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Abstract — In this study, the effects of additives such as ionic surfactant and cosurfactant were studied on the solubi-
lization of sulfur compounds contained in the crude oil by Tergitol series nonionic surfactants. It was found that the addi-
tion of an ionic surfactant such as sodium oleate, potassium oleate, CTAB and DTAB did not enhance solubilization
capacity of Tergitol series nonionic surfactant. On the other hand, the addition of a long-chain alcohol as a cosurfactant
increased the solubilization of sulfur compounds in the crude oil. The effect of alcohol was found to become reduced
with an increase in the amount of crude oil used mainly due to partitioning phenomena of an nonionic surfactant. The
enhancement of solubilizing capacity of Tergitol series nonionic surfactant with addition of a cosurfactant was associ-
ated with a decrease in interfacial tension between crude oil and surfactant solution. The pH of Tergitol nonionic sur-
factant solution did not affect the solubilization of sulfur compounds. Finally, it was found that the growth of sulfur
reducing microoganisms was not greatly affected by both addition of nonionic surfactant and cosurfactant.
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8} 7]0] AstEE o oa) A= E] 2. (thiophene) =2 &3}
a7 T g5fo] rhesA et WEk a5t FelE Hska 9l
T W A713 Ade) g8le] ErbeeteE st e o
w97 25T R B4 T B0 R NEAT)) BE
27golet. wpebA] 37ke] Ful) AR, Sl T]5 A, 32 - 31
T2 A HE 5o Fast 3o HES S8 st
v A= 23] (biocatalytic desulfurization, BDS HEi= microbial

desulfurization, MDS)ol| #&}o] #H T w]=, A& FHE THO=E
Tl = A7 23 Foll QATH4-9].

A ol 230} Sl WEs S FHE FHeka e
VREE 713 AR oS Bl A0 A o E ngE
o &gt GePe A 8al7] flaikE R8s ARgstolof gt
o 59 3 An Foll 3] = ol A3IFHE el 7t
% w7k olehe shikge) shimA el B Aol B
33l3tE 2 AM-SkaL Sl dibenzothiophene(DBT)2] 74-¢- §-7d9]
°F 100 °CE “Zolld= 1A o= EAeh, =l 712 &4l
A ko g {7]8me] ARgo] ErklEkt. ey o] gk B
O] ARE->- AAA & w2 n]go] Q7E 1 g AYES S
EHE FEshs delx Blua] @ oux)7t 2a3 i ohz}
Sl ARgO® A%t 23 Ao HS A 5 gloH, AR g
ol AREE 71 Aletoly @717 Alate] AlEeks: shalA
93 G888 73] AT 10-12]. o]2f gt HollA] 53] A7)
ko F Af el 23E]o] Sl F3ES] g digt §3l=
= 7 oo AR F A2 olUAIE Thelo] 3157t ks
sl HlwA AL njgoR o] XS AL 5 e Al
A AHE-S e < At 53] o]n] w|=at Yok v
AES o] &35 A 28 3 olA 9] AEAAL] Aol A5 A
E53 Qe Aol

AAEIA = LA 55 (critical micelle concentration, CMC) ©]
ZdollA wlo]d(micelleys Aol whe 4=8-oll o]l #=-8-9%1 E49]
HAEE SV = 9lon, o]eist &S 7188l (solubilization)
2t gt} dA E-del tial] B84 289 7HEEE SXIA7)
7] 91k B2 A7 WEEe] o, AAZ AAEAIA nlo] A
o oJgt 7183} e -] TR Aok, FRIE, SPE, A% AF
A SOl FRA S8Eo] ARG L Itk 7HE-3h= mlolAle] &
dell gJaf LofuiAl =, 7H88kE]= 1X)= 71831 (solubilizer)2}
9] 7+8-3H=(solubilizate) ] ¥-AFTZ, 2143 2k (hydrophilie-
liphophilie balance, HLB) number 5-o| &J&l] A4 F ) o]fgt
7Hgstell FEE wE Q= QARAE G719 Hol, BT
9] F7 9 9x], o] &3, HLB number 52| AldEd#)2] 3}
4 gzl whE JE, AHskE] A, w0 9, 259

I, A7zl 9, el Al packingell o3t YF T &
QItH13-23].

whehA] B Aol A= Tergitol Al B0l AAEIA S 0] 83
of 2 Tl el Al 3kt 7Skt QloA &%
9 AHEIA FE, o] AAE A, B2 AHE/I A (cosurfactant)
52 7l W J3e gopE gt gk AAS A 83t o
 Atole] AWES S7sto] 7815 (equilibrium solubilization
capacity)2h2] A BAIS Av R 1 AR ARSI} €3
AJE-(sulfate reducing bacteria, SRB)?l| 7]X|3= J&ol] Tale] Bl
skt

2. AlRRl= 3l "iH

2-1. A8 M=

AEE A GAE 33F SRS ARt Alxsglon, A g
JA 2= commercial type®] 22} 2572721 Tergitol A% (Union
Carbide) AEO(alkyl ethoxylate)s A2 o] 1oz ARSI
t}. oJ7)A Tergitol 15-S-7& A719] €18} 11~157)0)a A
477191 ethylene oxide(EOY’} 770Q1 AR EAI A S Vehiict, A gt
A= 27 (cloud point)e] AA] B] A& &3 HE-g-of| A AREE= 2
% 271 30~40 °C B} =37 Hhde) g8 (melting pointy> &3 &
LR R 258 dEsio] Aol ARgsIgi o, 1 AdleA AL
£ Tergitol AIE A FAZN gt 712291 =224 A4S
Table 1] VFERHSITE.

I 7MgEEE AR A5(2.4990 wit% Sy= AThAFrollA 35
= Wobr HTE AT glo] TthE ARSSISITE. Tergitol A1
Hlo] 2 AlAEIA| AlAHe] o] AREIAE 7 A, A
9] 3lel=e] 7HEslel viA= dEE AR 9151 sodium
oleate(TCI, 98.0%)2} potassium oleate(TCI, 98.0%)2] =] Al
A9} dodecyltrimethylammonium bromide(DTAB, Aldrich Inc.,
99.0%)%} cetyltrimethylammonium bromide(CTAB, Aldrich Inc.,
99.0%)°] ol AAZAIAIE 212 ARS3IQITE. B A A==
n-2759] hexanol(Aldrich Inc., 98.0%)¥} octanol(Aldrich Inc.,
99.0%)= T-date] M=ol Al glo] Aol ARSIt

2-2. AF b

2-2-1. A8 Az 9 7Hgske e 54

A B2 Az A Al i 7Heske 0 F2o &
e S o) 22 el gJsle] ity 34 SRTE
AREBLe] AREAA ] T Y se) ulel AHEIA FEds
AZgE 2 F375] Aol QPSIAIXITE 72t A A -8 10 g
o 975 0.5 g 92 A5 vortex mixer oA oF 17 59t

Table 1. Physical properties of Tergitol series nonionic surfactants used during this study

Properties Tergitol 15%-S-7° Tergitol 15-S-9 Tergitol 15-S-12 Tergitol 15-S-15
HLB Number 12.4 133 14.7 15.6
CMC* (Wt%) 0.0039 0.0056 0.011 0.018

C.P.(°C) 37 60 88 >100
Average M.W. 515 584 738 877
Specific Gravity® 0.992 1.006 1.020 1.009

*hydrophobe of C;;-C;s, Paverage ethylene oxide number, “critical micelle concentration measured at 25 °C, “cloud point of 1 wt% surfactant solution, “at

20°C
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WK 30, 35, 40 °CS] F2ZollA] Wit §lo] 72A17E o fA] gt
ot 2 g AHEIA 8- o] AR PP TS wll
G S MEBE T Xeray spectrometer(Model : 200T(SS), ASOMA
Instruments Inc.)E ©]-&5t0] 7183l B33t 59 9] g5 =
Aalar Zaerol 7Hg3le #e] $0.0077 wi%e Sy RS A
HEVIA gl dellM] S, ¢ 8,5 ARtsIglt o714 S = Y =
of] g0 Qli= 81 K(g)ell Lt AHE/IA] Gollof 52 1o ¢F
(@2, S, X7] T8N o] AAEIA| (gl st AldE/dA|
F-g-lo]| -2 39| of(g) o0& 77} A olto] AESISiTt.

ARG A Fgdeol 7HEstE fE 4S A8k gas
chromatography(GC)E AH-31313L 7He-3kel -2 FollA] 3=
o] #2498 2I319] flame photometric detector(FPD)S- AR5} ©1
7H3kE B E 539 7492 flame ionization detector(FID)E- ©]
B3to] FSATH10-12]. 8-V ol 7HE-3HEA] ¢k 3332
AR AASH] S5kl AlEE A2 (©F 14,000 rpm x 15 min)
sto] RS AASE F Geeoll =3It

2-2-2. F7HA1e] P

Tergitol 714 H]o].& AHEAIA] A A8l o] & AHSAA S 3
7¥t o) gsl3tEe] 7Rgslel wiA= YRS AR fJste] A4
ARG Y] FEE 5 wi%e® 287
9 HA7NE M7 WA S aEelt). B AR A7) 3
SHEC] 71g-8lol] ml x| kel et AFolx = &% 30~40 °C|
A5 wite A GAA] 8- 10 goll B2 AHSYA R ARESE n-
hexanol?} n-octanoks ZF2t 171et the 9 0.5 g& Wil A&
A g 71e-skd @Y Fo] 39| shS SsISict. pvt A
Z2| 3lekE 7R3kl nXe Je A nT] $lsto] AuEd
Al =N pHE 001N HCIZ 001 N NaOHE ZH2} AMEalo] =
31310, pH 42 713 pH meter(Metrohm Inc.)5 ARE-3131T}

2-2-3. A 5%

Tergitol AIAZJA| 8-} 210 Au=s
tensiometer(Kruss, Site 04)% ©]-8-3l0 F433111, ol Z7g3t A
HEAA] 8N FE= 5 wi® 1tk ZH2ke] &% %7130,
35, 40 °C)olA AR ES S48, TY Aol tigte] S48
33] WkEste] Baaks sttt

< spinning drop

2:2-4. W EC] A= G

[e]

E ARG A} gl w]X]= kel #5232 A bubbling
< oA TSIt viA] Eoll AUIAE o] 7Fow 7t
7H 1, 3, 5% 92 U, HlA) 10 mLoll M6 7+ 0.5 mLE %55}
o] 30°CellA wiFsIITH 11, 12]. Z42ke] A& dA] s5eol
G AlZtel wEbA] UV/VIS spectrophotometer(Optizen)s ©]-&
3t 660 nmollA] M6 2] A EE optical density(0.D.)E =
“gsto] YeRiSitt.

3. 2u} ¥ oF

3-1. Tergitol HO|2 AHEYX(0| 2[5t 71ESt
Tergitol H|o]& AAZ 4] =8-hel] o] 97 2] 3= 7t

3l5kast H45H HI3E 20074 6%
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Fig. 1. Effect of surfactant concentration on solubilization of sulfur
compounds in the crude oil by Tergitol series nonionic surfac-
tants; (a) at 35 °C, (b) at 40 °C.

3l A3 ANE Fig 100 YERISITE Fig. 1014 & = Sl%ol
A8l ARg3E AR A FollA Tergitol 15-S-70] 718 31 7}
Fo1E8 71 210 = eIt ¢lE 5o 40 °CollA] 5 wi% Tergitol
15-S-7 AAZ A F~g-H2] 79~ 2ol 2|0 9= 3] 40 wi%
ool AAZHIA| F-8-olof| 71H-g-5=]H, A IAE AHSSHA] &
< 53 Bl vlste] of 20 F=o] 7R3t T At Al
TESE Fig, 1914 & 4= Q1520] Tergitol A|AEAIA2] 7He-38-& &
A Ak Aoz AAsE Aol EO7Y F7keR= 24441 15-8-7,
15-S9, 15-S-12, 15-S-159] £ 0% 7hasl= A1 0= YERITH10-12].
O] Tergitol 15-S-7 A EHJA|2] hydrophilic-lipophilic balance(HLB)
number’} 12.4%A] A3 Tergitol AIHEIA] S 7Hd 444
Q1 AA AN M3l 7P FE Sttt B Tergitol 15-S-7
9] CMCE= 0.0039 wi%e]=] &7lo] 37 °CEA] ARG the Al e
“AIZel vlsiA @8] st

Tt Fig, 18] AifollA & 5 Qo] 55 S7R I3l ujet
B F9] a3 THgsl e SR8 oS S0 5 wi% Tergitol
15-8-7 AlHE/IA| 8- 2] Z--, 35 °CellA] Afrell Z23]o] 9li=
2] 30 wi% ool AMBYA| gl 7HE-SRE, 40 °CE &
55 7 Aolli= oF 40 wiv o1de] 3ol 7HgskE Gt &
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55 Z7IRC uet A5 2 S3iRE 7St Sk 2L
2% ol wEh AAEHIA X157] Eost o] 4 Ao
XA =o] AAL A7} O 2574 WA Holl wket AaEd
A 2] )3 (aggregation number)’} S7151e] EslghEo] 7RE-SlE
7} Z7¥817) wiiEoln, o9} T Avh= U £330 AvEae
2 AAsar AH15-19, 22]. LU} Tergitol 15-8-7 A2/ #]ol
A 2% FTtel wet 7HEst E HoR ke Bl 2
Tergitol 15-S-77} H]w&lo] XS 7k Tergitol 15-S-9, 15-S-12,
15-S-152] Z-g-olli= &% S7loll m 7R3k 7 ok A
2] 955 & 5 ek S 59 5 wi% Tergitol 15-S-15 AAEH
Al 735, 35 °Collx] Aol 28HE]o] Q1= 3¢ oF 8 wikt AlAE
A S-golol] 7Rg3lE | 40 °C) LA oF 8.5 wideZ} Al
GA A =8Nl 7FR-31E AT}, B35 Tergitol 15-S-129} Tergitol 15-
S-15 53} 7o) Tergitol 15-S-73} H]w&lo] Zg=Ado] & AdEHg
Ao Aollis FEE 10 w7/ S7MAZ ZAolle FeletE2l
7HEslEe] 2 WE) Ileh

Tergitol AlE AHEIA ] §E5 HSIA)7|HA] 40 °CoA -
9] e 7HSleE 543 49E Fig 20 YERISIE &
53 W7Rg31E0) TRk Al 899 FE7 CMC
olgtelli= A2 FAlg 4= 9lom, CMC T ollA] J3243] S7tst
o CMC o€ sieollM= 7HE3Hert kel nlelsto] Hd@ o
7 S7kk= Ao d#A Qh19, 21, 22]. vbde] Af 52 &
33HE 7hgstel 2ol cMeET FX =8 1 wid B oAt
oA Tk, ol el A9 theks Mgl vharE 2t
 olg] F7e EER o FoiA Q7] wlel vlimA] wapEkoe]
a1 - EAbek Bl el fEA 52 F3EES CMC o]
5 204 #2392 SPTE 2k vlo] el 7HE-sk]] i

SH T

2

TS Fig, 2014 1= ule} o] AMEIAS] w5 S7te] i
MR A SRR As B 5 e ol B SR st
of ujo] A AG7E Folub, ntold 3tA|e] A717 A7 Wi
o|th22]. 53] Fig. 204 K= vlel go] & AgdelA ARg-st AW
GA FolA 71 254 A IA Tergitol 15-S-72 0.5 wt%

0.12 J
0.10 —m— Tergitol 15-S-7
) I — @ Tergitol 15-5-9
9\3 -—&— Tergitol 15-5-12
2 098 | e Tergitol 15-5-15
j2] L
c
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c
o] L
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2 - /
»n cMC -
02
0.0 /AT\\ 4!/ /‘
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0.00 R T R R
0.001 0.01 0.1 1 10

Concentration (wt%)

Fig. 2. Effect of surfactant concentration on solubilization of sulfur
compounds in the crude oil by Tergitol series nonionic surfac-
tants at 40 °C.

o]Fellx e 7HESETE A Tk ] AlFE o,
Tergitol 15-S-15= 5 wi% FEolM % CMCoA 9] 718819} 1)
waf & wf Z 2jo]7t viERFA] ket o]} o] AHEAA s
Z7Yol| W2 74831 E G317} Tergitol 15-S-7 AIAES] A9 ©
& FESAA YERR= o]fi= Table 1914 ¥ 4= Q10| Tergitol
15-8-7] CMCE 0.0039 wi%= Tergitol 15-S-158] CMC2! 0.018
wi%2} H] st} oF 1/5 Hloll H#] FO R Tergitol 15-S-70] #41
S FroA] wleol A SIS FAdsh, st AHEA SR S
Zhell whet wlw A £ 7Rk T3 aakE vEhd Zlow A
7y = lok. &S Fig 298] AdellA & 45 Q%] Tergitol 15-S-7
ARG A 2] 7ol CMC 2719] TR} oF 1254) 0)4de] &5
oM 7RgSHTt S7KRE Zo% Kol ulwA fApge] Am 55
32 FRE 7 S EES A0 89 Aol 714-8)
AI717] SaliM = mhol A RRkAIe] 718184 - F(geometrical
structure)’} VI S8 & 4= Qlth10, 11].

3-2. 0|2 AHEYMALt =5 AlMErdHo] 25t 7183

Tergitol AG AFEAR= 22} U5-& ethoxylate®A] SF3ljol =
< OH 7|2 I8t} A2 12} ¢FE& ethoxylate AIAE A2} 1]
asto] Bt flexibledt packings: 2= vlol s F/4dskA =v, ut
2hA] 2 Arellxe] TR v A EAjeFo] Am BReE #A}
TZEE 7R F3RHEEe] Bt golsH| wio] A el 7HE-5kE S
ot AW o 2 AFEIA] HFAE of-&ato] vlma] Aol A
A ERe 22 725 7R eSS a0 R TS
HEA = AREGA APA o7 T 5o{7p7]of folst
packings =% sh= Zlo] FQsirhal vhelA] glow, od W
Qre] it o] AAEMIA H7HE 1EE Qv o] AWE
JAIE H7VeHAl =W o] AUEIA 157] Alele] 714 vE
1 (electrostatic repulsion) 0.2 Q135}0] wlo] Al 9] packing®] K.t}
== FEE 2w, weba] vl i) A e 1
A 725 7R SEEe] Rl 7HEEE 7IUE o Qlvk

Fig. 3(a)c ©1= AHE A2 s=ol & 7H8-sl=E Rl 3
072 Fol& AHBAZ= @457 177021 sodium oleate S}
potassium oleateS ARE8}31 11, ool A IAZ = 217 'hA
7F 12719k 167021 dodecyltrimethylammonium bromide(DTAB),
cetyltrimethylammonium bromide(CTAB)E- A28t} 202 7
HEIAE ARESE AlREl = 557t S7FEel et A5-¢] 7F
L3157t AA F7FeF AL, potassium oleateol] 2]3F 71-8-3}7)
sodium oleate®} H]W3}] R} 931 212 2 YxprlollA 573}
" (radius of hydration)©] Na" 7} K'RTF 22 potassium oleate
7} Bk 22 CMCE 7HA17] wiigoltt. olefst A 3ke okst S-ds}
S 11 Qli= Hlo] AdE/dA|el| NaCl, MgCl,, CaCl,2] a4
& 2V 7RIS 7499 7HEEHE S5 AR AifelM s AulE
I Uth21,22]. 5, A7k AL o5 AHEIA 5
7] Atole] WhiE ZHAAA mlolde] SRS SRRl wet
7HEslErY Srkeh, Bk FU s TR WA ket Al
7} Asdol W 7}E-3}E F3R= Na'<Mg'<Ca? A& Vet
11, o= 7 ol F3Ao] Ae5 7HEslel vA= 9
o] AXE & F Ut

okol & A A A2 DTABS} CTABS 212} ARg-alo] 718315
2 248 295 AR 25719 §257) 16712 CTAB7} &
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a
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O 1 i I 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0

Fraction of Tergitol 15-S-7 (5 wt%)

Fig. 3. Solubilization of sulfur compounds in the crude oil by 5 wt%
surfactant solution at 35 °C; (a) by pure ionic surfactants, (b)
by mixtures of ionic and nonionic surfactants.

719] ©ka57) 12719 DTABS} Blwale] 7H-slert 953k A
o8 yehgth o] A3 cMC7}t 0.9x10° mol/L$! CTAB7}F
15.3x107 mol/LR! DTAB®| H]slo] X}t 253 7H AEEHd
AlolB g 7Hg3tErt 58S & 4 Atk 23U Ak o= o]
2 AA/GAel o]$k 7HEsleE Hlo]2 AAEAIA Tergitol 15-
S-73} nlaste] A 7Hasliet] ol Aukd o g A &
579 o] Aoz AL fARE 79, Blol AR EA A2l cMC
7} o] AEdA| e} vlwato] vho v g njol AHE/IA| ] 7}
g3}o] o] AMIAARL} 9] wiitolrh21, 22].

Fig. 3(b)= B]o]& AHEAIA| Tergitol 15-S-70] So0]& AHE
Z3A B ol AAIAE A7t 7reE 3 A Aol <] g
7H3kE veRd 2o A AMEIAL] sEE 5 wi%E 117
AIZL 3ol A o] AAEdA 2] vlE-S ASA7|HA TSRS
=7t Aot} AujellA] & 5 R0l EF AHEAIA AlE
oA vlol& AREIAC] nlgo] STFEFS 7Sk} 7hAsto]
3 AAEIA F2 nlo] AAE A vl&o] oF 0.8Y wl HAi
= Uehligler, nlole AMEIAE G502 ARSI wle]

3l5kast H45H HI3E 20074 6%

ke

=z

ST

S H

L oy

=

7Hgsleo] 7 9rd s B S =]
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Table 2. Results for equilibrium interfacial tension measurement between
5 wt% Tergitol series nonionic surfactant solutions and crude oil

Surfactant Temperature (°C)  Interfacial tension (dyne/cm)
Tergitol 15-S-7 35 0.13
Tergitol 15-S-7 40 0.05
Tergitol 15-S-9 35 0.26
Tergitol 15-S-9 40 0.22
Tergitol 15-S-12 35 0.90
Tergitol 15-S-12 40 0.65

0.28
£ 0.2 ¢ —&— Tergitol 15-S-7 (5 wt%)
T 024t —CO— Tergitol 15-S-7 (5 wt%)
= + n-octanol (0.01 g)
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Fig. 8. Effect of n-octanol on dynamic interfacial tension measurement
between S wt% Tergitol 15-S-7 surfactant solution and crude
oil at 35 °C.
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