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CREMBTRY: (Abnt) KRBHR SRR TR, JEat, 100083)

M OE RN s E T KIS Y R R, R LA TR 1 RS T A R 2 HAE 5 K
J, Horp R KK AR 2F R AE 51 0 40 K LAk i R A O R nT BB LA B R A B [ K R L,
ASCIHEEUE WY HCO3-Na, HCO3-Ca, SO4-Na (1) 3 FhBLIIHE T /K A 242570, We A [ & $h it ik fh 22
W, BT A 2R J b i X g oK FLAR I AR e ME A . 25 S W, #E HCO;-Na Fll HCO5-Ca Hl/k i,
YK FLAL I AR E PR RE A AR IR s AE S E N 3.0 g L Y SO4-Na Bk, gk FLIL AR E
PE2RIBEAS. HE—25 0T R, BARRR e PEREARR h TR AR R B e, AT BT B 72 S 89k Lk AR
FEM R TR, FERI AR MR REME L, 7 HCOy BUKd, ZIKRFLALIH Zeta AL 5 5
RS, HAE AR B, 16 SO, BUK T, BkILALIN Zeta LA 5 & Eh R R IEME, &
RN 3.0 gL B, SEYPRIASRIEE BE NS A BN SR YT DLVO B —2 M g ok FL Ak il AR e PR
FRE LR, A B e 1 2 ) 499 A 3 O L J2 JEE B A 7K AL T SR BB, AT i S 40 DK VB e E R T A
23 ()37 B 1 BREAG , b o b (3.0 gL ") 1 SO, FE A 2 B A1) T4k L AL A 22

xR KAZERA, gokFRIh, RoEtE, A&, ¥E DLVO.

Effect of groundwater hydrochemical characteristics on the

stability of nano-emulsified oil

LIU Tao HE Baonan ™ HE Jiangtao LIU Zirong GUO Yuru WANG Shiyu

(School of Water Resources and Environment, China University of Geosciences, Beijing, 100083, China)

Abstract The migration and dispersivity of nano-emulsified oil restrict its efficiency in
groundwater pollution remediation by in-situ strengthening indigenous microorganisms, in which the
aggregation and instability of nano-emulsified oil caused by hydrochemical characteristics may be an
important factor. Therefore, three groundwater chemical types, i.e., HCO3-Na, HCO3-Ca and SO4-Na
were prepared with different salt content in this work to investigate the effects of hydrochemical
types and salt content on the stability of nano-emulsified oil. The results showed that the stability of
nano-emulsified oil decreased gradually with increase of salt content in HCO3-Na and HCO;-Ca type
waters. In SO,-Na type water with salt content of 3.0 g-L™', the stability of nano-emulsified oil
decreased sharply. Further analysis demonstrated that the reduction of overall stability was caused by

instability in the top section, and different anions were the main reason for the difference in stability
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of nano-emulsified oil, mainly reflecting in the interface electrical properties and rheological
properties. Zeta potential of nano-emulsified oil was negatively correlated with salt content in HCO;
type water, whereas it was positively correlated with salt content in SO, type water. The changes of
nano-emulsified oil rheological properties in HCO; type water were not significant. In comparison,
the average size and viscosity of nano-emulsified oil in SO4-Na type water with salt content of
3.0 g'L" decreased slightly. The reason of stability reduction in nano-emulsified oil was further
analyzed by extended DLVO theory. It was found that the increase of salt content affected the
thickness of electric double layer and the strength of oil-water interface film of nanodroplets,
resulting in decrease in the electrostatic repulsion and steric hindrance repulsion of nanodroplets. The
SO, system with high salt content (e.g., 3.0 g'L™") was more unfavorable to the stability of nano-
emulsified oil.

Keywords hydrochemical types, nano-emulsified oil, stability, salt content, extended DLVO
theory.

GARFLA IR A R PR . LB KR B L BNE G, AR5 S A R L A 4
AR Al 2% 1R A L3k . A S Y R K IR AAG B i R v, LA TR A R A5 R R R R L AR, A
AEK)Z, A O Y ST Y i SR, AU AR Cr(VDE 31, et U(VD, fis R £ky %
V5 YY), T AR FLA TN AT B 1 B ) 2R AR Y Y, TR R K 2 B R — I RN A
SIS Gy 1 S A A S22 SR, FE R SR K 2 LA B KAk 2E 28 8 | & £k 5 F pH ] g &3 52 M 4 oK
FLACTM A TP BT 1, 20 5 i G OK TR R 1 43 L SR RS R, BELAG T KIS e e B
1 5 R 2 S U A A DG SRR SE, A0 K FL U A AR PR A2 BB i B 1 S ). Mei S5 41 1 7E A B 4 oK
FLAG I TP IS IS [ 2E 70 R o B (R B, 5 | R W 2R 1T Zeta FELOT A AR Ak, 5 28 1 30 2 1T AR for 19 S e, HL
U A S X FLIRAR A P S i B O B 3. Qian ZEIERTE & B - SHE N R YK FLALIAEAS pH Al
B FREES, BT R ORI 25 ) AR R I R AR 1), Ren S5k B 2R 460 TR 94 3 T P 51 i 25 A 24
KFLAIHTE 0—50 mmol-L™ NaCl fA& Z 1, Wi F-BIR A4 B B [, Ride oA i 2 AR 78, W(E AR B, 2RI
ik JIREAR, HARE T FLIR A e Fa i,

IR HGE AT DUE Y, B a5 B 25 U A A i S B A A AR O R, HOR ] S - 2 A Rk
JEE X K LA I B 5 e AN IS AR [R]. FESEBR R K, B0 AR 2, B Na' 5 CIAb, i fE7E K it Ca™,
HCO; . SO 5%, FE & 1 i G 5 I R [R) B 7K A 2728 80 A G R AR b T K A iR [a] K Ak 2 2 A
F K LA TR RS T AR i D oKL AR T ) AT 3R N S e 52 i) HEAE ARURN Z2 FL A B b () o ek 5 i
R, DTS M) J A A6 A8 5T Gy 0. DRIk, SRt — 20 WA b T 7KK A2 2B g ok 2L AR T AR e
PRSI, AR SCEHCT 3 AR K Ab 22 28 R0 DL SO ] & SR i iR, 40 5 28 1 X oKk L AR Tl RS e 1 1Y
SEMA), FRAE T 40K ZL Ak Tl 2 T R PR RN i A8 e M, 45 B A8 1 3l )1 2% 48 3K (turbiscan stability index,
TSI). ¥ J& DLVO BIE 5387 T 90K ZLAL AR M ML, DA 98 R SR K A2 2544 9ok FLARTH
FEMI AN Z LA T b 1 RS R R B s B S 4

1 MBS I (Materials and methods)

1.1 SEE PR AN &

SRR K FL AR TR A8 BT FH A RN 4 e £ K 3 | kil 80(Tween80). H] BE 80(Spang0), Iy H
R SRS A0 Ak T 5% B 5 A H0 I i 1 T 7K 2% 28 30 i X 700 A 36 - F1 AR IR B (NaHCOs) . T ik iR 55
(Ca(HCO3),). BN (NaySOy), M4 H E 254k 24144 BR A 7). r A R e/ alifk, el f i H 2 88 7
IK5E L.

SIS IR A HLEIG HRERS 10 - 1, WM T IR RS IR K IR AR HH - M6, [Tk R 224
AT BR S F] 5 B T UEAL DFD - 700, f HLHL FALES ) SO e B BE 1T NDJ - 5S, b fE SRR
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2 4 FR/N F]; Zetasizer Nano - ZS90, Malvern [ #§/> &) ; Turbiscan Tower, Formulaction {{#§2> &
1.2 SRk

R LA A8 BRI 15 g REIAT 15 g B3 TR TG PER] (Tween80 F1 Span80) FHEIE i H,
i I FL Bl 8 ) 3 FE SR AE 1800 r-min' 2544 F IR 1 min, K5 7€ 1500 r-min™ 254 F & ff 1 min fil A
10 mL KB 7K, HhA 70 mL 25 25 F/K. FHAR TR BB, FHEIE AR A A8, 55 C %
RS 25 min, BB HIIFERE 24 h fERL

IRACZEE R B ] AT RFFREL 0.3 g, 0.7 g4 1.0 g, 3.0 g 1Y NaHCO;, Ca(HCO3), 1 Na,SO,4
AROHEIAL A 1L EE AR, MA LB FAE 2, RIS R KA 28 S Eh s k.

ARSI 4 2, Horh 3 4R A T KAk 288 S F R U, D3 A 1 S DA R B K AR A
X A Ay sk 2D FL At 5 20 43 09 T4, AR SEER BE AN Rl K Ak 25 2 RV W, A5 | A LAt B8 72 5. 1
SE, BB 58 B 3 FhoK A 24 28 B WA B 10 mL I A [R50 R, B BN 10 mg B9 40 K 2L
A, 76 25 °C, 170 rmin™' 2574 N B YR 15 min, 2 3 0CE 24 h J5 X 9OR LA IMEE T AH R 19 = 1E. B
PR LR KK A 2R 2 R 5 Eh i i 1 L3 1.

e WV A SIE N

Table 1 Hydrochemical types and salt content settings

KAk 2£25 71 (Hydrochemical types) HEHE/(gL™
EBTK — — — —
HCO;-Na 0.3 0.7 1.0 3.0
HCO;-Ca 0.3 0.7 1.0 3.0
SO4-Na 0.3 0.7 1.0 3.0

1.3 KFLALR A RAE

Hife: Zetasizer Nano-ZS90 | FH 2l A8 G HUF B, 8 1o WX i A1 B33 s (5 8., I 408 307 46 e -
Ze PR HE T R A5 2 90 oK FLIR R AR 43 A RS 50042, e, SR B 1k 22 S5 U 500, B g ok 2L Ak T
BT KM RE 1000 15, 70 A B AANAKFLAL I A3 5 303 B E O 1.33 1 1.45.

Zeta HL 3 : Zetasizer Nano-ZS90 FI] FH IO 2238 8y 3000 I 15 44 K 2L F K ol B, AR 3 =2 1) 45 2]
Zeta LA FE 50T R, B 99K ZLAL I A 25 25 /K B B 1000 %, 43 HOA 5T A4 oK 2L AR 3 (9 37 5 264353 i
Bk 1.33 1 1.45.

TSI {H: Turbiscan Tower iz F Z B G U LB, o 3 916 A3 S0 15 5, RENS A5 B 98 K ZL Ak il
38 1 A AR AR L. T, B 20 mL oK ZL Ak Tl e AR i e CCTR 6 BE), B PR 1 h 13—k, &
ZEH1H 24 h 2R FH Turbiscan Lab Expert 73 H1 40 K FLAL 0 B4 80 1 24278 4. K TAER LK B 57 1E A
A 58 .

1.4 Hflaibpg
1.4.1 9K FLAIMAERE T3 15484k
TSHE S T gk FL A AR e Pk, TSHEBCR, (R R BORFRE, ATl = (1)-2X 3) 15
1
B~ \/? D
" 2d
1 3-00.

D (X~ Xas)
TSI= \| 24— (3)
n—1

P, BT HULHRE O A); A T2 R 19 F 3 A iERR (um); o 0 BRLARBLLL; g AR I

2
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T QN HUN R, A] i oK FOGHUN BR SR AT 5 d WG -T- Y AR (nm); XA /N i 0 < 14 ~F- 2 iU o
& (TCEA); Xosh XH - X005 (TCE49); n RGBS TST MRS E Mo Ji #3850 G 4).
1.4.2 ¥ J& DLVO HIg s Hr 4ok FLAL I it e v

HRYEYJE DLVO IS, 40 KW 1) R Lo 885 FE R FIE 84 Iy | # R . 2SI B 7109
2 NGO, Herh s (a7 BHUF O AL HE 25 (038 35 Fx 01 s [ sk R 0. B 032 1 Z FIRe6S S iR &R AR
SENE, AT (4) T

Vi=Vyaw+Vei+Vosm+ Ve 4)

K, Vo M EBGE (0); Vyaw N IEIELESIIAGE () Vi FEREHEREEE (0); Ve N2 035 BHEF #4408 (0);
Ve R 723 Rl HE T #4488 (D).

HrpyafiEae Sy #aen] h13X (5) F1=k (6) 114

Ad,

Vigyw = ————————— (5)
12h(1 + ﬂ)
A
AE(\/A_I]_ \/A_zz)(\/A_n_ VAzz) (6)

., 4 & Hamaker % 50 (0); d. kL T ELAR (m); kot P RL 7 2 8] 5 B (m); Ak AH B AE A A9 R E 3
£ (nm), B E A 100 nm; A, >~ 7K 1) Hamaker % 40 (3.7x1072° 1); Ay B 40K FL AL B9 Hamaker %% (5.0
10*21 J)[23*24]‘

L HE R Fae T = (7) X (8) 1.

4kT

EI —

_ l6bnd.e tan (ze¢1 )tanh (ze¢2

AT )exp(—2/<h) D)

(%)

(8

Kb, d Nk H A (m); ¢ R @73 51 IR 55 W80T 1Y 3R T HL e (mV), 8 Zeta B el
TR LR B (78.5); hoh VTR 2% T ) 00 TR 2 1D B BE S (m); woh FEFE A SO R (BB B (mY); e Ry HL A
L i (—1.602x107" C); nyohy 15 VR HA A BTV B2 (mol L) 2ok 85 T A& s & 3R 2% 2 % (1.381%
102 J-KY); TR (295 K).

25 (147 BEL 4R 2 PR R 7 i 37 2 1 0 Al 8 3 TG k500 2 P A IR i A B 5 L I HESR 70, B (S
TBIBEHEFHEE (Vogn) FEPEHEFR3EE (Vo) Z A1, 433 9)—=X (1) Ak (12)— 8 (13) 1158

2d. h h
Vom0 <h <L) = 2% 05 12| - ~0.25-In~ (9

" 2L L

2nd, ¢ h
Vo(L < h <2L) = =& 'SOX(O.S—X)L[L—E} (10)
1
Vol > 2L) = 0 (1
_nd. ., |k hy h h

Va©<h<L)= el X[Zln(l.S—Z) —61n(1.5—Z)+3(1—Z)] (12)
Va(h>2L) =0 (13)

K, dRRLF EHAR (m); A8 W 2Z 6] 9 B 25 (m); o ok 6 W B A9 SR & 9 r o 3% T A A B 43 4
(0.03) B5=261; y K B BE B W43 T IR TR (2.98x107° m®); x4 Flory - Huggins B4 (0.49) 7; L g % W b 5%
EWAE R ETE BB (5 nm); M, R RA YA 70T & (1310); o N RS WIS B (1.064 kg-m™).
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2 ZEE 54508 (Results and discussion)

2.1 FRAREAREAE XS 9K FL AL T AR E 1 15
211 BERRRE TS ) 2E e AR Ak

K | Turbiscan Lab Expert 2347 T 24 h J& 9K FL AL i 38 IR A2 e 1, 15 27K AL 2428 BUVE R 9K 3L
AL AR TSTESS SR, W 1 FF7R, HCO5-Na Fl HCO5-Ca B /K 520 R 44 K FL AL i AY TSI{E S T+
e, RUITE HCO; AU/K , K ZLAL I Bl 5 $h i 1 3G AR PERRAIR. 25 oK b Y 9 K ZL Ak TSI AE A
1.4, M550 0.3 g- L7 B, HCO5-Na #l HCO5-Ca FUK 200 T (9 TSIAE 4> 9 TH & 14% FIFEAK 14 %; 24
TR 0.7, 1.0, 3.0 gL' B, HCOs-Na £ /K 50 T 1Y TSIAE 53 51 7+ i85 21%., 36%. 50%; HCO;-Ca %4
KM R TSHE /BT 7% 36%. 50%, 2 HH 7 £k & 1 5 HCO5-Na fil HCOs-Ca B /K X4 K FL AL T
Rt M 1 2 i) e B SER A O0

Overll TSI

HCOs-Ca SO,-Na
Hydrochemical type

1 KALZERRAE N 9ORFLAL AR A T TSI H
Fig.1 Overall TSI of nano-emulsified oil under hydrochemical characteristics

5 HCO; BUKAH E, Bl & $h 538 0, SO4-Na BUKXF 9K LA A TSI E R B R ER. 03 gL',
0.7 gL, 1.0 gL' i}, TSI AZ L1555 3.0 g- L™ I, TSI{E .35 T 86%, 2H] SO,-Na /K %44 K 34k
RS TE PR A7 AE W 5 10 e I e B R0y A A5 SR 1 19 SO,-Na Bk X 40 K LA I B e M mi 055 , v & ih &
A A K FL AT A AR Tk 2RI BRI, PR OH AT DL, 7K Ak 2 R AR X A K LAk T RS P 1) 5 i) (R B 5 R o
IKACEE S TAN T 1T, AR ER 6 9 K ZL AR T AR e PR A /DN, TIAE R & Fh it K rh, KAk 2R AL B AR
TYORFU I AR E Y, o SO,-Na B (1) 5% 1376 K F HCO3-Na Fll HCOs-Ca B, [, 75 %2 8 o5 50 1
B ER TR AR LA T AR M Y 5
2.1.2  JuEbteE sl AR R b

Sk it — 2T R K R LA I RS PR s, XL T 3.0 gL' 1) HCO5-Na, HCO;-Ca #ll
SO4-Na RS0 T 44 K L Ak 7 14 38 228 Ab it e (18] 2). St 2 728 1k i 2 Bifi B[] 9 22 K ) 0 22 5 3%
FEINAEAN[F)JZ2 57 D0 15 P 39 o R i AR 2R e S Y e ol 557, TOUIS ' 3 398 9, 50 P V00 Ve ik 3 8 1) T
PBERAE . LTIz as LU B A RRAEPE A 267, IE400 43 B TR . Al RS, e a3 ) o R AR
12.5%. 50%. 12.5%, HES Bk A2 RS2 T, 9K LA TV . rhaif, JiSis TSI By 281k

W 3 fif/R, HCO;3-Na, HCO5-Ca Fll SO,-Na BIZK LM T, QUK FL AL 000 . Al | iSRS TSI (5
BR 77,99, 12.4,1.2, 0.8, 2.8 LUK 3.8, 3.5, 3.3. UL AT LAF H, AKAL2E 2T RE 0 R 40 >4 LAk il T35
TSIE fe K, HRRJEHB, B/ N2, U A8 K FL A B AR RS e 1k R IR i TR 2R AR RS . X6 TR 17
T, TSTAEER =7, 2% W VR DA JES 308 1) TOU 47 1 sk o e ke, T 308 2 kg A DT SR 2, B o ) B Tt 08 % 7 11 2
FLARJZC Forr, 3 FhoK A2 2800 2L Ak T T A s i R B bl K 20/ N B I A : SO,4-Na AI>HCO;-Ca >
HCO;-Na B, B[R] 28 Y A0 (R 22 vy, 8 15 3 s, 5 RS 7K A 5 il A 1) % 8 2 K, YT L T AL
A IR Gk g 20031,
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Fig.2 Luminous flux of nano-emulsified oil at salt content 3.0 g-L™" under hydrochemical characteristics
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Fig.3 Partial TSI of nano-emulsified oil at salt content 3.0 g-L™' under hydrochemical characteristics

HTARAHLE, 29k R pr S AR i 2, —E R b DR E AR FLALINTE 2 £L A o b 5 15 5k
B AEAKA AR FE T g oK FL AR R TSTE AR, /2 SO4-Na 2 [ HCO3-Na Fl HCO;-Ca AU7K X 44
KFLA I AR A B R, HOAH TR FLAIh iR € . 7 3 Rk 2R BUA R b, 9K FLAL IR
TR TST AR 22 T8 L, B A4 AE X 9 K L AL T RS 35 22 52 B 5 Wi R i 3
2.2 TRAESEAFAE RS A A LA I 2 1 B3 A P Y R
2.2.1 iR AR

FER B TR YR FLAL I Y Zeta H AV EJE—16.51 mV, U B IR 2 147 £ H fo7, 177 PR 458 4 J2 pHL.
) BH 5 21 TR R 5 k2 S W) A A YRR T 114 8 T PR A AR 8 TP I, E— 2052 M 0 oK LA Tl ) S R e A 0
. K 4 W] UL, 7 HCO3-Na 5 HCO;-Ca BIZK H1, Zeta HL AV 5 & £t 2 0AH DGR, L0065 (AR G Pk
R {43514 0.93 1 0.96; 7F SO,-Na /K Hr, Zeta B4 5 7 £h 0 5 IE A 6, R* {4 0.84. HCO;-Na 5
HCO;-Ca BUAHLL, BHES T AN, H Zeta HAEEEEH— 2 HCO5-Na 5 SO,-Na BUAH L, BB 7 A, H
H SO, BUK H AN AKFLAL I Zeta FLA 268 X ELIB/ 1N, HCO5 BURY Zeta LA 48 XIS i, R WI7EK AL~ 1A
FR PP AN () B 0 4R 2 T P A A D A A ek e,
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Zeta potential/mV
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B4 JKALERRIE N AR Zeta B

Fig.4 Zeta potential of nano-emulsified oil under hydrochemical characteristics

3 PPk Ak 2E AR ZR v pH Bl B £ B A9 3G N & A= A8 4k HCO;3-Na il HCOs-Ca 4R Z v pH Fifi 7 36 2
(38 TN R AR M T, Zeta HEA 4 XHERE pH 34 i3 K (&1 5(a) A1 (b)); SO4-Na B & H pH Bl 75 £
S BEINTTREAR, Zeta HL A28 XHEFE pH FEARITTIE/N (B 5(c)), 2B Zeta FLAIZEAL T RE S5 1A R pH A7
5. P, R A B H ey A R A R T R A SR K R S B O, (K AL 2 K T 5
OHJE H A B P2, 148, HCO5 A 55 L ff 0T, FE/K W rh S2 559 01, 25 5 L B T 2 OH, 23U Zeta FL AV [
% VR, 2B AR P 5 A AR ) PHES 2500 T, S T] I3 88 X 9oK I A 1 52 il AR B, 1 FH BB
588 114 1 5 (5 R 437 3 /K JR BT B9 7K 43 F ol b, S BRI I /K A2 A8 3, ity B F g B4R SOF Rk i
fif 0T, VEFHBE 138 F HCO5, HLFE & $hid (35 i pH g A7 FEARIL 28 1 nT %0, 7E 7K Ak 244 2 s i o
FMIG pH 2 VR ik 2 11 £ P 0 55 ) D A

M (a) HCO,-Na 7 r (b) HCO;-Ca 7
-12F -12f
3 13
> —15F o~ > —15F ~
£ L E L
E 128 E o 2 &
£ 5 E
g 1sf ERE-T: £
g s = S
N s N =
1 3 11 &
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Fig.5 Relationship between pH of system and Zeta potential of nano-emulsified oil under hydrochemical characteristics
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R 3.0 gL IR R, SO, ALK H R G4 AR T RLAR 43 A ith S TE N B, H 45800 7 Bk A2 e
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Fig.6 Average size and size distribution of nano-emulsified oil under hydrochemical characteristics
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