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2 ZA3tT Ho] A ARTAHA 293} @sisa Alolg 74]"4%“5.% ZA8tgth old ARES wigow AA FEA sur-
factant washing 28< FHE Z# W54 #7182 PIT(Phase Inversion Temperature)oll X A4 =)= middle-phase
microemulsione] HH2 7H&3HE = Aow, ¥o]&A ARLAA CuBs(CrHsOCHCH)H)E A1 L3S Ao CioEs, E,
n-hexadecane®.2 o} F0|7l 34+ A9 PITel #j3sl= 52ColA n-hexadecane®] 734% A LM, vhale] PITRT} &

25T PITEY %& 60 ColM9Y n-hexadecane AAEE 77 571%, 5710%% UERNAT olst o] PITZ Z_°|V‘1

n-hexadecane©] HUl2 718 HE A& A 254-AF40] FHE )80 AFA 780 7HeEEE L5} w9 wE
¥ o}2} middle-phase microemulsion¥ excess oil phase AFo]o] EAjatE 102~103 dyne/cm®] ul$ & ARAHGEQ A

< ¢ F AUk

Abstract : The objective of this study was to find optimum nonionic surfactants for the clean up of soils contaminated by
hydrocarbon oils. PIT(phase inversion temperature) measurements in ternary systems containing pure hydrocarbons, pure
nonionic surfactants, and water were carried out and interfacial tensions were measured as a function of time for
n-hexadecane oil drops brought into contact with various mixtures of nonionic surfactant and water. Batch surfactant
washing experiments were performed based on the measurement results of PIT and interfacial tension and the results
showed that maximum removal of n-hexadecane occurred at the PIT of the system. For the Ci2B5(Ci2Has0(CHCH,0):H)
system, maximum n-hexadecane removal of 734 % occurred at the PIT of 52 C. In contrast, n-hexadecane removal at 25 C
and at 60 T, each corresponding to the conditions of below PIT and above PIT of the system, was found to be 57.1% and
57.0 % respectively. The maximum removal of a hydrocarbon at the PIT of a system, where the hydrophilic and hydrophobic
properties are balanced, was found to be due to the existence of high oil solubilization into a middle~phase microemulsion
and ultralow interfacial tensions of the order of 10° to 10°dyne/cm between middle-phase microemulsion and excess oil
phase.
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Surfactant washing EOR(enhanced oil recovery)oll
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2, surfactant floodinge E¥ Wl #2
Agst= 2 EAH ¢ (capillary pressure) ©.= st
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o o8 Aezy Fest@en], surfactant washings
o ule) 0dER AAd H&sy) SAsM A=A
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Table 1. Characteristics of the Soils

BET Surface| Average Bulk | Apparant | Porosity

Soil Area Pore Diameter | Density | Density
(m/g) (m) (@/m) | (glem’) | (%)
Granite| 54151 1.4523 1.2932 | 2418 | 4653

Sand 2.0311 149633 | 15432 | 24840 | 37.87
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Ag H7H3 F stopper® TRt FLZoJA kA
A 718 nCies EYLHER AlE3tion] Ay
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o] A7), AT, E & "l AFuigd uE
AAES HlwstPg o, ojuf zbzte] AgWsEe] o
S ZAR] 9Aste] dF A¥usge WAL O
HA APHTFEL FUS AdPFxAeE FANTE &

Hel ojste] APt
718 nCed ¥AezE FID7}b B&9 GC(Gas
Chromatography, HP-5800 )& o]&3ld s & 13}
fon, FHlg Bdg ojgstd GC B4 Az
2 FroAe] BAF WHS Faled agzE a8 A3
78t
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200C, % <¥Z(injection
temperature)= 250 ==
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Table 2. Analysis Conditions for Gas _Chromatography

GC Model HP-5890 It
Column HP-1
Injection Mode Split
Oven Temperature 200C
Injection Temperature 250C
Detector Temperature 270T
Carrier Gas & Flow Rate 5 m/min. of N
Detector FID
Injection Volume 1 uL
Split Ratio 78
Retention Time (min.) 12.8

AEPA §A7 F71E Alol AWHH
& spinning drop tensiometer(Kruss, Site 04)2 £33}
A3 g AL o] &3t FaHTHIZL
2 3

d
P ()
87 w

714 yE AWAH(dyne/cm), 79 o1 4F Al
AHAPA g0 ZAE 2 AVE(g/em’), o AHEF
7129 YE(g/em®), o 374 E(angular velocity

of rotation, msec/rev.), 11 dE 4A W&o AR

(cm)°]t}.
3. 20 ¥ EE

3.1. PIT &4

PITE dvlo]2A AWTAA, &, 7189 38ELE
o] Aol st} nlo]2A AHEAFA CrEnd A
$A 718 MNP (n=3~8) §F f7=d st
zA9 00 F71BERE B dAFdA EY LEER
A& nCis, nCuy, nCr0& 27 AHESHATH

dubd oz wlo| 24 AWEAAl, B, 78 38E
oz ojFoj7 A9 2xd @2 47 F(phase behavior)
L& 3o 2w Mt lower phase microemulsion®] excess
oil phase®t &L o]F& 24(two phase)o] EA|3}H,

W] & 2% oA+ yupper phase microemulsion®]

TAss, A8 W A3 E, 1997

Table 3. Phase Inversion Temperature(PIT) Measure-
ments for Systems Containing Nonionic
Surfactants and N-Hydrocarbons

PIT ()
Contaminant | n-hexadecane | n-tetradecane | n-decane
Surfactant (nCip) (nCia) (nCro)
CioEs 10 ND’ ND
CioEq 30 27 18
CreEs 52 48 35
CrzEs 70 64 50
CiEr &3 ND ND
CizEs A ND ND
* ND : not determined
excess water phase®t HEL o|F& 24| EATH.
ag3 old@ kel 24l EARE 3% eEgdd
o]

e AUSAAE 482 UE middle-phase micro-
emulsion®] excess water phase, excess oil phase$t 7
7t P3G o)FE 340l £, 53] middle-phase
microemulsion®] Z-& F¥o| B3 {718& ¥ Ex
744318k %71 PITolt}. Gibbs A& (phase rule)el
w2y vjo]&A AUTAA B f71EY MELE
o]0 Ao dAF ¢ PITAA S A =(degree
of freedom) 00]22 PITE A9 AE ZAd @AY
o] AR e 2 H3 wekA 4 FE AP gt
- =A% PIT 24#Z Table 39 YeRATH

Table 39 Z e 943}“1 EX {718 dlste ulo]
o4 AREAAY AFANE FIMAFE B 9F
g o] &4 I‘I‘%f‘*ﬂlﬂl st {7189 @3l
AF&4(chain length)E F7HNZ4E PITE F7h8ke
AL ¢ F gou, 1o o)fE Ho]2A AUEAA A
FA719 F7te 7189 g3lga AleEF F7F BF
Hlo] &4 ARTAHAY Zo dd LH=E FMTIE
2 AY 2FH-AFA0l F#8E olFA 7] A
£52 ZF7MNACk v wEtA PITE F7tstAl €t
B AFA oEA dAR o5t FA4E Table 39
PIT A3 b2 d7dA FAS 234534 A9 244
e A& ¢ F At d8 , Hlol &4 AUEA
Al CiuEy, &, F71% nCud 3"3-5':2& o] 53 A9
739 middle-phase microemulsion®] excess water phase,
excess oil phase} 247 FHE o] F& 340] 23~29T
da EAstg e, ol Ex(turbidity)t AWFH
oate} zZtzt =43 23~28 T 340l EAde 2%
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Fig. 1. Dynamic interfacial tensions for 1 wt% nonionic
surfactant with n-hexadecane.
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Fig. 2. Dynamic interfacial tensions for 1wt% CiEs
with n-hexadecane.

Wk 2 YA 13, 141,

3.2, AHEE X

Hlo] 24 AWEAA &43 F718(nCi) Alol9] A
A2 S spinning drop tensiometerS Ag3le] =3}
o A mE Avgd 24 A%E Fig. 13 29
YehHRA 2 BEol X9 AW (static interfacial tension)
#E Table 49 2.9ksto] Lpeh Sl

Fig. 12 nCis® 1wt% H]o]&A AWBAA LA}

AT 1. 98442 ody £ AF 361

Table 4. Static Interfacial Tension(IFT) Measurements
for Systems Containing 1wt% Nonionic
Surfactants and N-Hexadecane

Surfactant Solution | Temperature| Interfacial Tension | Condition
(1) (dyne/cm)
1 wt% CpEs 25 0.7632 above PIT
1 wt% CpEs 30 0.0054 at PIT
1 wt% CpEs 2 0.1418 below PIT
1 wt% CiEs 52 00154 at PIT
1 wt% CpEs 60 0.3090 above PIT

9)«"“1 CIZESE 71} AEYAZ AME3te FY
AT A9 CuEsst FARE 23S YehlAT 4
o] CioEs B4RT 52
At WA CpEse] 44 30 TollA A3 7
< CuEs, CuEs 4453 vRsld X 7to] oz}
A2 B oy 34 AlF o 1580 HHs)
0.005dyne/cm Ax9 vj$ @& ke 2= AL
Ak o] A= CigEs, CioEy, CioBs Z2He] w]o] &4
AEA Y nCe& TS AdAe PIT =4 A
(Table 3 Fx)9 HYPo =BFPL o] AUAH e
2% Table 49] ARE AHE uf PITHY §7]8
I ARERA §Arjolo] EAste AW PITH
O ¥ 2% ZA(below PIT)# E& &% 27 (above
PID)AAN EAsts AARNZEES} vad o o
Tt AL ¢ F Uk
Fig. 2& 1wt% CpEs ¥|o]&A AUZAA £d93
nCis Ato]9] ARFHS &
g ZA3% 292 Ygd 7;\‘25 Fig. 13 4% A%
& ¢ % Cuhs, nC16 Al2He

25 TY }_Zﬂ*} PITE < 60Ce *
Aelde Awgy s zZz 014, 0.31 dyne/cmi/ﬂ,
e AvdAE 001 dyne/cm B
2 A& ¢ 7 dey ogs 4
LIy 71]“43’“*21] %—‘“Jr T°r 18 Abole] AugEs =
g gz ME & g7 8h A9, 10, 15].
Fig. 1% 24 74]3’5.“"5’. 34 Z295& PITAA &4
8= middle-phase microemulsiono] PITHT} @& 2%
% E2 &E ZAsAA Zz =

rfo
b
o

2 A4y (B ool (2 ot oX x gy ¢

0

4 =8

N ooX e U JlN'
)1

ol

EA3HE lower phase
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microemulsion® upper phase microemulsion# ¥]3}
o HA BE oo §71EL JHEEE F Jlow ol
PITH A &A3l= middle-phase microemulsion®] =15
Adgan Be /183 52 dste EF WY
g QoA 71Ee A wpo]d
Qo= AL oujdch =
2xdNe AdgHe] PITRG £2
S PITHT @& &
el EAsE AW
doj £3]5o] lower phase micro-
o dtsle PITRY 2 2o
A ARSAAL $718¢ JHgseE Aol ohd#
23 4 §718d 7H&315 o upper phase micro-
emulsion @43t7) ol tH7-10, 16).
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=
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3.3. Surfactant washing &

oAl PITS ARAE 24 2%g vges 44
3122 surfactant washing A8& FPaAAT. *71E
nCies EG o9z Agstgon, 2 43 Ay g
Eoke] (R, F7AE), HlojA AWBEA A
A7) W, A7 LE 52 Hsted Ay dgd wE
AA &S vlaLsA

Fig. 32 4wt% CuEsg A&ste] 25 C(below PIT),

52 C(at PIT), 60 Clabove PIT)¢] &EojM 2 EF
e nCis AZ&E Al wet 27 34 2348 |
g Aow o T2 wrix & 4Nzt 285
= Ae o 4 o) &#H wug $43td Fig. 39 &€
z70 A ARBHAE AHEEA B3 AFE F5 nCis
1780l exo wat okt F7ksh 60 T BFo=E
k7% WS Re AL & F AT

E3 B A7 F@AAQ £xd B AAEY
o]Z Fig. 3¢ AH2RE g 2A nCedl AAE&LE
CioEs, nCis 212819 PITS] 52 CAA T34%E M =
on ®hdd] PIT Bt} %2 25T9 =0+ PITEY ¥
60 Co) ZAANE Z+zt AAEol 571%, 571.0%<
S o & g}, oy A PIT 52T ZUAA
& 001 dyne/cmZ, PIT Bt} %& 25T
=2 60 CoAMY E vlstd UH“?‘ e
Yebd AwdE 24 2gss dXse AE ¢
9lem (Fig. 2 &%), ol& PITAA &A3tE middle-
phase microemulsiono] )¢ Z& AWFH} 7}

£3} £ Qslo] PITEY ¥ 259 2 2% &
Azt A #2t

o

sl
A

2

o W rlo

b=

(o]

=
A
I

=2

nrl

Z33}= lower phase microemulsiont

upper phase microemulsiond] ®l3te] R ¥ ¥

T, A8 A A3z, 1997
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N

100
-1 at25°C
—O— at52°C
80 A at60°C

nC,s Removal Percnt

duﬁ';.é'fz 16 20 24
Time (hr)

Fig. 3. Removal percent of n-hexadecane from contam-
inated sand by 4 wt% CiEs surfactant solutions.

100
—0O—C,,E, at 25°C
E 80| —O—C12E4 at 3000
3 —A—C,,E5 at 25°C
(0]
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©
>
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©
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Fig. 4. Removal percent of n-hexadecane from contam-
inated sand by 4wt%
solutions.

nonionic  surfactant

$718S 7HgEE & 7] it

Fig. 4% 4wt% CipEs CuEs CoEsE 42 AH&-3Ho
# Eo ol nCs AAEE Aol wt S5 A
Ueld Aoz Fig 39 239 93 AFS ROl
AL o & 9ty & PIT 2A(CoEs at 30 T)ellA 9
WCi AASE oF 796%2 744 ¥, PIT BT} $e
ZACpEs at 25C)3 PITRY &2 ZU(Cks at 25
T)lME= AAZ 27 ¢k 571%, 181 %= PIT 3%
o B3 w9 Fe AL ¢ & Qith ojd Ade
zag Axdd] gt 1wt% vlo|2d AWEA &

d

o Y

[T



Surfactant washing®] <13 EF W] §7]18 AAd &3

H7} nCis Ato]e] ARZEHE 2E& WIAT|IHA AT
of mat ZA3 Fig. 19 AFHZRE o 4 sich
% CpEd 4% DTEDAA 23 Adgye
0.005 dyne/cm BEZA CiEs9] %9 25 T(below PIT)
oA 3% AWEE 014 dyne/cme}t CioEz9) 2% 25T
(above PIT)oA &A% AW (.76 dyne/cmst B2
e g ¥ s e AL ¢ F ey (Fig 1
%), o83 AELS Fig. 39 surfactant washing 3%
2 AY AHE FLE AL"d distoq AW
A% Fig. 2 2749 v 2d o JYetd A3} 5Y
& = ok FH 4wt% CiEs CuEsy, CobEsE Z+
A8t SR E EYG U9 nCe AAES At whet
ZA% A osid SFE EF 9 nCy AAEL
2 B U9 nCis AAE v|ste] vjud 2L Zs
YeER Ao Fig. 33 49 Zxet 598 ZF¢FS HoJ
T RE ¢ F Ut F PIT ZA(CigEs at 30 T)olA
o] AALEL o 661%E /M4 =3, PITRY @& =4
(Ci2Es at 25 C)3} PITRY =& ZA(CieE; at 25 C)dl
]

r

1

Kl
=2
ol
184

NS TR |

rulo

Me AAE] &7 <k 454 %, 205 %= PIT 735 H]
wated wf g e AL & & AT A 4wt% CioFs,
pa¥

CiEy, CoEsE

2}
nCis AAEE *’1.5

o}‘. BN

ALgete] 2 3 S E EY ulY
?\f} ANEL Fig. 19 5Y A2dd)
AR E dAse 23S vE
31 PIT A= A9 &25A-354
A3t nCe] 7H83tsE &=7t
o -$- wE °}‘4F—P middle-phase microemulsion}
excess oil phase Ale]d] £A3 = 001 dyne/eme) "¢

& AdgEor Qe Eg 13—4 FN1EBES AA
e dl oA 7|E9 4R ANEAA AFAA v}
oAt B HAHogE AL & -’i’- p=g

4. &4 £
Hlo] &4 AHBAAE AHEstd 29 EY Yo &
71&& Asske d JoA A HHo Hlo] A
AREZA ] th3t 2A4& ©&317] Yste] wlo] LA
n-hydrocarbon 2.8 o]Fo]x 342 7

ARES H}%Qi AA :@1”’-‘1’ surfac—
tant washmg AYL +3% A} n-hydrocarbon® &
71EE PITAA A== middle-phase microemulsion

AT 1. @322 0¥ EYY A3 363

o Hdz 7t&sEs ¢ F Atk oy ARE
PITlA #A8l+ middle-phase  microemulsion©]
excess oil phase AFolo] EA3E 107°~10" dyne/cm9)
o 2 AU W 183 £52 Q3 PIT
Bt 32 259 2 2% ZASGA Z EAEE
lower phase microemulsion 2 upper phase micro-
emulsion? W]w3dle] AR ©E <o f71EE 7183
& 5 gor EG U9 {IEES AAs= o Ud
A 71EY 287 AdEPAY FJFAQYL who]dr
o A AL & F AU

mekA Hlo] 24 AWEAAE AHEste 29 EY
el #7185 Agstr] AsfA e vloj2d AHEAA,
E, R #F71EE o]FoF Ad o3 4EEF d¥s
539 #7182 °] middle-phase microemulsion®] HdE
7882 § & PITY ZHo| $-X450jok auf, Ad
B4 FH W2 PIT 34 Z27%E nlgog EX
78S EY U9 2= 2A4A HYE AAT & ¢

T A9 Hlo]2A AWEFAE Hgstojof 3}

:10

AR AL
¥ 47 199E 533 AE FEAAX
AugdA) ol ot o ojd A=
=le

=

]
Ho
ro
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