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Abstract: In the production of natural gas hydrates, the methane gas released by hydrate decomposition and the in-situ free gas present in
sediments are inclined to form or re-form hydrates under a low-temperature high-pressure condition, leading to blockages in high-pressure
wellbores or pipelines near the mudline and posing safety hazards. Surfactants can be used as effective hydrate inhibitors to prevent the
reformation of hydrates and subsequent blockages. In this paper, we studied the inhibitory effects of low-dose cationic surfactant (dodecyl
dimethyl benzyl ammonium chloride) on methane hydrate formation and decomposition processes in different oil-water systems by high
pressure microcalorimeter. The systems of TBME (metrabutylmethyl diethyl ether)-H,O, MCH (methylcyclohexane)-H,O, CP (cyclopentane)-
H,0 , and pure water were selected and tested. Results show that low-dose cationic surfactant has little impact on the amount of methane hydrate
formation in pure water. However, it did influence the hydrate structure, favoring the formation of type I methane hydrates. In contrast, low-dose
cationic surfactants show significant inhibitory effects on both the formation and decomposition process of methane hydrate and methane mixed
hydrate in TBME-H,0, MCH-H,0, and CP-H,0O oil-water separation systems. The introduction of surfactants could reduce the solubility of
methane in oil phase, and substantially decrease the amount of hydrate formation. Consequently, TBME-H,0 and MCH-H,O systems became
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more likely to form pure methane hydrate, and CP-H,O system is more inclined to form hydrate with more complex structures. Furthermore, the

anti-agglomeration of cationic surfactant could prevent large molecules from being captured in the cage structure, thereby inhibiting the

formation of H-type hydrates.

Key words: :surfactants; oil-water system; methane hydrate inhibition; thermodynamics study; hydrate structure

KIRESKEY, B G KAEARR & R4
TE R —Fh IR B o Horb, JK 43 7l i SR
B FE AR RS P20 TR AR AR T A & IR SR 5y
T o RIREIKE YWY W45 F 3 22 B T & AR 4y
TR/, HIRA h EEAFAE 3P A KB
UAS TOAL HAR, Horp ) TRUK A W00 F A 25 44
T2 SRR 64 5262 KT . X Fh &8 WA
AR BN SR, W H BE(CH,) - 4 A
(COy) M L%t (CHg) o LI IK A W 5 0 485 40 F0 35
16 4~ 52 /NGE N 8 4~ 5126 K, B K F HARH BR
ke . PO IR 5 T8 8 ALK A8 i H R KA
Yy b S5 R I 5 3 4 512 /N8| 2 4 435%6° B R
— A~ 51268 RIE, X F 43T H AR KA LR O b
(methyl- cyclohexane, fajF# MCH) | DU T & H 3& 2 ik
(tert-butyl methyl ether, & FX TBME) 5%, 7 5 /N 3+
KRG AR, BE IR H ARG .

H ARG, RIRFOK G W) 12 WAE T 7 K Bl
2 R i 1 A K A VR X I SR TR T R A b X
B SRR G W 28 i B R RAR AR . P4,
KA P AT R R AR S iR (3.0~4.8)x 10" m?, AH
4 TR B 1 5 A T R R AR AR R PR A
SR, TEK B Wi A = i f vh, BORR v i B8 <
TR FNIK A 53 i R T HE 1 SR AR 3 19 IR R v
JEZ AN 25 5 T8 Lk FBTE oK &9, S 250e K5
T2 BRI v R 1 o 7 A T A 3 S, DT 36 B %
SPRRE, PR, TR I £ S 1 KA Y
FETF R WETERIR KB Y B B A AF,

B T A 00 PR G R P B AT SR AR, AR SRR
B FL AR R A5 T 3% ES, Erfani %1
WFFE T A AR A Al 2 2% 1 3 R 6 KB W 2k
A R ARSI HI/E F . Nagappayya 267 WF 58 T P A1 28
P 2 e b T L AR (1 B G BE YV A T K A W 1 A AR
S, RS Rl 2 AR 3R 5 K R B BR AR, 2R
R AR G A EIERE . ILAh, AR AES
PR T e T R Bk % (DDBAC) X IE
F Bt F v CH, K A AR K I 3 1Y) B2 i,
5t 2 W B % DDBAC Jii &2 43 B 34 i, Hoit A1 R4
RS, AN, DDBAC X A7 i b A 4 7% i A —
FE AR R, AT BOK A P B0 AE B4R, T
FEAR K &4 1) 20 ThI s

VLAE R, 5 RSB (DSC) PR H: RE Al . Pl ik
b 002 49 R AR I R RS Rz T SR AE
IKE W IE R i 0 34 07 22 10F 58 P19, Dalmazzone
SRR = DSC AT T BRI B IR DR E Y
FUALTBOE 243 80 K B e K A 0 16 A P B, 25
SR O3 3 A K A I G s 1T LR K B
LR AR il . IR AN, KT BE B K G W 4 T
Vi) 55 248 XoF 3k 79 X B R B L o M B0 R
F 328 s F 48 5 A (uDSC) BIFSE 1 LR
HBE KA 0 T8 BRI o A 2 A 3 3 i A2 G IR 5
E, UESE T DSC il & il i wf v . BF 9T 45 SRR,
DSC REAR G 1L X 53 UK il Ak i FK 5 4 43 fife g, B
FE 10T, UK A s BEARR, TG K B B A S R
BTt o R gl WA S SR R AR T
CH,-CO, & 4, M FH — S Ak B 40 B B K & W BE T
i SZEE CO, A7 A CH, a1k, BFFE & B, HA 45
fif B e K T 456 AefF, A 23 &4 CHy-CO, 1Y HULAR,
H 7 fift #6852 K & W A Bl CO, Mk BE Ytk 35 5%
M o 38 HAE LU T, CO, MR BE 38 &, 40 fiff i 3R $ RE 1%
i, R CH, B mHSRCR .

% SO e Fe i A, IS T e SR BH 5
TR TR b s e — B N B AT Ak 4% (DDBAC)
XF i -7K 43 B AR ZR T K G WIE MU S S5 3
TORUT 3 L BE (TBME)-H,0. F 3L 3R O &% (MCH)
-H,0. J %4 (CP)-H,0 1k 5 J 4l /K ik R AT 1F 5%
Hdh, TBME, MCH 5 CP 4 /K& W e g5, (B A1E
I S 56 rp 3R AT A B IX 2R OK G AR E R AE R R
DSC 1 A5 im Fe s v, 7 BT B B TCTA (R 2 K
YR s A i, R TR B B A R B B 4 A2 E
PERIU, PR, AWEGE 0 T B ES 06 v, IR
FE T X -7K 43 B A & o BB K G W TR B 10 161
VEFH BAH S #1243 7

1 SRR %

1.1 SEIGHFR

5 v B FH 350 = AL 4R 4l CHY, N, (4l B
Y494 99.999%, M 1 | M B Z SR A BRA A, IS
FR (4B 99.99%, Wy H 11 e S AR A PR #)),



45 % 5 3

I, 45 2 ST M 400 7 AS (] 9t 7 23 188 A 3 N R e K 0 A U A ) 25 i 5 183

AT 3 H L g TBME, H 28 28 O %8 MCH., 24 1% ¢
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Fig.1 Schematic of the experimental apparatus used in the study
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Table 1 Experimental preparation conditions of hydrate samples
(3 g/ C JEF3/MPa
H,0+DDBAC -10 8
CP5.6mol%- H,O+DDBAC -10 8
MCHS5.6mol%- H,O+DDBAC -10 8
TBMES.6mol%- H,O+DDBAC -10 8
201 . S
M e R L 130
I5F ; P Kt 15

i/ mwW
LEE/PC

0 5 10 15 20 25

I} 5] /h
2 DDBAC-CH4-H,O 4 57K & ) A il FH 43 ik # 24
R 2R

Fig.2 Typical heat flow of hydrate formation and dissociation in
the DDBAC-CH,4-H,O system

A RE 9 B0 2 A o3 ff T . AR U0 2 Bl kR,
¥ £ i) DDBAC 776 5514 T, B Bk & W0 49 ff i
A R Y A MRS R TR A 10.25 °C, S #4—0.65 /g,
2 5[] 0.3 h, 5540 ot K B 90 43 fide i A it i 11 A
AFE (ARG IR E 10.09 °C, [ #4—1.72 /g, 2 it
4] 0.9 h) 1 7, AE B H) 45 % R JEoR Y 173, JF B A=

BLAK A W 4 U 2D 62.21%, {H A TR BE S k8 Ak
BN,

IKE Yo FRIETE R BL, HF — /N B, e Ah
e bf SR BN 10.92 °C, 2 34K 18.92 J/g, 4 fift it
] 0.7 ho A3UHLA o, AT LA, 5 — AN I 4 o5
TRIE R 10.92 °C, 504 h 16.46 J/g, 55 — MR 5
IR 11.18 °C. Schicks 25U BF 5% & B AE A TAESL
55 1k J1YE B, KA mT BE IR B A7 A 1 RN 11 AL 2%
o AEHE B TARWAESE T, 26 Bk 5 Y)7E 8 MPa
T TRK AW o IR R 10.81 °C, TT BUK A 85
fif U BE R 12.08 °C, B4 fEE ] 1.7 WU, [R]— R ) 4%
PET, A TE 0 SR K G P B S 8] B 3 fife i B2 1,
1M1 %5 i1 DDBAC Ji5 #0045 0 1% B2 P AN I AR 22 AR /N, Ry
0.26 °C, I GBS i T 43 fif ach A v AR DA T4 ik i
O AR AU T A Y B AR By, R U A 0 34
[ RUKE Y, BAEARR 05 i A5 00, 40 A 8
BT 142.86%. A WA 5 4 1Y) DDBAC K 5 i 21 7K
T 7 FBE KA 10 00 R - 45 A, TR 45 CHY 73 F7E
TRV W 43 B 35, T8 W 7K B ) 45 4 T 34—,
Oy R, X — 4518 5 Hu 55U 42 H 0 BT AT 3R
I BB 8% B I A T, B SR K G WKzl A
it S AR K A 0 R [R) % A B A FH e /N Ee, DA B 1k
IK A BURL 45 B s 2E R — B
2.2 REFEMFX CH,-TBME-H,0 {4 Z K500

DU T 3k H I (TBME) 4> T ELAA B K, 5 H b
gh 4w HAEHE i H 8 CH,-TBME K &1, 55 4h,

TBME & T 7K, 5KIRA BB 5402, TBME i F
KIZE L. #F TBME-H,0 & & N i il 0.001 g 1)

R2 FRERBERKEYE R RRIER 5 RREE D RHR
Table 2 The temperature and heat of different methane hydrate formation and decomposition peaks
A 1 A I 2 I3 iR 1 I3 fif e 2
(L3 P/MPa
7/°C AH/(J/g) 7/°C AHI(J/g) 7/°C AH(/g) 7/°C AH/(J/g)
CH,* 8 -7.31 -7.42 10.09 -1.72 10.81 17.20 12.08 2.09
CH,;+DDBAC 8 -7.67 —7.46 10.25 —-0.65 10.92 18.92 11.18 1.79
CH,4-CP* 8 -5.59 -3.98 7.89 -301.56 30.02 312.80 - -
CH,4-CP+DDBAC 8 -5.16 —113.96 19.43 —-0.85 25.04 38.36 29.50 115.30
CH4;-MCH* 10 0.54 -21.99 12.32 -276.93 14.57 12.21 17.58 355.56
CH,-MCH+ ~ B
DDBAC 8 6.46 34.69 10.19 1.11 10.97 18.86 14.71 49.20
CH,-TBME* 8 =7.54 —16.04 2.27 —184.69 13.41 297.69 - -
CH,-TBME+
DDBAC 8 3.58 32.19 9.24 70.28 10.71 156.18 13.57 8.91

VE: =R ESCHR[13].
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Fig.3 Typical heat flow of hydrate formation and dissociation in
the DDBAC-TBME-CH,-H,0 system

AFIE] 0.8 h, 24k 8.91 J/g, 15k 3.93%.
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P Bk, 15K G BORAH By 8, SRS
WA B A s /b, (U CH,-TBME-H,0 14 2 A2 i
Y 51.05%. 5 A1 - L 3 T R R 3 0 R IR R
15K 77, $& TSR G WA B A, iR T
H RUK &9 4 iR TR, DDBAC K& B il 7 <44
KA A R, Ik 4h, DDBAC B0 A ST 7K & %
(4 A= B 28 TR 45 4 A B R S L R Rl H,0-
TBME-CH, 1& & 1V 4= ji H % TBME-CH, IE & 7K &
¥, 7¢ DDBAC-TBME-CH,-H,0 & & 4, 3 F i WL 1Y
KGR IH I K, HA S T8 11 AR H A
F RN

2.3 FREFEMFX CH,-MCH-H,O0 & &1 21

I RL 38 2 b (MCH) AN T7K, 5 TBME A1,
HAVE KR A B F K Z B, S8 0.001 g 1
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7K. MCH. CH, 4 ¥ 743 # fil, 1 18] 4 ] UL 7 B it
BoK A WA i, e AN E UG a5 TR B R —6.46 °C,
Az R E] g 1.8 h, FW R —34.69 Vg, 7EFRATRT
TAEH, BT MCH ¥ K 5 W e b 25 i RCR , 75 6.0,
8.0 MPa i [ i 5 TH L By Be K & W 38 A A, 4 R
7710.0 MP i}, FEIR B Bk A9 00 AR R EEE 0.54 <C,
A R R L2 3 h, AR B T -21.99 Vg, X2
MCH 1 i 7K A B AR BRI T 3 -% ik, 535000 1R
IKE WY L 3h 71 018 2, {524 DDBAC it A B,
i T DDBAC 4iedE, 4% MCH-CH, /K5 ¥ Ik
A R TR E A S B AT, LA R LT3R o B ) A
A

TG W) 3 TS A AR U0 IR B R 10.19 <C,
J ] 0.6 h, SR H—1.11 /g, 5 B RL3R 2 bk
VES VRV P IR R A T, R A S K — 2 TR
B B A PR 20 43 ik U, 5F — A Ol B G fifk e AT IR
FOREEN 10.97 °C, 0[] 0.6 h, [0 #4 18.86 /g,
5 1R Le KA % 8.0 MPa (1) A1 - 25 4 FH AT, %
T4 TR H e K AW L 27.65%. 28 4 40 i b
G AT UL 3 AN U B — A 3 W AR B TR BE
12.785 C, 5% & J1 2148 F 10 BLK & 9 A0 - 7 18
™, S B WRIK &9, i8R 5.1 J/g, 5
Lt 7.49%; 5% — F = A 43 0 AR Ih 50U BE 3 )
14.55 C 5 14.65 C, 5% 44 T H & MCH-CH, 7K
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Fig.4 Typical heat flow of hydrate formation and dissociation in
the DDBAC-MCH-CH,-H,0 system

Y, RIS 0 24,50, 18.74 /g, Mk 1 63.39%.,

DDBAC [ ¥ il %} MCH-CH, 7K & ¥ 4= i 4% 14
S AR, BRAR T AR SR A SR B . BARIK
A WA BRI o B A A, ARLE K G A )
R B 9 /b, A MCH-H,O-CH, 1K & 1 18.55%.
4, DDBAC %S in %t A 1% 7K G 40 45+ 2 Al
E K, AE T MCH-CH,-H,0 14 2 4 1%, 3.32%
II # MCH-CH, & & 7K & ¥ Fl 96.68%H %! MCH-
CH, i & 7K & ¥, DDBAC-MCH-CH,-H,0 & & 4,
1A e K B 0 A o 27.65%, T RS T B K A 9
A K 7.49%, H % MCH-CH, 1R & 7K & W 4 i
4 63.39%.

2.4 FREFEMFIX CH,-CP-H,0 F RHI 21

5 MCH 288, 3R 30kt (CP) ANV Tk, 2 Bk
fi%, 757 )2 19 CP-H,0 R R %N in 0.001 g ) DDBAC
Je, R R LR, R E . TR S
5B T 0 8o e fil, IS AT AR R IR BOK &
Py PR A, AR B AN IR SR S -5.16°C, B
B ] A 3.4 hy, BN G —113.961 J/g, 5 CP-H,0
1A 2 AV ALE IR B —5.59 °C b AT — >/ A g
NI, B3 DDBAC J&, B B Bt 1 7K A 4 04 A A i
R RS

Zhang 55 P9 F| & B DSC #fF 58 T THF i i#F /K
HWEENLEE, & B THF ¥ XTI KA 80 4 i pL R
B2 . (D THF ¥ B AE 2.4%~3.5% B}, THF 7E7% )
rpR 5 56" JE T A5 i 1T A THF K& 4, X
A~ad A& v, THF 7K G 90 76 S0 11 S, fink & A6 i
THF- H, KG9, Hy, 5 52 % . THF 56 5% %;
@ Y4 THF ¥k JE1E 4.5%~5.56% i, THF %78 ik

PIF/mW
g/ C

5. 1.0 1.5 2‘0 2.5 3‘0 35
I i)/h
5 DDBAC-CP-CH,-H,0 & & 7K &1 £ 1 4y fife L 284
Fig.5 Typical heat flow of hydrate formation and dissociation in
the DDBAC-CP-CH,4-H,O system
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