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1B 2 e SR B SR 1 R 2 o — A 4 PR R 3 BSURL 3k 771 PVPO.67/PVA PPG 7 90 °C#
b 20 KRR RIE 46.2%, T AIA PVP K PVPO/PVAPPG. 5| A\ PVP 525Kk PVA #52 H
ZF 2% AR BT I T A8 G5B PVA KR S it iR e £h Ve e, ELSEBI 1T 7241 e X% i & il 46 7
AT, NS SRR PVA KB (T R 3t T 5 B K

1 SERE S
1.1 557 54

R LIGHE(PVA, RG, 1788 B, FEARIE 88.0%~89.0%) 3 LI LML E Kl (PVP, RG, Mw: 45000-58000,
K30, 99.0%). NaOH (RG, 99.0%) JH Adamas; # &ALk (ECH, RG, 99%) JWHBTH T mifi
fek I ) [ 4% E Wacker (L2 H RAT]; AS/KEILEE (MgChL-6H,0). FREREN (NaxSOs). S ALEN (NaCD
MEANAES (CaCl) W H H E R ERFERAR: £EF/K (H0) 18 HSESEHERFIARAF
A A 2R F i TG 75 TiAb 2.

LI AR BT A6 384X, #95: Thermo Nicolet-is50, F=H#i: FEE (USA); HAMBUOGIE, IS
UV3600, Foih: HA (Japan); JEF&iiAR{%, #Y5: ARES G2, TA Instrument, 7=ih: 3E[E (USA); %
TFHl, A5: Lab-1D-80, ALHIHEEFEIAIRAIRAR, r=#i: #E (CHINA); Instron HifiikIaHl,
M4%5: 5567, Instron Corporation, ;=Hhi: ZEE (USA); fHILZEZILSLINFE, 75 : DB211SCB, l#EM
RFWEAR A, 7. 1 E (CHINA)

1.2 525t 2

1.2.1 PVPy/PVA #=¥ I F PVP/PVA 7K % 69 6 ak : 75 250 ml =3 - FREL PVA A 7K, 75 90 °C LA 300 r/min
PR 4 h 135 15 wi% PVA V. FRBUE & PVA VAR (15%). PVP. £E 77K, ECH F1 NaOH ¥k
T 250 mL =ik (AR 0 Tab.1), FPA 300 v/min HitHHE A, 51RO H I E T 70 °«CHLA
M1 h, 53] PVP/PVA Hl PVP/PVA 7KEER (0 AR PVP (IR EERE, x AAFE PVP /KI5 & 704,
x=0.67, 1.00, 1.33).

Tab.1 Composition of the PVPy/PVA and PVP,/PVA hydrogels

Sample PVA[g] PVP(x)[wt%] ECH[mL] NaOH][g] H>O[mL]
PVPy/PVA 9.00 0 1.50 3.42 90.00
PVPos/PVA 9.00 0.67 1.50 3.42 90.00
PVP4/PVA 9.00 1.00 1.50 3.42 90.00
PVP33/PVA 9.00 1.33 1.50 3.42 90.00
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1.2.2 5 38 M Bk 3R e ) R 2E K B iR 69 ) & BB BT R EARZON 1 mm Bk, M SN TAL
FRALER 2 K FRRHAT G REA BN TR AL EE 5 min SRR REFEEA TR 2, 15 BURG SRR IR 77 CRifR:
0.106 mm~0.150 mm). ACE | ARG R ERAKER, FARNCTT W Tab.2 Frs. KRk sk R gk 75 5
KL E IR L 0.5 wt% RIEIR,  iHE 4 h VAT 5 2047 It

Tab.2 Composition of brine solutions with different degrees of mineralization

Mineralization(mg/L) H>O(mL) NaCl(g) CaClx(g) MgCl2*6H>O(g) NaxSO4(g)
30000.00 1000.00 27.31 1.11 3.83 0
32868.00 1000.00 29.92 1.22 3.70 0
50000.00 1000.00 4276 2.83 8.92 0

1.3 WA ERIE
1.3.1 2ot T E 547 SRR AR B/ HE (FTIR, Thermo Nicolet-is50, USA) ALk
PVP. PVPy/PVA /K#EfZ 5 PVPY/PVA /KEFIGHRR . RN, SHEEWR: H13#EE 4000~400 cm!,
32 IR, 3% 0.5 em .
1.3.2 BN 2 5T AR E S AT RAEIMRIOERE (X (UV-vis, UV3600, Lambda 950, Japan) 3
TERERIEWI T . MIARFE S 4S PVP/PVA FIl PVP/PVA JKEER K T IR . IR, S EW R W
K 200~800 nm, F## 73 HE% 0.1 nm.
1.3.3 AE SR KA A (ARES G2, TA Instrument, USA) FAEFTIRI S PVPy/PVA /KR
WAVERE. FEREREA | mm, VERIITE 0.5~1 N Z (8], ¥R myim ikl LA 1 2kK

PRGi (A4 CERTIRVR ISR ECH, 643 515 i AT & b, KA 1 Hz, %
HIRLIIH 0.1 Pa, AR H S B R AT AR ARG B S HUR .

RIASFR: =R, RIASTEEY 0.01-2000%, A% 1 Hz.

B EIRNNA, ER I8 TN, RIEA 0.1%, SZFETEHEN 0.01~100 rad/s.

REJJRA: VAR 39 TN, [EE RSN 0.1%, 1557 Bl A 1R AZ 4 .
1.3.4 ZEARMEREM K FERIEEAETHL (Lab-1D-80, bR FESLIGNARA R AR, CHINA) T, H

S ZRAKIEING, IO SRE R R AR A . AR B A B AR 2 T M T £ T Flory 1 Rehner “F-

A MK EIR Y Flory—Rehner J7 F21HE920, K2 (SR) ML FAXHE: SR= (M-Mo) /Mo, FHH
Mo AVIRTE AT KB E R, Mg NoE S MKKEIR ER, FRENK =RHFBCTIME. 3T Flory Al
Rehner “F- #7741 P& 1 Flory—Rehner 77 F4¢:

—[In(1 =) + b+ xd?] = Von 973 — ¥/, (1)

—[In(1 =) + d+xd?] - M, = Vop(1 — 2/q>)¢§/ 3pY2 (2)

s GRIAKREER TR AT EL Go R WIIEHEL TR AT E /KBRS Vo
TR BE/RRFR (18.054 cmP/mol); n J2 B & 5 4 JMBERI/K I Flory-Huggins 24, fE= T
x=0.4421, BEEWINAATR 73 20T LLis I 2 (3)~(5) K3k 15
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¢=(w XV +V)+(1—w ><(1—v +v)) 3
w = +( + ) 4>
$ =1—-¢ (5

HH v=1.0021 cm?/g, v,=0.681 cm’/g, ws ;&K= EL Mo Z2KFIRE (Ms=Me—Mo), M, 2H
AR siE (EITFRETE Mo, ¢ ZEFEEVIIER 4 (IR (D (2 F1ié).

1.3.5 77 5 X - 5K F Instron 72 /HRZEAL (5567, Instron Corporation, USA )ZAIE PVPo/PVA F1 PVPy/PVA
IKERME I 772 M e R AR RIS 7E = N 15 mms ELARON 13 mm (AR ARRE BT, FR463# 8 S mm/min.
WRRT, PR R R LA bk 28 K

1.3.6 b A aK . RAEIRZLI0H (DB211SCB, AR KT &G RAT, CHINA) A
PVPy/PVA HI PVP/PVA 7Kt fis S oAk 55 14 RIORL 3 I 751 (1) T 1 i 12§ - PVP/PVA F PVP/PVA 7K IR 1
130°CEALIRAR R A, BRI Rh SR ROR DK 771 5 30000 mg/L #h7K B A 0.5 wi%ef1 £k 7K &
PR TE 90°CEAGSLIRA P24k, R RN AR R .

2 R 50w
2.1 3 H % PVP,/PVA /KB IRAE

P EE N (ECH) VRN, HACHBHLEE Fig.1 Fias. &NILFEM Fig.2 Fias, ¥ ECH.
PVP.NaOH ¥& T PVA ¥ H14% Tab.1 HUIC 245 2113505 1) 5 I H 90T, 145 1 DR AN IR 25 28 5 T 70 °C
WA RN 1 h, FHEEAREE N 88%~89%M1 PVA 5 ECH FEBRIEIAEE N 4T P 3R- AI3R- P30 I B ) 5 5% 2.0
T R LA SRS IR 4%, 7 42 92K HL % PVPY/PVA ZKEEIR (x ARFHAMA R P PVP IE T/AKIR &
HL x=0.67, 1.00, 1.33), [RIN RIS T AE PVP [ PVPo/PVA /KEERRAE XS EERE .

PVA
~—o HO 0
OH 0 (\ o ( ~o o) 0 ]
NaoH |9 O | e |9 O |NaoH i
+ n o=y Hd
0 n n (0] o}
FAV TS
ECH .

Fig.1 Schematic diagram of epichlorohydrin cross-linked polyvinyl alcohol (88%~89% alcoholysis)
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Polymerization
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n n  Epichlorohydrin(ECH)
PVP Partially hydrolyzed PVA --- H-bond

Fig. 2 Schematic illustration for the fabrication of PVP,/PVA hydrogels. x represents the mass percent of PVP dissolved in

water in the whole system, and x=0.67, 1.00, 1.33, respectively

SRR R AR T W Fig 3(a) s A2 5, BNAIATHY PVA R IRAR I A (kG AR 1 ) 4% 75
JiE WA TG €325 AR [ 44, AN 2 ECH [¥] PVPo/PVA Fll PVPy oo/PVA J N T IR U Fig. 3(b)Fias, &N
ToEE W PR RPIR A o alI B AP IE B T 31X — 5, &5 40 Fig.3(c)fi7n, PVPo/PVA il PVP/PVA
ATORTRE L 45/ T 10%, 1 PVPy/PVA [ PVP/PVA JKEEIE Id RINZIN 90%, X 3 BRMIAET /KT
ECH I8 WU HEE ks B (0 BT SRh 20 A5, 10 PVP iR th £ 580 ECH /K tEAR 2. (A, ECH )%
HICEE) ST E Fh A SR B 2 B A T

(@) x=o0 x=0.67  x=1.00 x=1.33  (b)

I fof 1
a prcq’VPa/PVA : b prc-PVP,¢/PVA
= = ~¢ pre-PVP, \,/PVA———d pre-PVP, ;;/PVA
i ¢ PVP,/PVA ~ = [ PVP,./PVA

g PVP,,,/PVA h PVP, ,,/PVA

5 L A
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e

x=0 x=0.67  x=1.00  x=1.33 *x=1.00

Fig. 3  Analysis of transparency transition during gelation of PVP¢(/PVA and PVP,/PVA hydrogels: (a) diagrams of
PVPy/PVA precursors, PVP,/PVA precursors, PVP(/PVA hydrogels and PVP,/PVA hydrogels, respectively; (b) diagrams of
PVPy/PVA precursors and PVP10/PVA precursors without ECH; (¢) UV-vis spectra of PVPy/PVA precursors, PVP,/PVA
precursors, PVPo/PVA hydrogels and PVP,/PVA hydrogels, respectively. The PVP¢/PVA and PVP,/PVA hydrogels were

obtained by reacting at 70 °C for 1h
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AL B AR LT A REAURE I T PVPL PVPo/PVA K PVP/PVA /KEERAL 2454, 45 540 Fig.4(a)
FRFRTBCK B Fig.4(b)Fim. PVP Mg Bk ] o -C-N-{H 4R S006 Y 1290 cm!, AT AHFAEIEE LR AE
PVP [f71E. [XJHT PVPy/PVA 7K#ElE, PVPy/PVA /KR AMETEIFE 1295 cm HILFFIEIE, 5 PVP
ZLAMEIE 1290 em! Ab-C-N-AZEHRENEAHXS L, KB PVP [R5 .

WIS IKINAZRAE T PVPo/PVA F1 PVP/PVA JKEERR G5, Huh 58T X248 A0 B2 B T A Bk R[] 49
TEM,, 4581 Tab.3 Fi7R . 25 R 3R B, PVPo/PVA 7K BT K L 5.90 /g, A2 6% 24 158.87 mol/m?®;
BEE PVP FHERIIGIN, *FE % PVPY/PVA IKEHR AT IK LEASBTE N, M 5.67 g/g BEINE] 5.95 g/g; &
E FEAN W /N, A 177.03 mol/m? Jeli/b 2] 151.98 mol/m®; AZBX k5 [8] 43 FEMAWIE I, M 6778 g/mol
HhnE) 7743 g/mol. AL, PVP33/PVA ZKEERR SRS BE L PVP/PVA KB /N PVP EN— P E S
EW, 8T FVESUKA S B BT, T8 U, AT HE A2 GR) ECH 7E /K 1) 70 USRI
EHG R 2RI A EEOR, (5 PVP &I 20, B PVP)3:/PVA JKERE o PVA fll3£-OH £ [ 5 PVP
REREE S G, > T BCH A8 IGRE i TR 34 s S A8 Bk 1) L A3

(a) T ()

N

#’
i
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Fig. 4 Analysis of chemical structures of PVP, PVPy/PVA and PVP,/PVA hydrogels: (a) FT-IR spectra of PVP, PVP/PVA

and PVP,/PVA hydrogels; (b) the partial enlargement between 1250 cm™ and 1350 cm!

Tab.3 Swelling properties of PVPo/PVA and PVP,/PVA hydrogels

Dried hydrogel Swollen Cross-linking
Swelling ratio M.
Sample code weight hydrogel weight density
SR (g/2) (g/mol)
M, (2) M,, (2) (mol/m’)

PVPy/PVA 0.29+0.01 1.71£0.02 5.90 158.87 7550
PVPo67/PVA 0.24+0.01 1.36 £0.11 5.67 177.03 6780
PVP;0/PVA 0.24+0.04 1.39+0.03 5.79 166.85 7190

PVP133/PVA 0.22+0.03 1.31+£0.09 5.95 151.98 7740
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2.2 EHF PVP/PVA KBRS 55T

BEFL T PVP X H % PVP/PVA /KBRS 5200 o @ik e SR EE (70 °C) 1 B [E) =1 4 U 7
PVP X 7K &t fise WX 4% il B IE R2 (P 5, 45 50 Fig.5 Frzs . PVPo/PVA 7K ALES ] 60 s(Fig.5(a)),
X F ot ECH TERR I 264 T 22 Bk PVA I #2140k, 17 PVPy/PVA 7KEEIREE R LIS [HAH%L T PVPo/PVA
IKEERHCRIRSE A, BE PVP S B D B &,  H PVPoo/PVA KB AL St HERAL
IS IEN R 20 s(Fig.5(c))s 1M PVPos7/PVA 7KEERE B AT A4 30.342 s(Fig.5(b)), 1M PVP133/PVA /K& &E
AL (] 4 40 s(Fig.5(d)). Z5 %M, PVP I JG 246Gt bt ], XAlGE2E PVP 5| NJF#EE 7 ECH
TEKIEB I BOSR, E—2500/0 T BCH TERRIE T30 P S R 20 B rAO RS 18], 1 B PR 1)t P A R ok
AT 28 F B S R I

a)104 104 b)104 104
(a)10 PVP,PVA (b) PVP, ¢, /PVA
3 1 3 103 o ;Jffl_i 1103
10 10 | ﬁgﬁn ;
© 102 nozg =102 ot 02
E— g ﬂ‘? L Ei\--l nﬂ-s
Y L 0N e o0
010, ® o Oln _______ 1
1007 | 10° 10 Tra o
' e ¥ L b0 Fi
1 0_1\ /7 . Time (5) . 101 10_1 . Time (5] . 10-1
0 1000_.2000 3000 4000 0 1000__2000 3000 4000
Time (s) Time (s)
(c)10¢ (d)10¢ 04

PVP, ,,/PVA

r
Time (s}

M N 10_
1000___2000 3000 4000
Time (s)

Fig. 5 Analysis of the effect of the amount of substance of PVP on the gelation process of PVP,/PVA hydrogels. Oscillation
time scanning tests for (a) PVPy/PVA hydrogels, (b) PVPy.s7/PVA hydrogels, (c) PVP1.0/PVA hydrogels and (d) PVP133/PVA

hydrogels. The inserted figures show a localized zoomed-in view of 0~200 s

ARG 7T T PVPo/PVA FIl PVP/PVA 7K 4 (KRG 3, 45 40 Fig.6 Fis. ZKEHIR
it FE P (Fig.6(a))~ TRFER B (Fig.6(b)) LI FER T (Fig.6(c)IA, b, /KEER KRR Gl = T4
FERE G", Ui B VYRR e SEARTU B A AR R E S FLBE PVP S 2381, PVPY/PVA /KEER G A KT
P&AIC H PVP133/PVA JKEER GVNT PVPo/PVA JKEERR, ARAEESA 5 IS K Seae 45 RAEXT S, BIBE%E PVP H
BEHEM, EH%F PVPY/PVA JKER IAZHRE B AWTR /N, PVPosi/PVA S PVP1oo/PVA 7KEEIRAE IR &
Et PVPo/PVA 7KK PVP133/PVA 7KEERAC R BE L PVPO/PVA /KB /N o B4, 7KEER G I H A0
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RMAGNE, LRI R RGBT, TN TR BOKEE R, A RERIE (GD FEMRAIX 2 —A
FEX, BESoToK: X TYHEAARIRL, e BRI FERME MR RBCR: G o BR,
PVPy/PVA 1 PVP/PVA 7Kt o [RI AAAEAL A A R AN RS 1 . 3 — 20, S I s SR (1
PR E ) S AR i AT B LA 13 BIZRVE 1 log n*-log o Bl 2R (Fig.6(d)) & FL X R4 (Tab.4), FiAHSE
A IR 2% H G R - 10220, RIAE BRI 48 AN AELE BRIF, BT 120 FHEX DTIR T X 2 5 % T PVPo/PVA
FIPVPY/PVA KEERIT &, HAPRAXHEATE 0.979 LLE, LR F 2 AUBE . S 70 FHE SORIRBE L
B, H PVP FH R 28 35 S 2 BE 2 AL/

(a)2000 (b)300
= PVP/PVA
I o:f:zx::zz:zmmm”fffff:ﬁ @ PVP,/PVA
[ soal © PR
’a mg¥Y E‘ Eﬁ v PVP, 3/PVA "f'
21000} I xS .
- = PVP/PVA s 3 v
o o PVP,/PVA O 400t 8
500} 4 PVP,,/PVA g i
v PVP,,/PVA Eﬁﬁwagg&ﬁiﬁ! 4
0902 10' 100 10" 102 062 107 100107 102
w (rad/s) w (rad/s)
(c) 1.0 (d)
8 PVP/PVA 5.0 —=—PVP,/PVA
0.8} o PVP,/PVA ——PVP,,/PVA
& PVP,o/PVA 4.0t —4&—PVP, ,/PVA
1o 0.6} v PVP,,/PVA W ’ —+—PVP,,,/PVA
= o
S04} ©3.0
2.0t
1-0 T L] Ll
2.0 1.0 1.0 2.0

0
log w

w (rad/s)

Fig. 6 Network analysis of PVPy/PVA and PVP,/PVA hydrogels: (a) energy storage modulus G'; (b) loss modulus G"; (c)

loss factor tan 6 as a function of the strain frequency. (d) Complex viscosity (n*) as a function of the strain frequency

Tab. 4 Slope of the Ig n*-Ig w line for PVP(/PVA and PVP,/PVA hydrogels

Sample Slope of the curve
PVPy/PVA -0.98113
PVPos/PVA -0.98705
PVPi0/PVA -0.98155
PVPi3:/PVA -0.97947
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2.3 R HEF PVP/PVA /KBRS kA

IIEAE ECH AZHK PVA H 5| NZVE PVP BCTE RIS, Rl & ¢ H.%F PVPJY/PVA KEHIL, idid 5
b R 40 7 1A MR RS, 45 R0 Fig.7(a) X Fig 7(b)Fizm. - H. % PVPy/PVA JKEEI I R 45 1k REBE 45
PVP FE B INTTG B, TEAR RN PVP IKIE N 0.67 W%, Bl PVPos/PVA 7KL I B4 38 B, A
0.30 MPa(Fig.7(a)), 1H PVP #KJZ N 1.33 wt%, B} PVP33/PVA KB (KRS58 5 0.113 MPa, LT
PVPo/PVA /KEERZ ) 0.10 MPa. 4555 8], PVPy/PVA 7KEEIZ /1A VERENL T PVPO/PVA /KEERR, HIL %
PERESZ PVP H & 5200 (Fig. 7(b))

(@) 0.4 (b)~0.4
a PVP/PVA o [ Compression Strength
- = =b PVP,/PVA b, 3
_03F - cPVR PVA ) £0.3t
© ~=-d PVP, ;/PVA ! g
< ! 5
= 1 a
@ 0.2 ' 2 0.2
b ' 2
5 0.1} . ‘c g
. K f’a dg- 0.1
_ E
[=]
0 = x . . o o
0 20 40 60 80 100 Q‘?\ll" s J?\lP‘ ala
Strain (%) oV® PNLESIPN) ZE PN\ SE

Fig. 7  Mechanical properties of PVP(/PVA and PVP,/PVA hydrogels: (a) compression stress-strain curves; (b)

corresponding compression strength
2.4 £HE PVP/PVA 7K K HOR: # M F0RE 5K I 771 A i o Ak
130 °C, Aging time

day 3

day 0 day 1 day 2 day 4 day &6 day 6

Teim|

Fig.8 High-temperature resistance properties of PVPy/PVA and PVP,/PVA hydrogels. 130 °C Constant temperature aging
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oven, sampling and taking photos every day

JHIT PVPY/PVA ARAREERLE 130 °CF [ il & A S, AF e HL i i 14 B8, 45 S W1 Fig.8 Fizn . PVP/PVA
F1 PVP/PVA 7K &I W1 4634 9 JC (i B [ 44, 1 7E 130 °C R &4k —KJ&, PVPy/PVA. PVP;o/PVA Fl
PVP) 33/PVA /KEEIR I3 ARR OB BLIRE K, 1T PVPos/PVA KER AR T EOIEVPIRG, Z1k 6 KIE1)
YERF R I RN TE B BPIRES, A R 2 I SOE PPIRAS SR . 2R LR, 76 PVP &
HiERE, PVPYPVA ZKEE i E LR RIRAE S5 o (R, PVPoer/PVA JKEERL 12 1 BE AT i P g
16 JLVARE SR By, Wi/ B PVP Al 2 5 R 48 45 M LTSI PVA JK IR R 2 e R i s 1L
PERE (1 FE T o

HE—3PHi % T PVPo/PVA FlI PVPos7/PVA KSR BRI 77, HReoRS s ROk B vl 710 B 0.5 wit%e
(FIER K BIF I, FCEAE 90 °CHEIRZ A I EFEA R 2 A I TR f5 38 I A8 030 s T1 4 4 R A R
Rt 220 T RS S A Bkl 77 SR K BRI R . (G, 2550 Fig9 Fion. B4R, PVPoe/PVA
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Development and Performance Modulation of High-Temperature and
Salt-Resistant Semi-Interpenetrating PVP-In Situ-PVA Hydrogel

Zuming Jiang, Fangjian Zhao, Binlin Pan, Yu Liu, Fuqing Yuan, Qi Lii, Qiongjun Xu
(Exploration and Development Research Institute of Shengli Oilfield, SINOPEC, Dongying 257015, China)

ABSTRACT: In the later stages of oilfield production, the high-temperature, high-salinity environment deep
within the formation intensifies, making it difficult for existing polymer oil displacement agents to meet the
requirements for increasing oil production and revenue. To develop polymer oil recovery agents capable of
withstanding these harsh reservoir conditions, a strategy was adopted to construct a semi-interpenetrating
network structure. Polyvinylpyrrolidone (PVP) was used as the linear polymer, and polyvinyl alcohol (PVA)
crosslinked with epichlorohydrin (ECH) served as the crosslinking network, resulting in a temperature- and
salt-resistant semi-interpenetrating PVP-in situ-PVA hydrogel. The hydrogel’s tolerance to temperature and brine
of varying salinities was investigated, and its network structure and properties were analyzed. The results
indicate that when the mass fractions of ECH and PVP are optimized to 1.7 wt% and 0.67 wt%, respectively, the
PVP-in situ-PVA hydrogel exhibits the highest compressive strength of 0.30 MPa. Furthermore, the PVP content
significantly influences the mechanical properties and thermal and salt resistance of the PVP-in situ-PVA
hydrogel. The viscoelastic particle oil displacement agent PVPy7/PVA PPG prepared in this study retains 46.2%
of its modulus after aging at 90 °C for 20 d, outperforming the PVPo/PVA PPG without PVP.

Keywords: polyvinylpyrrolidone; poly(vinyl alcohol); semi-interpenetration; temperature and salt resistance
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