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B8 PR 1 2 Hofmeister 7 120 45 FiT I 78 AN 7] B9 - 51 2 85 (1 R 3R 14 0 AN [ T 477 19
—ANETFH, XA Hofmeister /5511, Hofmeister 551 R 1 28 & 18 ZU R 211
B, I HA R sk T A M e BT, KRBT IOANES TR AKAER . B TkIE ek
s TN R 2 T HL AR 02N Hofmeister 2S5 d i MEAE . 76 3K R b, X UBR 3
A B [FURE S 390 DR EL AR R SR, AW R R T A B AR %2 52 1
AGCKRBRLAE LA E BB PR R RAERE. BN TS S Bk S e
MR DI B S, A IR 080 4 28— ) 7 22 S 0 ks SR AR I s, 1] B 5 i s 2
THI % P 7 AU 5 48 1 B8 R S MO, SR RORE 8] AH ELAE F 0 I BRI U4 RO E o

1 AR 5k

1.1 fHiardy

A SERS T S BA A ENE K B NS YRR ET YA RAF . FREC 10 mg W 5 it
200 HIFHIZEMAT, B T84l K il 4 200 mg L™ 9 50 ml 2040 2, 7 ) B2 A 8
Wb BN 50 ml AS[EFERY LiCl. KCI. NaCl. CsCl. RaCl &, ¥ E v 10 mmol
L™, 30 mmol L™, 50 mmol L™, #¥ifEE#X LE 10 h, KiEsE 30 min, B LE
BUH R EIR 5 W TS = B b, TR RIS E AT
12 RF*

ARSI R AR 1 B (AFMD /23 E BRUKER A F]f¥) DIMENSION ICON
WITH SCANASYST %, #5%FJ& SNL-10 1) A 4t (£5:50-80 KHZ, k:0.35 NM™), % F$fih
P ELE IR KA S N 3. F AT IE R 77 i 2R R B OGO EI A B, LA 1REF R Fid K
KRR EE il /N B EEE R B . ARM BGOSR AR S I 7 SE S RE il 7E e ) T il
B0, IR AT 2 TR T SRUBURE /A 00 B2, 705 TR 500 I St 32 B 1) 52
FRRL, REEE A TE XY SPTHAS), R T R R R SR E Z T
YRI5l XFFRE AT DOk S WA ok R, B EAAE &, SRS SR, SRR E
S 50RE R 1R DT RERRAE . PRI B S A MR FE TR B SRR SOHRE R 5] 7y, R RR
NEGB 77 fem s NanoScope Analysis #0145 255 B A 70 34T 2 BT HEER B S AN & [ 70
EAETTN

2 ZR 5T

S A FEAN [ LA TR B2 1 (IR B SR B L 20 PR 40 15, I8 R 1 ) A i
it N 75 52 B A R AE AN 7] B 5 V3 W HH 1Y Height IR Deflection Error 18], I8 iX P A
BT LB L5 31 52 i A SR I B T RE R R N s ARG, BE T Height BRI HUSR it A
WL ) s AS 5E A R R THI IR B 77, SRAS RGP 70 088 1 S M R
2.1 AEIFIBFLERBRANRERLSRB TS SN

1 BRI E NaCl AL B SR A TSR, BT ay by ¢ 3 DMRAIIE
7% 10 mmol L™, 30 mmol L™, 50 mmol L™ ] NaCl AL BRI 2l A ITES: 1. 2. 3 &7
53774 Height & Deflection Error EIA1 3D B, B GHEA 5 pm>6 pm. M E AT LUK ILRE
FHIRFERIHRD, WA R S fEETEH N, IR AR R I B> Tk R
RS, 3D (&I BBk s R R RE At . JMelit, Tian 20051 0 &4 PE O UM
ARWN15 52 It A R0 S S5 e R R 45 5% (1) /K AR BT 250 SR R i o 8 13 B2 () T v T 384 m,
15 A A 2 R R TR — 35 A A AU T 70 BB W% SR A 4R R ) SR B
B AR TE R EE SR H A5 LEAS R AR ], (ER N T AR MRS B 287, AR E S5
AR F % —EL
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10 mmolLT
Y

FE: av by ¢ 93IFR 10 mmol L. 30 mmol L™, 50 mmol L™ #9 NaCl i3 IR R SRR A BRI A9 R 1.
2. 3 97779 Height [ . Deflection Error %1 3D [&] Note: a, b and ¢ depicts the morphology of montmorillonite
particles in NaCl solution 10 mmol L™, 30 mmol L™ and 50 mmol L™, respectively, and 1, 2 and 3 stands for
Height image, Deflection error image and 3D image
& 1 NaCl B R IBHREEAFAAIRZEEE GEEX 5 pmxS pm)

Fig.1Morphology of montmorillonite particles in NaCl solution (Scope of the image is 5 um x 5 pm)

2 A S I A ORE 11 SR A AR T HE 5 2 10 2 R S PR KON, RBEHE 1 2. 3 4K Uy 10 mmol
L™, 30 mmol L™, 50 mmol L™ 3 Flt A [G] 4k 2 F) L AR R TR AL BRI B2 I A RS L, 4
by c. dv e &k LiCl. NaCl. KCI. RbCI Fll CsCI 5 Fii A [ L fift Ji 15 v A 22 1 5% A TR R
%, 10 mmol L™ 130 mmol L™ LiCl. NaCl. KCI & % rh 52 i 4 Bk 1) )R~ 3t e/ T
CsCl k& (B 2), HMEAIEERDCNIOL PR, BIEERigE AFM W55, HARER
L b B R ) SR AR B L. (RIREE AR R T, R A (A AR R BN HE R 71, BURLARME &
AL, WU K 70T Be 20 AR K AR SR AR R SRy BV 14 AL B o T 7 ik FE AR R
T, BRE G RARSE, REIERT, RME5K T REAE 28 AL 5 1 5 SR 29
WIARAIE . b, Hodges ZPTERT Tt I (A B TI 5 RBURE TR b K I 409k B 11K
VT 300 T B K UKL, T YA R A S A R B /b . Cadene 4 PVEE B gt
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Na-montmorillonite 5ok R ~1 . T3 Hh 4 B0 58 i A7 Sk 76 1 mmol L'NaCl v Hh 2R3N
PRSL kL. BRI, 30 mmol L™ & & h 52 A ki %% T 10 mmol L. 7€ 10 mmol L™ ¥k &
N 5 FPH BT Cs™ A FE ) SR M A U LT B R B SRR AR L (1 2e0), HAthBHES T4k
FRI 52 A0 R AL T BORAS . {2 RbMA R (9 2dy) #E 5 pmx5 pm [X 5 _E B0k 50 5 %
FLi*s Na's KMAR FHSEB Ak, M 10 mmol L™ A130 mmol L™ A £ Li*. Na*. K
Kb B AR 5 A R AE RO EARZEAS K AR1T, 7 30 mmol L™ ¥k R Rb* AT Cs™ab 8 ) 52 i A
FOURL HE BRI S 1) SR 1. (P 2, A P 2,0, RO 3 P K 52 T A KT SR AR FR S /T Cs™ AR R
££.50 mmol L™ fURIIRE R, Li's Na's KK R a Bk e . BRI Na
o 5 WA R () R AR R S SR T LT, (HI TR Rk, KT RbT. Cs™A & il 43 52 i A it
Fr BB IUIRES, MEINFEE K'<Rb™ < Cs*s LA 20 H1 3R B B8 706 52 it A Bk () SR SR s 3%
AR Hofmeister 2508
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.50 mmot L1

-

E 2 AEBBRERLCIEMNZRE A Height @ GEEA 5 umx5 pm)
Fig.2 Height iamge of montmorillonite in different electrolyte solutions (Scope of the image is 5 umx5
um)

2.2 SRR AR FRI IR SRR K /N G E
TEA R R RERE 1 S IR 52 B3t A ORI AN [ HRL AR J5 9 2R 4R 1 Hofmeister 2807 , R M 5 22
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B BT E BT, HTRSIE (8 2) FIFES (Section) Bl — Nk i 152
HART P (B 3). 10 mmol L™ 4 5 rp 22 i 47 ks i B2 78 1 nm 224, BRI 2 o i Na®s
K'. RO“ERZA PR 1 nm, REABFAIRE, M CsARPBRIRAE TR RE.
30 mmol L R & Li*s Na*s K'. Rb*fA R T IS 0A Bk AL 1~1.5 nm JSE A, 1 Cs”
R & RS A Bk AR 27 nm. 456K 2, Li's Na' K& & h A 552 i A ks L B 58
SEAK, T RO A 2 o BB T 1) SR AR A I, Cs™ ik B[R] o A T 1) A i) 8 4 . 50 mmol
LYk Z&r, Litk &b 52 A ORI s BELE 0.7 nm A Aa, Na™ A 2 rb 52 Bt A Sk i i 40 A 48
0.8 nm A7 . KM & A 52 i A ik v FE R 7 2 nm, 3E— 2D i B KA & B B SE  & n
R . RO R AP S2B A BRI B LE 2~14 nm 2 [a], M SEMA KA T 5mFI R E, I
Al & I K AIE 10 B4 . Cs™ R, SR O SRAENS U sE In i &, ki s s ) T
60 nm LI,

l 10 mmol L* 30 mmol L™
30
£ =
.% %
* I
2 i
= i
240
KA Length (nm) KJE Length (nm)
70 50 mmol L™
g —=—Licl
bt ]\ —a NaCl
5 f —s—KCl
= / \
T \/ \ —v— RbCI
*”
[ \ —&— CsClI
w12 /‘ \
Eoep) /R
st X /7\4 \\ \
v] v y/ § ,‘ v 4Ty
I e N e = 20N .
0 150 300 450 600 750

KJE Length (nm)

& 3 R [E 2 L1240 B R FURI £ E [E]
Fig.3 Sectional view of the particles at the position of red-line in Fig.2

1 BoRfE—E m e E NS A PR SR . 10 mmol LA &P, Li'. Na'. K4t
TH IR Z2 A kL = FE ) 90% 0 A 7E 0.6~1.1 nm Z Ja], Rb™& & Bk = 2 /045 76 1.1~2.0 nm
28], T Cs™A 2 v 52 A WUk i B A B0 /3 AR 7E 2.0~3.0 nm 2 J&] . 30 mmol L™ & & Li*s
Na*s K43 52 A ks e P B0 AR 7E 1.0~2.2 nm 2 [, Rb*FF/MARTE 1.0~6.0 nm 2
6], 1M Cs™A 2 Hh S WA s i B 32 B0 A 7F 6.0~50.0 nm 2 [A]. 7EARIREH LIty Na's K
PR AR H I SR (R SR AR B O, ST [R) A A4 28 Hh 10 5 M A SR 1 v 2 AT HH B 22 5 o AL,
T 92 2% 70 BV 2 AN ) 2R 495 1 e S 2 o B ) R R 2 380 22 e, S 4 7128 28 3 G g o
5%, Balnois N3k 45 T 52 A 4015 2 %5 laponite 1955 1.2 nm, 1 oSl sy 1
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nm. LEARIRE AR 2R R 52 A R i . Li'aNa"~K'<Rb*<Cs". M #1733 50 mmol L™
PR, LR Na A 2 i 52 I A JB0RE s B2 40 A 7E 0.2~2.0 nm, K AR 52 A0 kL o FE
TP ARTE 0.6~3.0 nm, 17 Rb™E FH I 5% 5t A0 0K 2 P = 40 A 7E 3.0~5.0 nm, /D HUCR M
JETE 10 nm ZEA5, Cs™AE FH IR 58 M A 0 e B Y 459 5w, O L 58 A R v G
Li'<Na'<K'<Rb’<Cs’. K 4 RxMRBRisn REBA SN RERERRR, Hi 10
mmol L™, 30 mmol L™K Z&r Li*. Na's KA 5 i 4 Bk B RPN SR, S20 0
RLRSTHIZEA K, 5 10 mmol L™ 44 5 rh Cs™ i i (0 52 i 4 ik B 4234 31 300 nm /245, M
BT PR 2 F S R & A M ) SR EE TS, 30 mmol L AT 50 mmol L A £ P B4R 1A #1600
nm 47, FREIAE] 30~50 nm, EEH CsTAEF T S AT R H B R EE . 30 mmol L 4k
A RoER S i A R Bk, EARIEE] 400 nm, & EHAIEE 4nm 4, BBk H
PR RAE, D E4r LU SR 4, T 50 mmol L™ 4 £ rf EL4254 %) 600 nm, =i F) 15
nm, EBTE0R PR I R A . oMb, Citeau ZECUZER T 0 S I E B4R I
RLF L 80~200 nm, /bEE4MIAF] 400 nm, 54 1~2 nm. Cadene ZPIZE 1 4t Na' 52
FRRLRT S TE R R 30 B AR 0L i 2 A AE 1.2 nm oA, EAR T 2E4E 180 nm /2
Fis A A R FE R BN 0.8~2.6 nm, B4R BN 50~200 nm. it B 0k SR A DL
W9, Shn ERAERE R F) BN, % AR AR T 2 A A SR A E V) 2R 85 81 A2 -
Li*<Na'<K'<Rb*<Cs". Tian SV F e IR A 52 52 0 105858 v % B RVRE P4 8 T S 1
F 1 A EIB BRI RLCIEMN SR A B S B R
Tablel Height characteristics of montmorillonite particles in the solution relative to type of electrolyte

W ¥ Concentration 1% Height )
Cmmol L o LiCl (%) NaCl (%) KCI (%) RbCI (%) CsCl (%)
10 0.6~0.8 — 45.45 17.65 11.54 —
08~11 100.00 54.55 70.59 17.31 —
1.1~20 — — 11.76 71.15 —
2.0~3.0 — — — — 100.00
30 0.7~1.0 31.82 49.00 22.66 10.00 —
1.0~2.2 68.18 51.00 77.34 45.00 —
2.2~6.0 — — — 45.00 11.11
6.0~20.0 — — — — 61.10
20.0~50.0 — — — — 27.79
50 0.2~0.6 60 20.13 9.52 — —
0.6~1.0 26.20 66.23 35.71 1.47 18.18
1.0~2.0 13.80 13.64 44.05 30.89 9.09
2.0~3.0 — — 10.71 29.41 4.55
3.0~10.0 — — — 32.35 18.18
10.0~20.0 — — — 5.88 27.27
20.0~30.0 — — — — 4.55
30.0~50.0 — — — — 9.09
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40
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241 I
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Fig.4 Diameter-height distribution map of the particle in the solution relative to type of electrolyte

S ARG M it — 0 B R B A R R SR AR xS A (R SR ERAT R AN A o AR Al
Hashemi #1 Jungwirth 2523 m 58, MRIKEE 40 B 0BS5S B T el . 14
GOSN AKAGAE T AR 5 3 35S BEAR U M % o Citeau 25 PRI 0 45 SRR B3 K A FLGAE PO
PRSURL V) SRAE EH AT AR THT AT 325 o WA Gauss s B, AT ASA VR HH 5 A SRR T 3% 5
AEZ) 2.2>10° V m*t. SRR A RIS E BT LT M R R A SO T K T B AR
Bl 8 T T RO, SEAREOR, L T L RN, A D L TR T
= B, i DR R TR AR, TR R AR AR S SR R T FL AL, A
1T S A 7 5 b ) 5 O P SRt B S 2 i Y SR A R R s AR
HLA B R E AR T S BRI 8 T IR AR AL TARIRBE AT, TR il AR T o {2
H T T I RORL BV R AR SR FE AN [, 2 S BURAE 2 BE IR i v BR3P AE 22 07
BT 3 BB T Ja WL 21 (1 R RS AL A7 AE 22 57t o (ER AT I8 3 3 BT R 1 2 )L T AN
[ LA R IS TR R SR B MR . Y 2 S R AR, KT 0.1 mol L™ i, 0L )
(RIAH ELAT 0 620055 18 1 1 ki o AT S R AR i AR FRE Ty » DR XS 2 49 58 20 I 4 »
S EURURL R T P F A R FU B, TR SRR G OR, DRI AR S 6 2 8 1
VR0 AT RE SRS T8 1B TR R B TN AR R R 4R A A R teln, CsTAT NaAb Bt
S A RORL K SRR 22 5, BT CSTI B TR 42 KT Na', BRAE Cs™iH T = 4K,
B EKIE . CS MR TIKVE SBCOEL Cs™nl LU b 75 52 i A W0k 21T, 489 e iz
R TR, T R O R, BRI, Cs™Ab B A B2 A UL 2 1] ()5t A 4 5] Frie
Na"S5i, AT Cs" 5 Mt A1 ks SR A2 A /1 S ko
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2.3 R AMKBFR B ERNFM O R B TR MR

AR REGN R S A R 2 IR LA PRI, Morag ZEM NI AT RE R B TR S E S
BUR A SRR ELAE T B T4 MR8 . ERE, Liu 25BYRI 3 44 i i 22K Bolt* 7
0.000 1 mol L™~0.6 mol L™ FLfiftJi vt [l pA 30 5 A7 R b= ) Ca®* INa A8 48 48 PRI 6 7™ A% A1 1]
T B TR R RN AN R E B Tk . Colombo £l fi 5 5 1) 19 4R AR S M A o
ST IR AL I FIVEAE AL I E R« ARFEZ 8L DLVO(Derjaguin-Landau-Verwey-Overbeek)
BRSO ok A s T B e T A S R T, (R AN BE AR SR (1 S T
SRS R AATIURL (IR B SRR AT N2 BB ST T, KB R BB LR AT
WeAb S1Ze5om, X — MR IR RGE, 18T 77 BB 1) 77 0T AR A5G ik & 1
A E i BN, R szt il iz R T 7 SR I A5 A Ok 2 T 5 AR 2 8] (B Y 0k i
B E IR G . B 5 BRI AR 2R T 5 0 A R 28 TH0 0T ERET 1) e K B B 0 1~
B RIRBEAME T, S PR RINBEM S 25N, MR R T 2R K BRBH 7K/ 2
Li*<Na'<K'<Rb*<Cs*, ' Li*4/~N T Na's HEFEKE N 10 mmol L™ i, LiCl. NaCl A1
KCI. RbCI ¥ b3 1) 5% Bt A ks 2 1T 1Y) 5 R B /124078 5~7 nN, B FLIR IR IEETH =, AN
17, A A 3R 114D 5% A o 2 TR R 1) 86 B 388 K, I EL B 70 22 48K, i RbCl AT CsCl
A F (1 55 A O 2 T PR 1) B K a0 B 0 2 5 B K o AT S04 2R AR TR AR R PR AR R 1)
S A BRRTA N 125K, WM T AR TEG, BRIk M ZEEBOR, Mk
JE v S A R R TR B 2 857, B OO . AR, AN [R]85 A 1 52 A AR
AR ERTREB T CSTHE FERRKAETFERZ, EFETFKERN Lz KT H
m%¥ SR 1) B Tk VE 0 S Uk  URL 2 TRV B P AR K, SBR[ T LR R AR,

g8 JLN S BURLIN SREEAT it 2 B R e M RN AR T EBRIE SR

210 b )
Ao l s &
Z 20 + L™
= .
R 1
=8 *
=T 30
82 1
X 8 1
=]
% -40 - —=— 10mmol L*
= —e— 30mmol L*
50 | —A— 50mmol L*
-60
1 1 1 1 1
LiCl NaCl KCI RbCI CsCl

AR TV TR

Electrolyte solution

& 5 N [E] e B R R AL ER A SRR A TR Y B KRG
Fig.5 Maximum adhesive force of montmorillonite particles in the solution relative to type of electrolyte
3 Qn ib

ASCIEHNE T 1 B EA R . AR & AP 52 A R SRR 0L, S
FURL B AR TP AP AE SR P A I T4 VRO . PEARIR AR R rh R 2 B R AR R SR AR, BB K
FETH AT IR IR . B BUR SRR R DL SR A e tH 0 MR . S8 A UKL )
TEAR B0 TR e RN P B 5 UKL 5 Y ISR RALE, JLP 510 Li"<Na'<K'<Rb'<Cs’.
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B TR S PR RN, T SRS T A TR RS TR KIS . RS AR, BTk E Ak
PRSI 55, AFM R 0 RI0RE SR A T 350 S B 0 O 8 e e VR SBORAE R, AR T 9 52 B
FIORL ) SR ERAT i /2 18 15 A VRN SR A T BRI

SE 30k
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Specific lon Effect of Aggregating Montmorillonite

Nanoparticles
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Abstract [ Objective] The phenomenon of aggregation of colloid particles varying from ion to ion the
same in valence in solutions the same in electrolyte concentration is referred to as specific ion effect or
Hofmeister effect. In this study, aggregation of montmorillonite colloid particles were observed under
an atomic force microscope (AFM) and their adhesion force measured, in an attempt to analyze
specific ion effect of the particles in aggregation and hence to provide experimental support to
theoretical studies on interactions between ions and particles, and references for further studies on
specific ion effects of aggregating particles in strong electric fields. [Method] AFM is an intuitive
microscopic tool for studying aggregation and interaction of particles. The montmorillonite particles
that had gone through a 200 mesh sieve were added into LiCl, KCI, NaCl, RbCI and CsCl solutions 10,
30 and 50 mmol L™ in concentration, separately, and prepared into montmorillonite suspensions, which
were then dripped onto mica sheets, separately, air dried, and scanned with AFM. [Result] (1) With
rising concentration of electrolyte in the system, aggregation of montmorillonite particles occurred
horizontally first and then vertically. (2) In solutions varying in electrolyte, but the same in
concentration, the montmorillonite particles aggregation degree exhibited obvious specific ion effects.
The montmorillonite particles in all the electrolyte solutions 10 mmol L™ in concentration were all
around 1 nm in height; in the Cs" system, montmorillonite particles were about 300 nm in diameter,
and aggregated horizontally, while those in the other ionic systems were merely 100 nm, and did not
aggregate horizontally. In the electrolyte solutions 30 mmol L™ in concentration, Montmorillonite
particles in the Li*, Na*" and K* systems varied in the range of 80~160 nm in diameter, and of 1~1.5 nm
in height, indicating that Montmorillonite particles did not show any obvious aggregation process,
while in the Rb* system, they reached 400 nm in diameter and about 4 nm in maximum height, which
indicates that the particles aggregated horizontally, and vertically, too, though not much, and in the Cs*
system, Montmorillonite particles reached about 600 nm in maximum diameter and 27 nm in maximum
height, which indicates that the particles did aggregate horizontally and vertically. And in the solutions
50 mmol L™ in concentration, Montmorillonite particles in the Li*, Na*, K*, Rb * and Cs* systems
were approximate 0.7 . 0.8, 2. 2~14 and 60, respectively, which indicates that Montmorillonite
particles exhibited weak superposition in the K system, strong aggregation process in the Rb" system
with the particles vertically stacked up to 10 layers, and more significant aggregation in the Cs* system.
(3) In solutions with a given ionic concentration, the maximum adhesion force between
Montmorillonite particles and the probe varied in the order of Li* <Na* < K" < Rb" < Cs", showing
significant specific ion effects. The variation was slight when the electrolyte concentration of the
solution was low, but great when it was high. [ Conclusion] Through direct AFM observation, it was
found that strong specific ion effects existed in the aggregation of montmorillonite particles and varied
in the sequence of Li* < Na" < K" < Rb* < Cs™. The colloid particles aggregated mainly horizontally in
solutions low in ionic concentration, and then began to do vertically with increasing ionic concentration.
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The higher the aggregation degree, the higher the adhesion force.

Key words  Atomic force microscope; Montmorillonite;  Aggregation;  Specific ion effects;
Adhesion force
(TTHEE: A8 AD

http://pedologica.issas.ac.cn



