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Abstract

With the development of oil and gas resources turning to deep, deep water, unconventional
direction, how to develop safely and efficiently under the complex geological conditions of
high temperature and high pressure in the deep layer and how to reduce the development cost
have been the main problem faced by the current deep oil and gas development. The
development of deep drilling fluid technology is the key. Being one of the important treatment
agents for drilling fluid and the focus of research, filter loss reducer can reduce the filtration
loss of drilling fluid and increase the safety and stability of drilling work. However, the lack of
understanding of the interaction mechanisms of the phases in the complex system of drilling
fluids and the mechanisms of environmental influences has long been a constraint to the
development of this field. In this study, all-atom molecular dynamics simulation, a powerful
tool for studying microscopic interaction mechanisms, was employed to address some
important mechanistic issues.

(1) Mechanistic study of severe aggregation of montmorillonite colloids due to calcium
intrusion. There is a huge difference in the ability of Na*, K™ and Ca*" to cause aggregation of
montmorillonite colloids. In the present study, we investigated the aggregation behavior of
montmorillonite particles in the three ionic environments using the free-motion
montmorillonite colloid model. Three modes of particle aggregation were found, edge-to-edge,
partial face-to-face and face-to-face, with face-to-face aggregation occurring only in the Ca®"
environment.

(2) Study of the mechanism of action between modified polyacrylamide and
montmorillonite colloids. The mechanism of interaction between acrylic acid (AA), 2-
acrylamido-2-methylpropanesulfonic acid (AMPS), N-vinyl-2-pyrrolidone (NVP) and diallyl
dimethyl ammonium chloride (DMDAAC) modified polyacrylamide and montmorillonite
colloid was studied. The results showed that the main mode of action was adsorption between
the polymer and the clay, and the adsorption was mainly aftfected by both polymer group
adsorption and polymer conformation. The adsorption is determined by the monomer
adsorption manner. The order is DMDAAC > AA > AMPS > AM > NVP, and the strongest is

the cationic monomer DMDAAC, which is able to adsorb on the montmorillonite surface.



Polymer conformation is influenced by molecular chain stiffness, group hydrophilicity,
hydrogen bonding strength, salt ions and other factors. The agglomerated polymers obviously
cannot adsorb with montmorillonite particles sufficiently. From the point of view of optimizing
the conformation, the cationic monomer > neutral monomer > anionic monomer, and the large-
volume monomers tend to be better than the small-volume monomers.

(3) Study of the anti-salt mechanism of modified polyacrylamide. The conformational
patterns of four group-modified polyacrylamide filter-loss reducers in three salt environments,
namely, no salt (low salt), high concentration of NaCl, and high concentration of CaCl,, were
investigated. The results showed that the improvement or destruction of the modified monomers
for the salt resistance of polymers is related to the electrical property of the modified monomer,
the position of the charge center, the size of the molecular volume, the molecular structure and
other factors, and the more the monomer that can enhance the chain stiffness and reduce the
inter-chain linkage, the better the salt resistance. The salt resistance was ranked as DMDAAC >
NVP > AMPS > AA.

The result of these mechanistic problems enriches and develop the understanding of the
stability of drilling fluid matrix and the mode of action between additives and other phases, and
show the potential of computational simulation methods in helping to solve the practical
problems of deep drilling, which can provide reference and help in the subsequent development
of filter loss reducers or other oilfield chemical agents.

Key words: Drilling fluid; Montmorillonite; Filtration loss reducer; Modified

polyacrylamide; Molecular dynamics simulation
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F2E DFHFEMGEEN
2.1 DFENIFERES

78 15 (Molecular dynamic simulation)3& T 4= 41 26 — @4, Bl NS T &
Fe LI B . MR XANFEAAE, 7] LR JEFAE4 I ER T aiikaSs. X8 N ANHHE
HEHEFRIAR R, MD B3R R A0z 5) 7 4 .

azri .
miﬁz Fi,l:]....N. (2-1)
BEANFE T BTS20 TN RE ALY (1, 2, oo o) IR 20T B1E
av
Fi= —a_rl (2'2)

B RE S PEAR /NI TA) 25K P[RSR X 2677 2 o SR Lh Ak R A — BUn [a],
(7 B 58 PR 52 R s EFF AR B AL, I DA — 5 BRI 1) ) o i1 A b 5 N i e SO
B IS TE) A2 A [ AL FR B & RGN . 2 WIIR I — SR 2 5, RGUEE 2B BT
P4 5 A HEAT 38, AT UMK SR A R VR 22 T

ST AN R ST DL B RE AN 4E RV . R R AR R IS
BN T R A KIS o BRI B )AL, WA e Lo 15D S
VG P, 8 AR I Hh S I ELSETE 77 IXR LR e S IE R, RN 772 —Fh
FEREYE, RAEME IS I E AT A &, 1R O R e e A & AT
EAEE, AR BT R G R TR R IR A R DL
A& BUE .

E IR A% 5 A F A7 O RS E, WEBA A IER R R4 (B NVT 20 NPT)
HORFE . FEB, R EARYE RGBT ORI

JE AV 525 A (PBC) B FH A2 0 1 8 ST IRUR ST 51 RS R SR ARE o) i, IR R 4
FARTCMR ARG, (HIHAN AT e A I RO

Ar AT R ALV AR BRAR B FIN,  BR ) J 7 () (R AH B FHYE ], 2 1 R
—EVE AR AR ELAE A, DR/ AE A BRI S5 R S RS T, LGSR FEAGTT
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2.2 = EI 1558

2.2.1 GROMACS

GROMACS(GROningen MAchine for Chemical Simulations) & FH Fif # 5 Z¢ i T Z2[5¢ Al
B g b KA TR TP IR, GROMACS & — AN T HAT 43 T8 1 B A

REEmR/IMEIIGIE . 2T KRG H KB Z 4 m h i) — M, BRI E AN
S EA MR, BRIl METRER REHRAME . XS E, $HaEmEo
P AR R HGE 9%, IF BT A I B S8R AR . B S B I RE AR
Hessian 60, ©RAIEAREE: JAXNNT (LT FEhME S L AR H
A ERAEE . Rt/ sz B fFAES 5, e Hessian 5EFEACE — M AURHMIE(E . 81X
e SR GE ] LU — AR BRI R RS 21 5 — AN R AR

G 1R AR LA 5 5 e e Bk Hiik , GROMACS Hvi FH ¥ 35 8 6 8004 Lennard-
Jones # A1 Coulomb #. XL FE B Tt R R 780 T2 M RH ELAE R g, AT
RIS

H Lennard-Jones #TEN:

12 6

V) = 4ey | (22) - (2 )

1y (1) = 4€y; — — (2-3
ij ij

Coulomb # WA

1 q;q;
Volr:) =
() 4rey &1y

T A SR Aoy RE2H, ] DAAS B R 7 A0 41 LRI [R) b g4 B AR AR .
BB R 43 J5 104 Verlet HiEA Leapfrog 5k .
i} GROMACS #47 MD #EA ) FEAR R FE a1 B 2-1 B

(2-4)

2.2.2 Clayff 113%
T R B REBANSEAA HAEES, "THTHAME RS . J13H AR
HE R ) Z B EER, E&WAFEEZT 5, H—2H Tk AR SH D

F)—HHFE (RRNBERED, o RXATEPHHNSE, B TRMAMEREITAE
GROMACS V& I, ZUEFTH 1353 st i GROMACS % e, ST E
AT H S DUARAIE B YR o
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Clayff(Clay forcefield) & — i F] T4k & R £ 4 B4 & Aok 7 [a] (0 AH TLAE Y
S Far3g. HIEIESCRRE Cygan 28 AU4F 2004 455 K 7E J. Phys. Chem. B |, #) 72 M
SRR 7/ b e ARy K N e

Clayft 7137 SR 2 ACAE T8 T 1B RS H 0 i S i At i itk AT 7 S Ee i
EEE TR YRR R BAE R . S AR IR TS RN, AT DU Hi g AR G
TARR PRI IS ST . Clayff J37 BB TR 0 P B &R 78 s, - 4
FiE 20K ZRIHERR . R E0K S S EHTE R R B AE K-S AR T B I AR A 4 5%
EN RN R T B AT SRR 0 TR, TR AR R SR AT B
ENIIFAT A

MDEHZREME

L. fmAdliasit
A R B i L o B 3% i A0 AR
WRPBATE R
PR P AT T I v

o i ST L 2, 3,448

2.18\h
{E—Eirazh
_ av
=
AT BT 2 ) i A A
Fi = EJ FIJ
I LB 2 m R M A A (T, 2, 8
o444~ B LG, ML #M0An /sl At D
] e B SR g, Shil A K sk Nt

3. WfilaR
0L BN R W e s A B T 3 5
&ry _ F
aE T
or
dri  dv,  F
FTRRrTY
4
4. METRE, GHpSER
R, WY, G, IE, TS

m;

& 2-1 GROMACS R TR
Figure 2-1 GROMACS Simulation Flowchart

Clayff £ T2 )i 3, Hrp A5 7 # IR T — H S ok fiid HAL Ao
MAHEAEA. JEEAHEAER T, {4 7 Lennard-Jones #A1 Coulomb # . T Al B AH H.
PER 71T, FE U0 FR 2R (R BN <6 IR T PR BRI B M i 1 28tk DR F At JiR U 3 2230
AR EAER, X1 Clayff /)78 5 GROMACS # & HH77E— @ WM. Ak
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JRUESCER A 5505 GROMACS BT T4 55, 7RI H A e A S A R F Y R 7
¥, W 2-1 Fios.

& 2-1 GROMACS #4724k Clayft /13555
Table 2-1 GROMACS-unitized Clayff force field parameters

Number Forcefield Element Position in lattice Charge € o
type type (e) (kJ/mol) (nm)
1 ob 0 Bridging oxygen -1.05 0.650170  0.316556
2 oh 0 Hydroxyl oxygen -0.95 0.650170  0.316556
3 obos 0] Octahedral substitution -1.181 0.650170  0.316556
bridging oxygen
4 ohs 6] Octahedral substitution -1.081 0.650170  0.316556
hydroxyl oxygen
5 oe O Hydroxyl oxygen at edges -0.7875  0.650170 0.316556
6 ao Al Octahedral aluminum 1.575 5.56388E- 0.427100
06
7 aoe Al Octahedral aluminum at edges 1.8375  5.56388E- 0.427100
06
8 st Si Tetrahedral silicon 2.1 7.70065E-  0.330200
06
9 mgo Mg Octahedral substitution 1.361 3.77807E- 0.526400
magnesium 06
10 ho H Hydroxy!l hydrogen 0.425 0.000000  0.000000

2.2.3 CHARMM Hi%

AHE T B R AP RR | CHARMM 1133817244k . CHARMM (Chemistry at
HARvard Macromolecular Mechanics P& il KAt 84022 K 0r7 058D fe—ak 2 BT
ZRTREW 7 TENEFT, B - BERERE. SRR, IR
QM/MM. MM/CG %% REH AT — R4 3 E 7B A . CHARMM 240 A Y R 4t
AR |AF BRER. Ny FEAR. R BRTRABOKAG S TR SRR
AT N . CHARMM &) 32 B TN RH A B T . CHARMM £ —&4
R B AR TR, M6 (B IFTEIEN GPUD Xyl seildthse. HAlH
Martin Karplus &5 /) — KA & N RAARGES, A 1424E 1% 14X GROMACS 7]
WZHINBEE AR, AT U5 I E GROMACS ~“F&1fi H .
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535 FHAREHERENHITR

S AT FEAR (14 73 BB SR 8 R A 2 o SHL W R 8 R 25 22 75 T ) 2 PR 7 A B S R 52
T RER)SRHAE, Schulze-Hardy U 25 H A4S 2 5~ AIEN 2 5 R S5 B LB 100:
1.6, IXRHIA SRR A ER 5 R EG I B8 0 2 IR ZE AR . H AT A48 32 3 1) DLVO 2
WA HIOW L R T TEVR 45 LA oK R BB 70 3415 o i S 36 IRk 78 KR
1 _E PR R AR N i i 30T . T SR A, SR H T ROBEAT S 7 iR ) R i ik =
WAIE. Bk, AFRM TN, A RIS 3 S B A AR R A L
i, WEas Fok B A SEIR AT TR Bt S5

3.1 IRBIRIRMSH
3.1.1 #&

AOBER o R B A AL coM B, &R A
Na“0.75[SisAl;2sMgo.75020](OH)se ARG SH N a=523 A, b=9.06A, ¢c=9.60A, W5
REFAN 0=90°, B=99°, y=90° FIKLMWIE 3-1()FT7R.

QYW

PNV, © e

(* No) @ si DAl @ Na JH

B 3-1 REERRERE. @RBAREER; O)FRBAFKTREHEE; (FBaREHER
Figure 3-1 Schematic diagram of the colloid model. (a) Crystal structure of montmorillonite; (b)
Montmorillonite nanoparticle structure; (¢) Montmorillonite colloid model

S BRI R R ] Material Studio #PFHAEE, el S ds T e — D28 K
Ik R, Y AC T B D) H EARZI0N 6 nm (5ATRURL, 1K P4 i T i e B
IR AEAL FLSE I S MATIL Z i 0o [RGB RL RLE i FRBE L B, RN RAEA 2
FHAR BT 0K FR) 3 2 Wi Ak FH S B2 R 5 DL P FL T o 52 T A RURE B b B A
&, B 7 AR T SVE B R, 452005 A BRI K 3-1(b) P .
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it GROMACS H AR, 7E 11 nm* 11 nm* 11 nm [ IE 75 & 7 HHid N 4 4
T (1 SR A R, [ B ORISR (W 46 e /N AT BRI T 2 nm, SROGIERERIAE RS
ST A AR 38 51 43 BT o SR 5 Hil N — 58 R 1 B T AR 8 17K i B AL A ] 3-1(c)
PR o
3.1.2 RIEREEINEE

AT TR TR Fl GROMACS 5.1.4 S AFR5E K. SEBCA R T 13 3580k
H Clayff. /KEBRH T SPC/E. JEAEHAE H#ET & 1.2nm. A EAFEHRH PME
D5 S IR FERE 1A 8550 51K Nose-Hoover Al Parrinello-Rahman. 4 7E NPT
REFHHT. KN 1 fso BN 473K, EARBHUE RW% 3-1 fiR.

31 B RSH

Table 3-1 Parameters of the simulation system

System type Salt type Salt concentration (mol/L) Simulation time (ns) Run time
lon-free — — 210 2
— 500 1
Na* NaCl 0.5 210 2
1.0 210 1
2.0 210 1
2.0 500 1
K* KCI 0.5 210 2
10 210 1
2.0 210 1
2.0 500 1
Ca?* CaCl: 0.5 210 2
10 210 1
2.0 210 1
2.0 500 1

P %A 73 TAE R GROMACS H A/ T e il WAL 73 i 3%
43 HT R A VMD 1.9.31781,
3.1.3 [REM D FRINFEELIRE

N T RITERIORL SR A i R R S A R AR AL, FRATTEEAT TR WISy B ) AR
PURNDPRRAETN . RN 3-2 B FH 3 52 It A DKL AN JI (A AR v SR Y ) 5 4 A
. MRS T, PIANBRIAE BFAT, BOOIRIFEY 1.2 nme T 75 FRRSORL A Bt I PR i 24
bR, b5 W URL AR ft i 1 PR ] DADRAIE A% Bl I R AT T 5 ROk 1) 747 I B EE & i
FULFEAAL 5 b J7 BORLE AN+ /A H A% 7 A1 A2 5] B & 148 10 nm* 10 nm*5
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nm - DLy GRAS Y ) R ST AR AN S M 1 RAE IAERA 1 o B3 5 S R A1 R0 ] 2 A 2]
2.5nm WEH . SR A NAESIERE P B 5, BEAT P UCRFEARA, R RERAE
30 nso %, I REHUE O RGBT RE R T AL

v=1 nm/ns
F=-k[vt—(d,- d(1))]
k =30000 kJ-mol™"-nm2

by

X

B 3-2 [RA#%EST 3 1 SRR 9 DL R TR S SR B

Figure 3-2 Schematic modeling of steered MD simulations and parameters for umbrella sampling
3.2 HR5TL
3.2.1 BrrafnBRE R mEN

RSB 3-3() R, PUANBORGE I 13058 17 R T — AN R
2. WSRO AT LB, TEBREA A R 2 R T KB AR, XS
SR A 45 A AR R RS, phAh, BT SEBOA BRI, DURIZAE I BRI,
RS TR T 1) A8, o b PR AL, S S A B SR N T A PR R %
ik, Rt B IR BORL A A4S Ao PBANLERE, 1 3R A A % A O A E ) 9 S —
SR PRI WA R 180° o Faz b, Rk MR T RS AR S, Bk
AT SATAT A B 3-3)MA T AR T ML R, BRI Z R A
A GANE TS REMNG GBI T . AN T R B S R A TR R
ARAGER o X RIS T AR I, (R4 B TR B R R R R R B, X125
PRI TF- 4B 1 PR/ KA A3 5 R R 4 A s T 1

Hls 43 T T SR 25 4 B 3-3(0) I, SRk Ok S DM R O ), FF LRI B P AT . AR
T V&I e iy AL, 52 i A SRS ) &M 2 ik 80 TR e T kS T TR A 0 1 e e
SR BT A i B, AR T AE M o SR T HEA 7 A 5 AT A e S 2 AR
F EESBARNCR, A IE R RREE TR TR, R R TR T . AR
BRI AEE A& PR, AT DU IR Ui e A T S IR I R e I R 5 5 . 1A

AR 1 SR 2 R (Y B ) AT 4 A ] o Jonsson 55 NI Jeb 25 R ¥ BEADL A T 1 3 Fef
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Ei o EERKIRAPRE, ROy “EEBRT” B8], XAy RAEA T 4R 13
FRA AR 2 I HIRAT A RO 1 2 45 S AU HEA 45 . we iR
FLBR AT 7 PO 58 21 (R 3 I A S5 AR S TR, BRI R M Sl R XA “ BRI 7, Fr
JEIE LI ER G R AR IR RIS HE K 7 T AR, A4 R 17 06 3 0 241 i 8] Y 1 B I8485

TS5 B 3-3(c)n, XA — s a7 A ol RO SR AR, DO ANORE DA T
AR BT R AL, TR DR IR, MRS 77 :UnT DA 46 /M i
BRI R AR, BEARRIIRE, P BURAR K 2 B B AR o XRS5 B SRy (1R 2R 455
AL S RS LS AR o WS T FBOK T ] DAt 5 88 20 £ S (14 o T L=
TR R T2 o XA A Ty 2 AT LA P FR i 0 e ) 352 i A 4R 628 50 i f 51
I BRI /N s 1 2 8] B HE S o

Platelet distance, d (nm) 2
O =~ N W h OO N ®

T T T T T T T T T
0 25 50 75 100 125 150 175 200
Time (ns)

3-3 REBBURREFHAS TFEMTEE. @UARE: O)BIEERS: OEHEHE
45 (d)AFIZRGRENT B RIRL ) P 2 B AL TR 922 1L
Figure 3-3 Schematic diagram of aggregation modes and interfacial molecular structure. (a) Edge-to-
edge aggregation (EEA); (b) Partial face-to-face aggregation (PFFA); (c) Face-to-face aggregation
(FFA); (d) Variation of particle distance with simulation time in different agglomeration modes

RNRFE LT 3R B R B AR A 3-3(d) . B %e, BTl =Rk 7 XAl fa
SE M, — B A R BIADL G5 SROBURL A AN 22 70 8. 100100 SR 45 R0 4 THI THT 28 485 1~V R £
/INEIEE SR 9 0.147 nm F10.22 nm. 0.147 nm ESBERKEIEREIN, 1 0.22 nm 2 FE
VU T AR AR RSP RS . 34, T R4S A OB 1.65 nm, B T I T 5§
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gh PRI AT B e, DRIt P B T B R R JBURE [V P 25 . 1.65 nm X 02 (] 3-4 4
KT, X AT 7T 45 R &8,

A, TN SR GERI o3 T SR 45 2 AR 1 LI SR 4 77 2, R AR I P TR 2 52 i A
KL E G 25k, R HAETCER LA B, B8 i R P AR RE oW S 3 X B FR IR 4577 20
A9 S A ORI 2 B P - 14548, 0 TRAR IR 73 BBOHE B R I AN [87], X IR
AN IV FHEIORE S SRR PELT R RE 5. A, THI T SR AR ™ B AR AR 1 43
PR R AR, KR T RE, JEUPR R . XIS B T R P E],
XYL T BT R R
3.2.2 MRHEEIER#E

T SR AL P JBIURE A 2R 225 T v (R A LA P R AR A I ] 3-4 BT o XTIl SR 4
I, FERURL Y BB RS AR R, AR ELAE AR A2 . I H Bk kA
WARITET, MRS AE 58

) S (2) ()
[} UUU
- o K
_ ° e, \ ) °
[¢) A 2500 @ i b °
£ o Aﬁﬁ% pugla. |10 250071 Cog N '\ R
S aid % 9 J. °, ' ®
2 . g L] | 2000+ LY A A QQ
= -1007 AT ggg . 0“0 “ [ L,\Q\ o®
o 500 2nnd
3 . 0 o® 1 ogqg %‘}%\ 0 A oo
g 2007 000 ®, A ?
o A 099® ' g dh A e
S 3004 o*° 500 e~ A g0
3] ) ) Ah 9 [ - e
8 40 0| A & L 00® A4
i) 004 y 00 ° \ |
= ¢ 500 n ® e IV
500-— . v : .
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B 3-4 NIRRT BLHIAE AR F REBERURL ] BE A AR . (a)iLIL KRGS, ABhamuhL e &/ N
B ()MASHERS, AMASRECEEE; (omERS, AROBRLR O R R
Figure 3-4 Interaction energy variation with particle distance for different aggregation modes. (a)
EEA, the right axis is the minimum distance between particles; (b) PFFA , the right axis is the center-
of-mass distance between particles; (c) FFA , the right axis is the center-of-mass distance between

particles

K 3-4(b) &K I # T H E a5 A SN AH IR T REAR 1k, PTRLE M, MU E & i
BV, AL — N RH BB WM . B E & AR A WS K, AR ELAE L # e+ IF
SURI G5

RIS, T SR &8 B AR LA RefE B A b 2 BLHE T, I HLREAE ORLE B2 F) k)
SREE R SR O T BEIAE) 1.87 nm B, HEFEIET 00 HR, FRATWERM
T T 2R 485 T oL BT B D 1.65 nm, X R A HE S+ REZI0 17.62 kl/mol, IX R WIAAAE—Fi
gt 0] DL IR IX A HE e /R
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100

50

n energy (kJ/mol)

& 3-5 RAERAEREREB A EERRZL. @EEERRITHEEEREE, 0 RBHANMFERAM
WL —TE A, 7RO DA —IEE 22 513 B T 50k (b)) 2R AR, MHEIEMR M
ohor [R) BE S 134k
Figure 3-5 Variation of interaction energy for a hypothetical model of edge-to-face agglomeration
mode. (a) Schematic diagram of the interaction energy calculation model, 0 is the dihedral angle
between two montmorillonite particles, the upper particle was pulled away from lower particle with a
constant velocity; (b) Variation of the interaction energy with the inter-particle distance for different
dihedral angles

H 2 2 FT B 5 R DA T SR 1 — R A5, T DU AR AL i
AW FNR AR, BA VI —PhEARBIR 57 IR 5 45 B2 A B A AR fh . 5
RN 3-5(@)fras, MHEAFHBEWE 3-50)f7n. FTLAE R, il i 51 AL Rk
N 60° BFIERIE A, {HA 150 kI/mol. 3X/ME AR T1212 5 45 R0 3 T T B 45 1 5
Reo JFH., BT IR MR R 457 AR Bl il Gk 5 @ik A 2 )= A S
B TFHER, RHERAEWMEERIN. BT LIRBIMNER, QX R RS
AT — PRI & B, TIE— M RE R .

AR BB AT B 285 SRR 1 DA 1050 5 68 R0 7 T THI SR 5 G abb P 5 ok . R 285 1ok
T rP RSORE 1R] F A L 51 4 A1 — ELIBURE LU R 7 SR AR 25 5 R AR R 4 o R
T T SR 45 1) i R BORE 1) — BLAEAE SR 7, IS RSN ) 75 Bt — i
323 HETFEESH

ARYEY HON HZ B, A RIORL & B 1) 5 20 A1 5 M UKL IR R HE e, BRI JRAT T AT
THEEN T B 3-6 F R W B ARRAE AT B T ROOUR I Z o X2 BT B T AR
RIS AT S BN Al RS AR R B, DR o] DU AL, R T B I 22,
BRG] 3-7 Frome SRR BT O LE G R BRI 78 cP e RN POERISBR 7 (881, 4pys 7 (2
BNTHE -, R Re I S BRI, SR1 B T 25 B4R ARILES, ToVETE AR € N
BRUB BT, FEAEMLAFIE NN G AR, B8 T EANANZE, SO0 AR,
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TR (R HRERIR BN 7o 3K LA ] (05 R RS AR AR H (AR R, R SR G AT 97 R E L )

M,

Number Density (nm-3)
S o
Ao .

z (nm)

Bl 3-6 BARBABRABENETERS M. SEREETRBUA TR
Figure 3-6 Ion density distribution around a single montmorillonite particle. The horizontal axis is
the coordinate perpendicular to the montmorillonite surface

B 3-7 T IRARBUE W%/ A 2 P TR A BRI M A RN = B
Figure 3-7 Schematic diagram of the configuration of potassium ions embedded in the hexagonal
cage of the montmorillonite lattice to form an inner-sphere adsorption

324 EESHEBEEFKIL

b 7 BHES TR A G oL, BHES T S AIRE AR 2, AR, BT
LAKAG B 5 BT AFAE - BITEL, BT FEAN RIS 5 KA RFAE S PR LS 5 BT a0 21
Il 3-8(b) Ao, K H AU =S R BH B 7 AR 1) 0 A B AL R, AN ES T KA AR B
/N, WEEAT T 0.234 nm, B9 7.758 85 55 1 7K AEAREE K THNES 1, 42709 0.244 nm,
WEAE N 10.869. [RINF, #H &7 EARAKKIAKMLERE, FBHEHN 027 nm, WEEHN 4.759.
W ] 3-8(a)(e)(d), WI%E, BNES 7RI/ KA I B R B K o T4 S
BN S3—J7H, SE TSRS TREZ, HEERK ST e s 5
Ry LR S AR P AR ZL s, R B U B M O B . ST A
B RS T AERK G FHAR AR E RS, BRI E RS . BLEXT G iR 1 =
FHES 7K Ak e J1FEFF 9 Ca®* > Na™ > K™
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(c) (d)

' Ca?+ '

3-8 KUBEETEHURBRIERE . @WETHRALER; b)KD>THRERETHNHEET
RIS R (OB THIZKILEM; ()BT RIKALEEH
Figure 3-8 Structure of hydrated cation and radial distribution function. (a) Hydration structure of
Na*; (b) Radial distribution function of oxygen in water (OW) to cation; (¢) Hydration structure of
Ca*;(d) Hydration structure of K*

3.25 HHEEBLEBEREE

Potential of mean force (kJ/mol)

'10 T T T T
1.50 155 1.60 165 170 175 180 1.85 1.90

Distance, d (nm)

B 3-9 RNREIBFIRSEF, RS H i RE BN R 0 7] B2k
Figure 3-9 Variation of free energy with particle center-of-mass distance in different cation

environment

WP AEAF AT, RS RS, BRI EE /N T 1.87 nm I, BEE
L [E] R R k), RIOREL () F 5 SR AR HOME G R o SRTT, 00 % 81 Py T 2R 45 UKL [|) 2R 1.65
nm. Kk, HORRRAE A ARBTRL ] #E B E Y 1.50 nmPY. B ifgtHE 4 R A 3-9
B, H2GAE 5 o B S O 52 A /KRR AL, R REAR AL B — N5 58 O 52 A7 KA 2
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Figure 3-10 Density distribution of cation, hydrogen in water(HW), and oxygen in water(OW) in the
interlayer at the free energy valleys. The green color corresponded to the Na* system, the mauve
color corresponded to the K* system, and the red color corresponded to the Ca** system
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Figure 3-11 Schematic diagram of montmorillonite-water-ion bonding mode at free energy valley. (a)
Na*; (b,c) Ca?". Light brown is the oriented layer of water molecule; dark brown is the densely-

packed layer of water molecule
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Table 4-1 Content of each group of different types of modified polyacrylamide
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Figure 4-1 Snapshot plot of adsorption of different modified groups with montmorillonite particles.
The figure shows the polymer backbone and highlights the groups involved in adsorption. (a) (b)
shows the adsorption mode of the acrylamide moiety, (b) the amino group is highlighted in the figure;
(c) (d) shows the adsorption mode of the acrylic acid moiety, (d) the oxygen atom in the acrylic acid
involved in the adsorption is highlighted in the figure
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Figure 4-2 Effect of modification ratio on adsorption amount and interaction energy between
polymer and montmorillonite. (a) The graph shows the variation of adsorption amount with the
modification ratio of AA groups; (b) The graph shows the variation of interaction energy between
polymer and montmorillonite with the modification ratio of AA groups
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Figure 4-3 Effect of modification ratio on polymer radius of gyration, solvent available surface area.
(a) The graph shows the variation of polymer single-chain radius of gyration with AA modification
ratio; (b) The graph shows the variation of polymer total solvent-accessible surface area with AA

modification ratio
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Figure 4-4 Hydrogen bonding number and interaction energy. (a) Hydrogen bonding number with
modification ratio; (b) Interpolymer interaction energy with modification ratio
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Figure 4-5 Mean square displacement of all the polymers
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Figure 4-6 Snapshots of NVP groups adsorbed to montmorillonite particles. (a) Figure shows the
state of the backbone; (b) Figure highlights the adsorption mode of NVP
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Figure 4-7 Effect of modification ratio on adsorption amount and interaction energy between
polymer and montmorillonite. (a) The graph shows the variation of adsorption amount with the
modification ratio of NVP groups; (b) The graph shows the variation of interaction energy between
polymer and montmorillonite with the modification ratio of NVP groups
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Figure 4-8 Effect of modification ratio on polymer radius of gyration, solvent available and surface
area. (a) The graph shows the variation of polymer single-chain radius of gyration with NVP
modification ratio; (b) The graph shows the variation of polymer total solvent-accessible surface area
with NVP modification ratio
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Figure 4-9 Hydrogen bond number and interaction energy (a) Hydrogen bond number with

modification ratio; (b) Interpolymer interaction energy with modification ratio
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Figure 4-11 Snapshots of AMPS adsorption with montmorillonite particles. (a) Figure shows the state
of the backbone; (b) Figure highlights the adsorption mode of AMPS
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Figure 4-12 Effect of modification ratio on adsorption amount and interaction energy between
polymer and montmorillonite. (a) Graph shows the variation of adsorption amount with AMPS
modification ratio; (b) Graph shows the variation of interaction energy between polymer and
montmorillonite with AMPS modification ratio
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Figure 4-13 Effect of modification ratio on polymer radius of gyration, solvent availability and
surface area. (a) The graph shows the variation of polymer single-chain radius of gyration with
AMPS modification ratio; (b) The graph shows the variation of polymer total solvent-accessible
surface area with AMPS modification ratio
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Figure 4-14 Hydrogen bond number and interaction energy (a) Hydrogen bond number with
modification ratio; (b) Interpolymer interaction energy with modification ratio
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Figure 4-15 Mean square displacement of all the polymers
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Figure 4-16 Snapshot plot of DMDAAC adsorption with montmorillonite particles. (a) The figure
shows the polymer backbone (b) The figure highlights the adsorption mode
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Figure 4-17 Effect of modification ratio on adsorption amount and interaction energy between

polymer and montmorillonite. (a) The graph shows the variation of adsorption amount with the
modification ratio of DMDAAC groups; (b) The graph shows the variation of interaction energy
between polymer and montmorillonite with the modification ratio of DMDAAC groups
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Figure 4-18 Effect of modification ratio on polymer radius of gyration, solvent availability and
surface area. (a) The graph shows the variation of polymer single-chain radius of gyration with
DMDAAC modification ratio; (b) The graph shows the variation of polymer total solvent-accessible
surface area with DMDAAC modification ratio
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Figure 4-19 Hydrogen bond number and interaction energy (a) Hydrogen bond number with
modification ratio; (b) Interpolymer interaction energy with modification ratio
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Figure 4-20 Mean square displacement of all the polymers
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Figure 5-2 Plot of the way ions bind to different groups and the radial distribution of group-bound
atoms as a function of ions. (a) Binding mode of Na ions with AM; (b) Binding mode of Na ions with
AA; (c) Binding mode of Ca ions with AM; (d) Binding mode of Ca ions with AA; (e) Peak position of
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Figure 5-3 Plots of AA-modified polyacrylamide in different environments solvent-accessible
surface area, radius of gyration, number of hydrogen bonds, and center-of-mass mean-square
displacement changes. (a) (d) (g) (j) is low-salt environment; (b) (e) (h) (k) is high-salt NaCl
environment; (c¢) (f) (i) (1) is high-salt CaCl, environment
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Figure 5-4 Radial distribution function plots. (a) Peak positions of the radial distribution function
of Na and Ca ions with respect to the oxygen atoms in AM and the peaks at different modification
ratios; (b) Peak positions of the radial distribution function of Na and Ca ions with respect to the
oxygen atoms in NVP and the peaks at different modification ratios

HE 5-4, F1 AA SR AREBLIEN E, NVP SO SR IR e s sh M T, B
JAI S 5 B AR AT, XK NVP SV R I AR = SR8 T A T R 3R

43



5 B AR RSBt LRI

45, RELSZABRRLR, SFEREEEPWUE, Tk M SRy E
B AR, BT DLW A B S5 I AR 8 T I AR R SRS Sy — DA, NVP
A ARIATAL ) AM JEBIE s SEE , 2D BHIE 7 REPBIATES TN EE & . X%, AM
H5ETHER RS T NVP. MIRERMESEAKE, £ 0 2 60 SitE LB, 5]
AL, ALK KE 80 LU, MEAEN AR, XU E ek b T i 3R
SN, SR NVP BRI LEE] S 8, XA SRR H T AM 1R RSN
WA NVP E: 5 FE . FIREE R PR ], 37 WA [ 0 e rpoc A F 22500 A K
DR LA 1) 73 b AU AT S 22551

400 @ 280 o) 305 m
a - . c
3801 T 270+ /" |aood
3607 260 [ |evs]
€ 240 / ‘
£340 2501 [ feeoy
@ / - /
g 320 240+ e 285
< 3004 / . 2 N
230 =/ . 2801 s
2801 - L/ .
220+ - 275+
T — — — :
27 28 26
26] © ©) ST @
2.4 ;|28
251 |
= 24] / 22] 2.4
£ 231 / A 2.3
& 22] 20 SN 22{ "
. .
2.1] 18 ) .
. LN y 2.1 ! . —m f
20 - ~ .
19 * 181 ) 20
140 160
N @ 160] . () foof = 0
120 . 140] -
_ 100 1201 AN 801
2 g0 100 e
g 80 ooj 0]
3 80 . %
40] . 401
20 o 20
- L} 1
. | 20] L N
o] o .
=20 T T T T T T =20 T T T T T T T T T T
12 28
" @ (181 « (k) . (U]
11 \ 267 * .
& 10 161 T 241 A
£ “ \ - 221
£ 9 / -‘ 1.4 ya \ -
[m} i 4 2.0
@ 8 5l
= 12 ! 1.8
7 | | b
N 1.0 \ 1.64
6 . . osl “"_ = . |14
5 " 06 " 1.24
0 20 40 60 80 100 ~ O 20 40 60 80 100 0 20 40 60 80 100
Ratio Ratio Ratio

B 55 NVP S RFIRBAET RSN RRER. FiEe. Q@ ROymss
Bl (a)(d)(@G)ATLHIFT: (b)(e)h)K)AFRE NaCl 35 ()OO NEIRE CaCL IR
Figure 5-5 Plots of NVP-modified polyacrylamide in different environments solvent accessible
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Figure 5-6 Plots of the binding mode of ions to AMPS groups and the radial distribution function of
the group-bound atoms with respect to the ions. (a) Binding mode of Na ions to AMPS; (b) Binding
mode of Ca ions to AMPS; (c) Peak position of the radial distribution function of Na and Ca ions
with respect to the oxygen atoms in AM as well as the peaks at different modification ratios; (d) Peak
position of the radial distribution function of Na and Ca ions with respect to the oxygen atoms in

AMPS as well as the peaks at different modification ratios
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different modification ratios
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NaCl environment; (c) (f) (i) (I) is high concentration of CaCl2 environment
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