gk 2714 7HE-3h iAUEe] tlard o= A
AHACH9-12]. 5, 2L AUEIA] 78-912] Ade] ulo]Ao]
52} E= 92t 20 rate-determining step?] interface-controlled
HAUET AAZAA] 789 ol 83l F-2> F35lE 90| AN
A mlo] Az} =gl o] AH © F GAkE] = #7g0] rate-determining
stepQ! diffusion-controlled WA Ul &3t 2712 o] A=
et

Interface-controlled ¥ diffusion-controlled -1 #3t 71-8-3} A

T2 7H-3} 45 (solubilization rate)2} Z7] drop 7171, AlHEHA]
Al Fe] WAE AT RN G = -], & =1,
Ard&/g A wlo] e 2]t 718317} interface-controlled WIHAUES

2= g, 7HESE Ss 271 drop A1l ALl ddahd,
AR A sxo) Adx oz vlgduh9). WA 7Hg37}
diffusion-controlled WIAUES W2 72, 7183} 5= 7]
2% drop 170l WHlEEkA o] 7H8-3) i ARl wht A
4] © 2 (exponentially) 7481, A/ A F52] ARl B
glstoi10, 11].

AAE A wio| Al G=g-Hell o]t 7183} Aol TeliA= B
Eo] HhREE QLo mlo] el ok Z-84 =4C] 7HEEt Hie
gl 7HEslwgl 7HEslel] QS T ofe] 8]l Fell w3t Zlo] o
Lo lTH9-24]. £3] S0l AU A, oFol AL Ao}k 2
& o] AHEAA AAEE FAHCE g A7 el ]lal, v
ol A IA AlAHe) ek 7HE-SlE Oj3EA ] AHE Ao
eksto] A7 x1EE Lo, a1ata) Hlo] AAEAdA AlAE
of thet A= - ASH o F YT}, o]9} o] AHE]
Al Al2lef] oJgh 7FE-s) Lol ek WS A7) 21dE|o] gko
v} 3322) vjo] 2 AHE/IAl Al2glel digh 7H8-8) wAYE 7
of] sk AAZRN A= A it

wEhA] 2 AelM = A H SR He ARgo] AEH T Q= 1
FA} ujo]& AdEAIA Pluronic L64(EO,;POEO, )5 A3}
n-decane, n-undecane, n-dodecane B8l 2 Uof thdl HEH A
2] 7183} % (equilibrium solubilization capacity)Z- turbidimeterS- ©]
g3atod F3190H, 783} S5+ oil drop contacting 23S ©]
310 st 7He3t S5 27) @Y drope F71E W3}
A7 B8lra 2 U9 Bhael AHEAA w5 Wl wet
7Hg3t HeE Aumowm 7HgE viAUSS olsfskal, Bl
Ae] 7HeskEsl 7HEE Sreete] ARAE TrEstast sl

Z X 1o
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2-1. A M=

w ATrelxds 7HEst A3s 91stol 5 BASF ChemicalolA
T4t 3132A) vlo)2 AHEAIA Pluronic L64(EO,;PO5EO ;)=
S5 AT glo] o= ARSIt A8 E Aol gJste] &
QI3 1 wt% Pluronic L64 <=8-<82] 27 (cloud pointy> 58 °ColH,
EUE A oJstod AT CMCE 26.31 mM(7.6 wt%)°]1L,
HLB(hydrophilie-lipophilie balance) number= 15~18°]t}.

7R3 RS =5 99% ©]14+2] n-decane, n-undecane, n-dodecane
el a 22U Sigma-AldrichZ2H-E F4lste] EThE A7
Slo] Ioi= ARERINl o, AlE ARE 918 2 o] wE Al
A FRE AR 33k SRTE ARSIl

2-2. A WYY

2:2-1. /M3 E =4

HYolX2] 298 7183l e AL A 8- e mlo]Ade]
Aojgta o w st AElE FAlshaA Hdi= 7Hgsket = Sl
298] ke SHo M AHsISint. o] F flste] Mgk el
AL & 50 mLell Bt 2 Y-S HUsE Al RE
magnetic stirrerollA] F 2 F<F SHA71AA A8} TL7de] &
55 Z3siQleh. 3¢t Al5E mRle] gl ZddolA oF 39 4
T BAE & AIRE AFH k] turbidimeter(HACH, 2100AN)E Al
g3t B (turbidityy s THEASHO =M A /g A] g o] wh

e J

i
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ojAle] SJste] Hujx 7He-sleE ©slrd 2o sEE AAst
At

2-2-2. 783 £ 54

24} B]o] AEEAIA| Pluronic L64 582 gFsl4 @ Ao
th3t 7183} 4= videomicroscopyS ©]8-3t oil drop contacting
AR Tl SIS 71H83F £ 57 23S Pluronic L64
AAZHIAI] CMCR! 26.31 mM(7.6 Wt%) R b}t 352 55 Z710]
sk 8, 9, 10 wi%ellA 7188 AS Fasict.

AHZDGA Aol &Jgt 29 7He38t Hi= YL vt 2
el oJslod st 7| (diffusion path) 400 pm?] rectangular
e 2] glass capillary cell(W2540, Vitrodynamics Inc. USA)Y 2Hy3}
B AHEAIA] 8-S Al 5 Ostwald ripening 2 compositional
ripening @7 WASH] 918t ©de] 7 24 drope T
(injection)a}Att. ©e] G5 2 drop YU A HefA glass
blowing®l] &J&}od ZHA| #|2ket vio] =1 2 313 (micropipette)?} micro-
injection A]Z2~E121 Picospritzer(Parker Hannifin Corp., USA)E ©]&
3k3em, oF 50~100 ume] A& ZH= 782 @ 2 drops T
A3 TE. Videomicroscopy S ©]-431d A7k wE 2 dropS]
7] 9 o] MslE dEsgion, Algtel mE 2Y drop 719]
W2 RE 7183 £ 5 (-dD/d)E S8 o714 D 2] 2
el A7]olH, = Algtolet.

3.

i

o 3 E

2 AFoA] ARES TEAF Hlo] & AHEAI A Pluronic L64
(EO3PO5,EO, ;)N £] 8t n-decane, n-undecane, n-dodecane BFs}~
A 249 7H3} £ 5 (-dD/dtyE oil drop contacting A= o]-&
sto] S743F3Ih. Pluronic L64 A3 CMC Bt} 32 &5
Z2191 8,9, 10 wi% AHEIA| 8- glass capillary cellel] 2t
7t A2 7 T2 'slrd 2 dropE FU3EL videomicroscopy
£ o]gsto] At W 2U2] A7IE SASITE & AgdelA
97+ 231E2 AFESE n-decane, n-undecane, n-dodecane BF3lA
LY 2 st A vEhglor, tixE AHEdA sxel
2 n-decane 2.U 2] A3 ATE Fig. 1o YRS ATfollA
& 91%0], CMC oPde] E% Z3olA AAZ Al 8- el
EASH= vlol Al 3]9hA| (aggregate)ol]l B3l @ o] 731
wEh 210 7)== ARtel| Wk FRAshE A4S YERSITE
St Fig. 19] n-decane 2% A3 ZAzelA & 4= 9l5%o], 24°] A
7]z ARl wet AR A 07 TAeh, AlRtel] mE 29 F7]9]
WelE, & /M3 £t APA 0 R Pashal(-dD/dys 27] 2
A A7)l TAIgle] LA o]} o] ATt wEt 2] A
717} AR A o= skl 7HEst St 271 @de] A7)} B
glo] €3k A¥= n-undecane¥} n-dodecane®] BH3lrA 2 YofA
T FYe A Yepl o, =8 tE FH2l Hlol: AigAd
AS ARgsle] @ AR @ 7183} kinetics OIS 33 24
H=7 FARsE e8RS vEbd ZlojtH12, 13, 16]. 2H24e] el
e dof gt 7123} S (-dD/AYE 7 AHEIA B Z7eA
9] 29 =719} AlRtel] thste] el 24 o 2R e 71E7]9] A
FoZNE Fokal I ARE Table 10 2ok9int, B8 71435}
&5 7] 249 Ar)el #AGe] LA e R Zh7te]
ARLGA FEolA Alztel whet S5 'halrd 2de] A7)

3lerast H473H M1E 20094 22

oo T
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Fig. 1. Measurement of n-decane oil drop size with time at three dif-
ferent concentrations of Pluronic L64 surfactant; (a) 8 wt%,
(b) 9 wt% and (c) 10 wt%.

Table 1. Solubilization rate (—dD/dt) for hydrocarbon oil by Pluronic
L64 surfactant solution

Solubilization rate (—dD/dt) (um/min)

Surfactant concentration

(Wt%) n-Decane n-Undecane  n-Dodecane
8 2.0703 1.2679 0.8512
9 2.3086 1.4574 09173
10 2.9727 1.9057 1.0120

DE 7] 24 A% DC.E Whr(D/D)E EAISH, Akl
W32 Fig, 20 YERSI2™, Table 1o VER 2} ©h3l4=4
o thgt 71435} &= (-dD/dy S AAZIA “smoll tiste] EAISH
or, 7 A= Fig. 39 YeERHITH
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1
A n-decane
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2
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Fig. 2. Effect of surfactant concentration on solubilization rate of
hydrocarbon oil in Pluronic L64 surfactant solution; (a) 8
wt%, (b) 9 wt% and (c) 10 wt%.

AxfelA] B 4 gl%o] ghela 22 7143} s A
Al skl wek F7keb, dAe w231l welra 2l
&k~ 7ll9=(alkane carbon number, ACNY | 57185 71438} £+
A5k, oAlE 591, 8 wit% Pluronic L64 AHEAIA| 48|
tjsto] 971851 n-decane ARE-3F 749, 7HE-3F £51= 2.0703
pm/min® YEF O™, 5 st 504 n-undecane?} n-dodecane
2of| et 71438} 5= 27 1.2679 pm/min, 0.8512 um/min®
%A n-decane 285 ARE-SE 73-9-9} nlwate] Wil 22 ghs b
ERSICE D732 n-decanes AMESE -, AHEAIA 8

35
3 F ¢ n-decane ¢
® n-undecane
2.5 A n-dodecane

2

—-dD/dt

15

1

0.5

0 2 4 6 8 10

Surfactant concentration (wt%)

Fig. 3. Solubilization rate (-dD/dt) of hydrocarbon oil as a function of
surfactant concentration of Pluronic L64.

=

O FEE AR, 9, 10 wi% S7HAIF e wbA 71HE-8t S
12} 2.0703, 2.3086, 2.9727 pm/min?A, Fig. 3014 & 4= 3l%o]
153202 78ISl AEH Al w2l wet M3t S50 5
7Vl A AREIA 50t S ekl wet -89 <] wlo| Al
M7t s7kekaL, nlo| s 3]3teh= A 7)1 3] 94| (aggregation
number) = F7Fto] mlo]Ade] F 717} AR 7] wjolth o] A=
dynamic light scattering X8 ©]-g-3to] AMEIA s w2t
ulo| ] Ft A71E ES A, AMIA LA FEE
7} 8,9, 10 wt%® T7HA Aol wet vio] o] et A7]= 7}
215.15, 223.62, 246.54 nm%. S7}5R= 21025 E 8lg = 9]
t}. WhdAe]] ACNo] 718l 718} &= Fhashe=t], ol ©hsl
A 299 7183l wlo] Y packingell 25l P WS
ERllE o=, gelrd @Al 2 2717 F7ekd mho]de]
film regions penetrationd}o] core Far-oll 7H8-81%7] of2]9=]7]
wjZolch,

Fig. 12} 30 Yebd 27] 24 dropS] 2719} AlHEIA] =0
e 7183} & A2 5E Pluronic L64 AHE/IA| njo]dle] 2]
st Bhsla @U9] 73R interface-controlled WA UES w2
EAE & T Utk S, AEGAIA] mlolAde) 2§t ede] 7HE-s)
£5= 7] 298] A6l FAIgle] dAgstar, AREAA ol
tielix] Ae] 2 o= nlgsto] S7ksIsiET olefgh AP v
H]o] & AHEA A A BT LA v} QJTH9). Interface-
controlled®] 73-¢-, 7183} &7} mlojdo] @7 4=--91e] Ao
A= 50 dato] ARFER 27] 58§ Aol EAEk=
22 FA7|ehs FakebH, Aldel F2hE= ulo]Adle] sligre] o3|
AYEERE AUEGA g7t F IS 71X Aol A7t
.

HbA ol 718317} diffusion-controlled WIAUSS WEE 74-$-
E 7Hst S5 27] 28] =716 vjdEska AlEH Al w5
o] Aol vlEsls Ao defA uH1o0, 11]. ©1i= diffusion-
controlled WAUFE] 749, 2U2] 7Hg3k= AlADGA &l
B3l = 3k 2YU0] bulk RO RHE mlo]d AFow At
= Aol oJste] dojuA HE R 713 s 2o 7]
wpE} gekS- #o | interface-controlled®! 73-$-9} v walo] g2l
Zdoll EAsh= wlol e 7ie] Paks @ ] whiE}l Zlow A
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Ztgrt.

Interface-controlled MIAUSS 2= 7%, 713} £ 5 (-dD/dt)
= 732 59 (molar volume)Z Uhe #hs &2 g Al
<(mass transfer coefficient) =2 57 7183} 4% *J<4=(specific
solubilization rate constant) k2 7 2]3}o] AR5} cH9, 12]. wie}
A DAe ARDIA s 2 stellA] 7HE-s SE(-dD/dyE A
Yol A3 Blslra 22 E7aof tiste] Ve A3E Fig. 4
o HERNIT. Fig. 49 Aol & 5 QI%0] 7H3t £5x &
o] Z7tel ufel Aol MEFH oz Aadhs o 4 ok Fig 49
71€7] Ad) #hemNE 54 7R S5 A kS Tee] 1 gk
S Table 2¢] RoFsto] YehlSlar, 7R3} 3 k's ®elra 2
2] ACNe|| thate] Fig. sell VFERAIITE. 7188} 2=l k% ©hs}
T42 ACNe| Z715tel whe} Zhasi, A4l 55 571l
wbA = S7veR= 21 Fig. 58} Table 28] A25E & 5= ok

35
3+
251

9+

-dD/dt

15 1

1 F

05 1

0 1 1 1
190 200 210 220 230

Molar volume (mL/mol)
Fig. 4. Solubilization rate (—dD/dt) as a function of molar volume of

hydrocarbon oil in Pluronic L64 surfactant solution.

Table 2. Specific solubilization rate constant k° for hydrocarbon oil by
Pluronic L64 surfactant solution

Surfactant Specific solubilization rate constant k? (x10%)
concentration (mol/m>-s)
(Wt%) n-Decane n-undecane n-dodecane

8 1.7702 1.0005 0.6246

9 1.9740 1.1499 0.6731
10 2.5418 1.5037 0.7426

3

y - 8wit%

-0~ 9Iwt%

—A— 10wt%

10 11 12
Alkane carbon number (ACN)

Fig. 5. Solubilization rate coefficient k® with alkane carbon number
of hydrocarbon oil in Pluronic L64 surfactant solution.

3lerast H473H M1E 20094 22

O1F=

TS T

A= o], AAEAIA 557} 8 wt%] 7%, ©hslra 248 n-decane,
n-undecane, n-dodecane® . ACNe| Z7}3te]| whe} K08 1.7702x1074,
1.0005x107%, 0.6246x10™* mol/m*s=E 7143819 o n, te3)k v 7}4-3}
£ ndecane QU A3 FPolli= AHE A FEE 8,9, 10 wi%
2 ZI Aol wet k%] 1.7702x107% 1.9740x107%, 2.5418x107*
mol/m?s% Z7}5F3T).

TurbidimeterS A3} Pluronic L64 AH XA 2] nlo] Al Alo))
7HEsle 'slra 29l THEREE St 4 'el A 2
ol thale] AlABAA = 8, 9, 10 wi%eollA 22 7H3e s
F2olA FAsklom, 1 A= Fig. 60l YERAISITE Fig. 601
bl 7HESkE 27 Ao oetd RSl 'elrd 2.Y9
e ACNo| T71stel whe ZhAsty, AlAE A 57t 71t
of wje} F7FeFaltt. ZH2te] ghslrA o] tiste] HellA 2] 7k
Lol 54 Aol 7Hest S5 54 d9E Fig 70l HERSITH
o] AP A% & F =0l 7Hest S50t S71stel wet 7He-st
7t 7R 2E B 4 9lom, o3t ek e AT Aol
A% L&zl vt Qdth, 10, 12, 13, 16].

wARFo] A3 EAS xR o]Fol rhgslEe] 7H8sE
FRAZ17] AdIME AR AL FEE SV W flel=
AWM GA Bgo] Kt & AR wjdHo] 9, & W&

300

g - 8 wi%
'g 2504 -0 9 wt%
Nay —A- 10 wt%
= g
23
=
58

>
£ i
2%
=
Tl
8
=
=R

0 .
10 11 12
Alkane carbon number (ACN)
Fig. 6. Equilibrium solubilization capacity of Pluronic L64 surfactant

solution with alkane carbon number of hydrocarbon oil at three
different surfactant concentrations of 8, 9 and 10 wt%.

300
- —— n-decane
;% 4" 250 -e- n-undecane
.ﬁ % —— n-dodecane
ZE 200f
Ze
=}
= X 150
=
2% 100f ./°
= &
e A
5 ] 50
0 1 1 1 1
0.5 1 1.5 2 2.5 3

Solubilization rate (-dD/dt)

Fig. 7. Plot of equilibrium solubilization capacity of Pluronic L64 versus
solubilization rate for hydrocarbon oil.
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packing densityS 2Y5=5 5= Zlo] Tesithar oA QIUH18, 25-
28]. ol gt Wi O R S5 2 'glAE o] Folzl AMEAAE
AREBEAVH 18, 26-28], Y& 2 REAHUE I A (cosurfactant)
£ AHgsto]l AAZAIA] A packings Rt flexibledtAl &
739-[25], 53] Aol A3 BERS F22 o] Folzl IEsE
o] AFAZAIA| & def] thek 7183t ke ZoR deixith
& 59, ¥A-C =2 A 2Y Foll x| gl Algo]
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