5542 B 9 W) o owm L T Vol.42, No.9
2025 4 9 A FINE CHEMICALS Sept. 2025

REMEEVEEREAET AKX F
B = ZBhHEERE

XBGK B, B, &R, LRV

AT Bt TR
(1. KPEMASARRNNS T 2R, B P42 710021; 2. KBS ARG & ER TR, Pl 14
710021; 3. VEZ kg fhepfb ToF0E, BRPE VU4 710065; 4. VOt ke# fbT2¢Be, BEVS Vi 710127)

E: D 1,1,1,3,55,5-EHE =/ AL (MDHM ) fI 3 FUATIRERE [ F MR ERA LGN (MAPEG), i
ERE I OB S ( APAE ) FRN SR S A L ( APAEE) ) M5 T 3 PRk et HLaE R i 1
#|] MAPEG-MDHM . APAE-MDHM #1 APAEE-MDHM-ATS ( ATS 103 3-Z N5 = RERU0E )o SR 453
ARG M, PN T 3 MEREEAPUREREEMSN SRR Ty . Rk Ty FLAk . BRI KRR e

TRIE 3 FhRETE MR T 451 5 HAM R Z M A ROC R o DA /K i e 8 1 A 1 XL 2R AL 3% 1A 4 P 51
APAEE-MDHM-ATS 1F4 24 IIHER], 54 T H S5 IUR R 20R B Fi i fm R HEPE R . 25 1R3R_W, AW
LR kBRI A A EHR M . B 2RI FHERUARYR AL . ErR R R msk S Shmsk ., 3
AEPERE | Tt K A PR AR ) E B K . BRI 73400 0.3%(1% APAEE-MDHM-ATS /K#EET, DR 2
W GG )y 2.8 mPas, KIH5K )N 22.4 mN/m, BIHERZSH 45%.

KR AYREREE IR, Ry WRHOCKR; WHB; R, mHEAEm

FE 4SS TQ630; TE357.12 XEAFRIRES: A XEHS: 1003-5214 (2025) 09-2071-11

Structure-function relationship of polyether-modified siloxane
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Abstract: Three polyether-modified silicone surfactants, MAPEG-MDHM, APAE-MDHM and
APAEE-MDHM-ATS ( ATS represents 3-aminopropyl trisiloxane ) were constructed from hepta-
methyltrisiloxane (MDHM) and three allyl polyethers [methyl allyl polyoxyethylene ether (MAPEQG),
allyl polyoxyethylene ether (APAE) and allyl polyoxy alkyl epoxy ether (APAEE)], with the optimum
synthesis conditions determined by response surface methodology. The surface tension and
interfacial tension, emulsification, wettability and hydrolytic stability of three polyether-modified
silicone surfactants were evaluated, and the structure-function relationship of three surfactants was
elucidated. The compatibility and flowback performance of APEE-MDHM-ATS, a Gemini silicone
surfactant with the best hydrolytic stability as a fracturing clean-up additive, on guanidine fracture
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fluid were further analyzed. The results showed that the hydrophilicity of allyl polyether sealing groups,

the molecular volume/cross-sectional area of surfactant stacked at interface, and electrostatic potential

distribution were the main factors affecting the surface/interface tension, emulsification and hydrolytic
stability, and wettability. When APAEE-MDHM-ATS aqueous solution with a mass fraction of 0.3%
was added, the viscosity of guanidine fracture fluid was 2.8 mPa-s, the surface tension was 22.4 mN/m,

and the cleanup efficiency about 45%.

Key words. organosilicon surfactants; surface tension; structure-function relationship; clean-up

additives; fracturing; oil field chemicals
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Fig. 1 Response surface plots and contour lines of synthetic conditions of MAPEG-MDHM (A), APAE-MDHM (B),
APAEE-MDHM-ATS (C)
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MAPEG-MDHM ( [ 3A): 'HNMR (500 MHz,
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OH), 3.17~3.22(£ H %, 2H, f, —CH,), 3.54(Z H %,
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3.45(d, 6H, i, —CH,), 3.52(Z &Ik, 24H, f, —CH,),
3.60(2 Wk, 3H, g, —CH), 4.14(d, 2H, j, —CH,),
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APAEE-MDHM-ATS ( & 3B ): 'HNMR (500
MHz, CDCl;), : 0.14(s, 6H, b, —CHjs), 0.21(s, 36H,
a, —CH3), 0.61(t, 2H, ¢, —CH,), 0.75(t, 2H, o, —
CH,), 0.80(s, 1H, m, —NH), 1.32(d, 12H, g, —CH3),
1.42(£ H# %, 4H, d/p, —CH,), 1.70(s, 1H, I, —OH),
1.73(£2® 14, 2H, j, —CH,), 2.51(t, 2H, n, —CH,),
3.35(£ Hlk, 4H, e, —CH,), 3.44(2 &%, 6H, h, —
CH,), 3.52(£ H %, 24H, i, —CH,), 3.60~3.65(XZ &
%, 4H, f, —CH), 4.62(=HI&, 1H, k, —CH), [k
B fs B S5 BIe s R —3, Hh {i—CH, (53.44)
i —CH, (53.52) B Z EIEARXFR, Xn]
AW T &AM,
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7 0.158, 0.425 F1 0.285 g/L, CMC 2 ik 7
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AHECT T, 3 b i i 1 R R I 3% w5k ) B
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APAE-MDHM E.A A 8] () i K B oty (£ FF 56— RE 4
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Fig. 4 Change curves of surface tension (A) and interfacial
tension (B) of MAPEG-MDHM, APAE-MDHM and
APAEE-MDHM-ATS with their mass concentration

FAAE TS AT

K 5 & MAPEG-MDHM . APAE-MDHM #I
APAEE-MDHM-ATS X} 7K FE i () 2L A0 F2 i 1 e
R

ME 5 FTLLE H, BEH BT ik B2 0.05~0.45 g/L )
AR I, 3 Al 2 T P R0 X LRI A R R A e i
YA EE=0.45 g/L, MAPEG-MDHM X} 7K FIE
AW BT E Y 180 s, 1 APAE-MDHM #il
APAEE-MDHM-ATS X} Jij () LI A% R B 1] 4351 384
F] 262 F1 286 s M H , FmHEHK SR E LY
BCIRMES RRE, Sk ko, W3k, (BKH
B 5K ) IR SR e FLIRRR E T R T A . AR
3 g 1 M R R AL Tk T B BB T R NHERR R
MAPEG-MDHM > APAEE-MDHM-ATS > APAE-MDHM,
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Fig. 5 Emulsion stability of MAPEG-MDHM, APAE-MDHM
and APAEE-MDHM-ATS for water and kerosene
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APAEE-MDHM-ATS 1) J5 i 4% 3 X HK 322 fink 71 1) 52
L EETE SN

NIE 6 AT LLE MY, BB i R 32 0.05~0.60 g/L )
B34, MAPEG-MDHM , APAE-MDHM F1 APAEE-
MDHM-ATS 7K 4 fish /i £ 2 RIS RRAL, 285 F
FE R 2 B TH I MR 43 7E R - 15 5 T g e A
FIFIE AR ZHES . XFEE 3 Fh= &, ZEAH R A% 5 i
W (0.05~0.60 g/L) &, KEEfl M K/NHET N
APAEE-MDHM-ATS > APAE-MDHM > MAPEG-
MDHM, 17} 3 [F 1 P4 770 7% i 5 14 5 v AR 5 7K 42
fih f R /N R, PRI, R e R T
MAPEG-MDHM ¥R GE e if-

70
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Fig. 6 Change curves of water contact angle of different
surfactant solutions with mass concentration
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2.3.4  WKBAE ST
%% 1 5 MAPEG-MDHM . APAE-MDHM #1 APAEE-
MDHM-ATS /KiEWRAEAR pH T 120 d J5 R HK N

Dt

#1 MAPEG-MDHM APAE-MDHM Fi APAEE-MDHM-
ATS [y 5Kk J7 #9224k

Table 1 Changes in surface tension of MAPEG-MDHM,
APAE-MDHM and APAE-MDHM-ATS
REESCEAR HLAE R 115K J7 34 0 £ /(mN/m)

ARG P pH=3 pH=5 pH=7 pH=9 pH=I1
MAPEG-MDHM 39.0 4.6 34 3.6 30.4
APAE-MDHM 32.2 2.8 1.2 1.5 29.3
APAEE-MDHM-ATS 14.9 1.2 0.7 1.2 9.6

AT HILRE 2R TRT G 4 A S5 B o7 FH 3 e v 1) e 32 288
i) R HAE AR W P B K AP0 R 1 ATRLE
MAPEG-MDHM ., APAE-MDHM #H1 APAEE-MDHM-
ATS /KIS AEATE pH T 120 d J5 K1 7% 1 24 fr g
T, FEH 3 PP IRk PR LRE R T I PR A AR A AN
R F2 8 A K i, O 2 BRR PR ol el e i, K R
R R 4 pH=7 B REK S (0.7~
3.4 mN/m) BE/N, ML, 3 FREHEA DL
RER TG PR 20 FAEA R pH T By w5k 3 hn i
K/NHEJF & : MAPEG-MDHM > APAE-MDHM >
APAEE-MDHM-ATS, & B XU 71 45 14 2 11 15 4 5]
APAEE-MDHM-ATS E 45 5 - ATt 7K ff A e vk o
24 YK RSH

3 bRk oM A L RE TS ) MAPEG-
MDHM ., APAE-MDHM #1 APAEE-MDHM-ATS i
AR ¥ R W I =R RS, R KRR O Rk, L
P25 B AET . MAPEG-MDHM 14 58 ik by 35 B34 0t 114
WE LIEHot, BER i (380 g/mol ) %8/)v; APAE-
MDHM 19 5 it A £, Bk 3 1 3 1) 24 480 & e R SA N
PRI, EE/RFia (538 g/mol ) A i hn;
APAEE-MDHM-ATS &4 PRk A e i K g, Herp
— AR V] B R R A B A, RE R I R A
=, N 610 g/mol .

K 7 4 MAPEG-MDHM . APAE-MDHM #i
APAEE-MDHM-ATS 43T/ FHLH] =~ & &

wiE 7 s, MAPEG-MDHM . APAE-MDHM
Fl APAEE-MDHM-ATS 43254 |2 5 S8
TES /i -7K 5 A i HE /e BUE AR, i 78 %
sk S gk S FLAL L TR RTTR K A AR e M
MR 225 —BOoRPE, MR T RR
TG PR S B KM L TR -K AT AL HES AR
RR . B Ry T2 R A LD CZATKA
R I W & 1 LS e el = = 4 0L 7/ B N
( Vot ) A A (5 98 25 18] B9 SR T (Vi) HI L
1 ( @emc ) F& 52 M 15 4 T W BR 2 w5k g i e =
(X (1)



559 1 XIBOR, &5 IRTESCIEA LAE 2 TG PR 800G 3R AR R B HE 1 g © 2079 ¢
RPN PNE NN EN NN N NN NN, - peyn
Viow “e %ml % E{
L% % 1§ {580y p e
MAPEG-MDHM
Ve Vol V.,,.,, z
ﬂ V. e £
View Vel Vil z
Viee A S
NN /\'Vé\o,i H
N MAPEG-MDHM APAE-MDHM APAEE-MDHM-ATS
o, o, 0, O ~o [/\HgN\H 2
P RN LR [ © PSR oo RUGEKN © R @ LB

El’élij 3 ﬁ‘ﬁa‘?fﬁﬁiﬂﬁﬁ@ﬂ/ﬂiﬁﬁ/fﬁ BN 3 PR AKMR R AR 5 View—FH TIAL 235 20 o5 H 25 18] 19 A T AR 5

— AR R T H B YRR

— FURAL A% 14 1 A 2 A AR

¥ 7 MAPEG- MDHM\ APAE-MDHM # APAEE-MDHM-ATS 73 /& FI ALl 75 2 &
Fig. 7 Schematic diagram of molecular action mechanism of MAPEG-MDHM, APAE-MDHM and APAEE-MDHM-ATS
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Viota = Acme X 7 (2)
Vfree Vlotal Vmol ( 3 )
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MDHM-ATS 135K 553810 JE Bk, 7K i Ay H 5
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WIS K 3, T % APAEE-MDHM-ATS &4 —4~
FE K St AP A B AU B K e, PR, BT HE AR/ -
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K B R B AT 3 R R Bk M HLEE
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Fig. 8 Molecular structure optimization and electrostatic
potential distribution of MAPEG-MDHM, APAE-
MDHM and APAEE-MDHM-ATS
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Hi ) MAPEG-MDHM 43 ¥4 3 J] [l i i 34 e A1
APAE-MDHM /4 F N £ Bt 3 & i 35 T v
APAEE-MDHM-ATS 43T NI E I 5 1) 52 5 0 i
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AR B 2 fis f AN TR B

2 3 PR B A MLEE R A MR L
J LA R WA B S A e i B 45 2
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Table 2 Adsorption energy of polyether-modified siloxane
surfactants adsorbed on glass slide

hREE REWE BPA

PR P P W% Fff fig/
LR fg i/ X fe i/ He e/ (kl/mol)
(kJ/mol) (kJ/mol) (kJ/mol)
MAPEG-MDHM/ —6.02x10° 5.51x10*> —6.00x10° —1.74x10?
B
APAE-MDHM/ -6.01x10° 7.64x10° —6.00x10° —1.15x10°
kA
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ATS/E I
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