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Scheme for Nanocomposite-Synthesis

%

==—

Na-MMT
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LenW
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ﬁ Distance berween
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only on the volume

fraction of clay.

J8 1. Clay M R/27| LS8 A B,

BaAge] e J2e wudtoam ol gt
F7t A QAR ez AP m >

o] 7|gEL 71& Ty FAA/ABA ] AR
Z71(>1 mm)E Wi 2AIY7IR] BARA 7]1E9]
278 37 2840 @e B2 BeALR 3

= 2Ee sa glod, 4%/97 BlA e &
2@ WPHoR 214718 BRAR AR BE
AT wske A ¥ & dE 971l

9
th oleld AEAGY] HYACEE o8 1EA
SRR % ME LR delel=s
943 BEAA7|E 228 U=E3A 8 (exfoli-
ated nanocomposites) ¢} AZ]Ao]EZ Ato]d] 1L
B2 Adr71e AL ¥ Y83 8 (intercalat-
ed nanocomposites)o|t}. 2eE]d =Bl 5
B3 A He Ao Fr uERER EFHA,
g 2 FEAY £4o] §lo] A=) A%, gas
9} liquide] =3 A7, B4, W=z, et
848 U5 50 DIy, damth 23
E3% 2141719 AlAA
‘5?7}1%‘] Ho] grfolx Qth. ¥ FMHolAd=
clay £ £/97] i AL 1g9) ATE
3 2% Aol F AFHAES FHOE V]
Fshns Bk,
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2. Claye| &4

2.1 Clay o|ui[&e| &7

Clay mwdZel yREEe 4 HzfflolE
(phyllosilicate) 24 7]¥- FZ+= silica tetrahedral
A]E$} alumina octahedral A|E&] Zgo =2 o|F

oA gledl 28 2a)l olE F MES] FEE

el F Fbe] FaE) Eevkes A A7
2b)s} 2 FZ9 kaolinite &7 AAdch &
1& 34 AAlclEY FHEE e A,

kaohmte@r‘—‘} gg 2.1 AgAlo|EL] A
Hol LAsEte] Axo] uwel pyrophylite-tale,
vermiculite, 1llite,
o 4= 9]

smectite(montmorillonite),
mica, brittle mica groupe. 2 EHHES
. 13 2(e)®} (d)= pyrophylite-tale group¥
smectite group?] F% x}ol& Ho FE=d], mont-
morillonite= pyrophylite -ZollA] octahedral 4]
Ed] APt o]2u4le] Mg?", Fe?*, Fe** o]2o],
tetrahedral AJEd] Si*t o]erjAel APT o] o]
X g FRoIvh W}E}’ﬂ AR A o2 SHES 1
ol X3y Ao wl montmorillonite
+ sl g deid, 28 93
g 237 Ysted H]FAlO|ES Aol

8 715e Yol ERAE TSt Uth
2= u]Zd|A] A FHE+ montmorilloniteo] £&
& A% o 2A, Otay-8Hy A8e] Btd+=
243 Ag 24 H7} octahedral A|Eo] &438lw
Chambers—E}%‘«] AS-d= 15-50% 7} tetrahe-
dral A|EA Y] EA8E & 5 vk 38 2e)= F
st¥l vermiculite®] T2 F H|AC]ESF Ale]
o] BEx27} hexagonal array® olFWA Mgt
ol o A¥H F2E Yt o9 A2
ulg HAdvh]s West Chester AJHol|4 LAL =
vermiculite?] FZZA], pyrophylite T A tet-
rahedral A|E 9] AR oA

omlnl:r.léhuizlﬂ

(Mg FeS.Zs Aoy Tigyn Feg.gs)(Siz.n Al ) 01,(0H),

FAo ]JX]il(lsomorphous subsitution)e] Yo
Ui 98¢ & 4 Ut 18 2(f)+ mica group
d &3t muscowt64 TERA oFH TR
KAIL(Si; Al ) O (OH),9H], & pyrophylite +%
A tetrahedral AJEQ] Si*t o]go] AIY o]2o
2 8" FEEAN dde 52 HEAole
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(o]
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S5 sodium o] 28 wIst= TS I 2
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711 dEAClE FAEE S7A 1By =
7t ARE &o]3A I Rudz Qo) E 3
A AT AF ALEEE f713A 9 2HS50|.

T&l Aol claye] #7135} we-g Aok 9
AME clayd] W& AL olsishs Aol w3,
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£ ndlz ouEl o] 83le] 9} 5242 Montmoril-
lonite= =89 AollA Fxd] wal region 1, 2, 3
o] ©AlE ¥oli=t], region 1o AN AR
He a2 fA% A d-spacingo] ~1nmdA
2.2nm= F71g) ojnf Hgo] AL AgAole
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E 1. Z84 Clay

njugte] £&75

Type Formula unit Group Series Species Structural varietes Chemical varietes®
charge (x)
1:1 ~0 Kaolinite Dioctahedral ~ Kaolinite Kaolinite
Nacrite
Dickite
b Axis disordered kaolinite
Serpentine Trioctahedral ~ Halloysite Metahalloysite(dehydrated)
Antigorite Amesite (Fe?t)
Chrysotile Cronstedtite
~0 Pyrophylite-talc Dioctahedral ~— Pyrophylite
Trioctahedral ~ Talc Minesotaite(Fe**, Fe’*, A*" H')
2:1 ~0.25-06 Smectite or Dioctahedral ~ montmorillonite Beidllite(AI** for Si**)
montmorillonite Nontronite(Fe*" for APY)
Volkonkoite(Cr®" for APY)
Trioctahedral ~ Saponite Sauconite(Zn®" for Mg®*)
~0.6-09  Vermiculite Dioctahedral ~ Vermiculite Hectorite(Li* for Mg?*)
Trioctahedral ~ Vermiculite
~09 Nllite Dioctahedral  Illite
Trioctahedral  Ledikite
~1.0 Mica Dioctahedral ~ Muscovite 2M, 3H, IM Paragonite(Na™ for K*)
Trioctahedral ~ Phlogopite 1M, 2M, etc Biotite(Fe®t for APT)
Lepidolite(Li* for APY)
Zinnwalddite(Li*, Fe?*)
~2.0 Brittle Mica Dioctahedral ~ Magarite
Trioctahedral ~ Clintonite
2:1:1Variable Chlorite Dioctahedral ~ Donbassite
Di-tri-octahedral Sudoite
Trioctahedral ~ Pennine
Clinochlore

¢ Only the more common are listed. The nature of isomorphous substitution indicated refers to the predominant cation types in-

volved.

E 2. 0|20A MEES cHEAC Montmorilonite2| 3farpz81

Type Locality Formula
Clay Spur Wyoming (Al 54Feq 16Mgo.33)(Sis, 91 Alp 09)01o(OH);
Belle Fourche South Dakota (Al gFeq 1sMgg 23)(Sis g7Aly 13)0,o(0OH),
Upton Wyoming (Aly ssFeg 21Mgg 26)(Sis, ssAlg.12)010(0H);
Bentonite Wyoming (Al seFeq g3Mgo 19)(Si3 554l 15)010(OH),
Polkville MiSSiSSippi (Ah . 39F €0.1 oMgo, 53)(Si3, 94A10_ 05)01 o(OH)z
Chambers Arizona (Al; gFeq 1sMgg 46)(Sis g4Alg 16)010(0H),
Otay Califonia (Al 3Feq gsMgo. 71)(Siz g5Aly 05)010(0H),

Z70l EAshs Fole] Faiagolnt. ubHq) Lit
T Nat9} 22 72 =719 17} o] &g i3t
I 9)¥= montmorillonite?] 7o+ ¢
=6 o|& region 2 Fgoletn Frh &
FHA7 EAE electric double layerd|
o] WA= olE clay A|EZHY] w2
gHHrt AX clay AlES 27} 7HestA Eoh &
| oluf clay AEe] wgkx Fwzr Az aE

454

(edge-to-face bond)wto] A3, o]2 <& re-
gion 2 3§ AHlolA = paste e AR 2 AF
& HolA "Huh Eo #Fo] S F7ISIH edge-
to-face bonde oF7te] Eg9 M= AAL 7}
FE], olde] el E region 3 FFolz Tt
E 49 claye] B& AF & g o8t

38| 4= clay A e 2 s Fal e 9
3 BAGEHE & g89s F& 2ot Iy Al
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E 3. FoM 210E KIS SF
Chemical formula Nomenclature Me]tl{lg References
point(C)
CH3;N'H,Cl™ Methylamine hydrochloride 228 13
CH;(CH,),NH, Propyl amine -83 14
CH3(CH2)3NH2 Butyl amine -50 15,16
CH4(CH,);NH, Octyl amine -3 15,16
CH3(CH,)¢NH, Decyl amine 13 16
CH;(CH,);NH, Dodecyl amine 30 15,16
CH;(CH,);sNH, Hexadecyl amine 46 15,16
CH4(CH,),,NH, Octadecyl(or Stearyl) amine 57 5,15,16
HOOC(CH,)sNH, 6- Aminochexanoic acid 205 17
HOOC(CH,),;NH, 12- Aminododecanoic acid 186 2,17
(CH3),NTCI~ Tetramethyl ammonium chloride >300 13
CH,4(CH,);,NH(CHjy) N-Methyl octadecyl amine 45 13
CH4(CH,);;N* (CHg)sBr™~ Octadecyl trimethyl ammonium bromide 16
CH4(CH,);;N* (CHg)sBr ™ Dodecy! trimethyl ammonium bromide 246 13
(CH5(CHy);7),N*(CH3),Br~ Dioctadecyl dimethyl ammonium bromide 13,18-20

CH3(CH2)1 7N+ (CﬁHs)CHz(CHs) zBr_

Dimethyl benzyl octadecyl ammonium bromide 20

CH5(CH,),;NT(HOCH,CH,),CH,Cl~  4is5(2-hydroxyethyl) methyl octadecyl 20-22
ammonium chloride

CH3(CHy); 4CHy(CsHsN')Br~ 1-Hexadecylpyridium bromide 69 23

H,N(CH,)¢NH, 1,6-Hexamethylene diammine 44 17

H,N(CH,),,NH, 1,12-Dodecane diamine 70 17

F 4. $204AM| M2 Montmorillonite2| ZEHSS

Region or State of X-ray diffraction Water content  Swelling pressure Nature of Interlayer forces
Stage claywater system pattern (gg™") (dyne cm™®) Repulsive Attractive
1 Solid, crystalline Sharp® 0-~0.7 ~4x10° Cation hydration Electrostatic
Very diff i icti -
5 Paste-gel ery .1 1;se 07-~20 107-10° lefgse doub‘le layer Frictional edge-to-
maxima interaction face bonds
Diffuse double layer
Only central 5 . . Edge-to-face and
3 Gel-sol > <10
el-sol scatter 20 interaction and edge-to-edge bonds

thermal motion

“ Basal spacings in this region are limited to ~2.2 nm. ° Basal spacings in excess of 4 nm.

Al clay R LE2}7} loop Fi= tailg o] FHA
3] do o Mo HEE WA 943
o] Fil(steric stabilization), T+ APl H
7to) ol5le] clay Wl Fol& (FEe Lol2)E
Bol £XAIFIH clay EW FAH+= electrical
double layerd] ¢]&ted AbzmubdaEo] LAl clay
Ao tHstg o]FA Hti(charge stabiliza-
tion). ol HFFe] TEz} Hsdo] HrlEe=
¥+ 27 interparticle bridging T double
layer repulsion Zt4d] 9]3ted clay9] flocculation
(coagulation) & FHAA HEH o= clay <A

& 9% 1 Ao gad s A4

= Ta

i ofj

DEXDED 2|8 A 10P 435 19993 89

tail groupg- o|9} #o] clay EArH 9] flocculant
o 9d3g sla k. a8l 5% kaolinite H-4kee]
43 488 RAFE 18024, polyanion<
non-ionic polymer<polycation A2 &E&A )
F2¢ Uiz ok

a7 62 clay 33 A (agglomerate)e] 7TZRE
Ha FE= 38024 clay AEY Az 2o
277t F7hete 0.05-050 i Tl BHL FA s
I v EAe] B 1-10 gm =7)9) 12)RH(pri-
mary particle) & Fd3p ojFAE] &3l 100
mmolge] SFAE oFA Foh® 3y 1=
clay &&2} f713419] chain lengthd] wai= 4-
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Kaolinite

Montmorillonite

i . > 50°N
Chlorite | Tilite i ﬁ(\\ L E
. S

{p N
?“ ki . ' a, ‘{E’ /\‘:.,a- :»,,\..5{%} —1{30°
B gl
- 011 A
I L
120° 130° 140° 150° 160°E
T3 3. S0tAoF A|"e

| clay BlHE 2xE.

Clay dispersion,

M M M M suspension, or sol
[ CHARGE STABILIZATION |
B W M

Electrolyte added

COAGULATION

Small amounts of

W M M polymer added
SENSITIZATION
o W W followed by
electrolyte

Moderate amounts
e W W" ) of polymer added
g%,
L FLOCCULATION
'/ Large amounts of
w W“ ﬁpolymer added
| STERIC STABILIZATION |

a3 4. 22X A MHE SF0l 2fEt SEA0Me
clay njH2te] 2ok st

(el

Increase in aggregation
relative to control (%)
o
o

1

1
10 100° 1002 10! 1
Polymer concentration (g/100 g)
gl 6. I2x &&H0]| kaolinitel| 2% 20| Alx=
&t (curve A, polymethacrylic acid; curve B, polyvinyl
pyrrolidone; Curve C, polyethyleneimine) .

spacing®] ¥W3}l8 HaFs 180 24 claye] %ol
¥ X 8% (cation exchage capacity; CEC value)

456

Lateral Size

Description Scale
Agglomerate 0.1-1 mm
Primary
Particles Wﬂ 1-10 pam
Crystallites 0.5-0.05 tm
2l 6. 873} clay 28 H|IQ| #=.

220}

2.00 b
~ igg [ cec=1.5meq/g
£ 1.80
£
® 1.60 } h-"} 1
§ 1401 f !/ - Lo / 1
) cec=l1lUmeq/g
& L20

180}

1.60 }

1401 I f l, 08

cec=40.
120 08 mea/e
5.0 10.0 15.0 20.0

number of methyl groups in surfactant

(a)

RN« ® ,-s:o ;' Wacey
OGS xS/

’r««(ra»\m 1@
rg. \‘k‘((r"’“‘(\kﬁ'k'v(
,, \»«u\\(\\.' S AR

(b)
= 7. Claye| &shzk 2

clayl| d-spacingdl 0O[x|
|

J18tM|2e] chain length?}
2&t:  (a) XRD an
(dashed line) 2 AlZd|0 I_'f symbol), (b) AIS#|
01 &1} snap shot &l = iz (monolayer C9, CEC
=08 meq/g; bilayer, CH, CEC—1,0 meq/g; trilayer,
C19, CEC=15meq/g}.

(=]
T
£
(e
d

o] 80 meq/100 g¢l Ao
spacing®] & Z7}8 HoFq

2571 13914 4-
ol diA

A=t
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E 6. Clay LI-SEiz Mx2}

25

(i)

H

=g of

1993

1994

1994

1996

1996

1997

(Waseda Univ.)

E. P. Giannelis
(Cornell Univ.)

E. P. Giannelis
(Cornell Univ.)

T. J. Pinnavaia
M.S.U)

E. P. Giannelis
(Cornell Univ.)
C. Deterllier
(U. of Ottawa)
0. Kamigaito
(Toyota)

Year Researcher Content Chareteristics/References
1963 D. J. Greenland Intercalation of PVA from the aqueous solution using montmo- 1S*=52 A /30
rillonite
1965 A. Blumstein Polymerization-intercalation of PMMA using montmorillonite ~ 1S=7.6 A/31
(U. of Delaware)
1973 C. W. Francis Intercalation of PVP from the aqueous solution using montmo- 1S=20 A/32
(Oak Ridge) rillonite
1974 K. K. Parikh Polymerization-intercalation of PAN using montmorillonite I1S=9.6 A/33
(Lowell)
1976 T. Sakamoto Polymerization-intercalation of polyamide using caprolactam IS=13.1 A/34
and montmorillonite treated with protonated 6-Aminocaproic
acid
1981 H. Takahara Polymerization-intercalation of polystyrene using montmorillon- 1S=~22 A/13
(Waseda Univ.) ite treated with Stearytrimethyl ammonium
1987 O. Kamigaito Polyamide nonocomposite synthesis using caprolactam and IS=51~210 A/2
(Toyota) montmorillonite treated with protonated 12- Aminolauric acid
1988 C. Kato Polymerization-intercalation of PAN, firstly for kaolinite : Kao- 1S=7.1 A/35

DMSO Kac-ammonium acetate AN-intercalation polymer-
ization(Kao-PAN)
Direct intercalation of polystyreme melts in layered montmoril- IS=~22 A

lonite using dioctadecyldimethylammonium ion as an MW=35000 and 400,000
intercalant 25 hr at 165 C/4
Montmorillonite / epoxy nanocomposite using bis(2- Step by Step Curing,
hydroxyethyl) methyl tallow-alkyl ammonium as an Exfoliated/21

Intercalant

Subambient Tg-System,
Exfoliated/36

Montmorillonite/epoxy nanocomposite using long chain(n>=
12) alkyl ammonium ion as an intercalant and jeffamin 2000 as
a curing agent

Montmorillonite/ poly(e-Caprolactone) nanocomposite using 12-
aminododecanoic acid as an intercalant

Synthesis of Kao/PEG by direct intercation of PEG melts
using Kao-DMSO

Preparation of montmorillonite/ PP nanocomposites by com-
pounding method

Exfoliated/37

IS=4.0 A,

and 3,400/38
80% Increase
in Dynamic Modulus/5

MW=1,000

¢ IS indicates interlayer spacing.

o|EF Atolo| A f7]5H4| o] v Eo] monolayerd Al
bilayer2 ool 7]QIgtct. ulzrix g2 ofo]2 X
ggo] & A%< d-spacing dol7} 100 meq/g®]
7AgllA & 4= %ol chain length7} Zhe gholl A
#AFEAY. ol clayel @9 wHF A3 {738
Ao ol WobA 47 monolayerg Y F=2
7] wj &) & chain lengthd| M E bilayerz A
ol3h= Aolth.? Bl (b)= ololl e Rapmasg
Axng A z}z} monolayer, bilayer, trilayer % &

o} & 4 gtk

% 8. NCH LI-SEH=2| AlE MEEC! timing belt

cover.

DEAET 7| A 10 E 45 1999 8€
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E 6. Clay/Nylon L}IL-=8MZ (NCH-5) 2| 2442

Specupen .. Tensile strength Tensile modulus ~ Charpy impact HDT at Rate (?f wateer
montmorillonite (MPa) (GPa) ‘strength(KJ/m?) 18,5 Kg/cmX(C) absorption 23 C,
(wt%) 1day(%)
NCH-5(4.2) 107 2.1 2.8 145 051
NCC-5(5.0) 61 1.0 2.2 89 0.90
Nylon 6(0) 69 1.1 2.3 65 0.87
R RARa L R e ez zt7 EQO}EEEQE% Zgotn|= ’?}
10l ] 4 Urii?:hﬂftﬂ A7ET AULE ¢ F
r 5 ] o} 5718 AMghe 1987 Toyota CRDLoJA 12-
& 0s ] aminolauric acid Ag]|¥® clayE o] &3l Zglo}
R 1 n= gy yx2Edes Ay 13 8
z | ] Toyota F7HE 2ldte] A% clay/Nylon 1}
g 06 2 ] E3g2 9ES A timing belt covere] <3
& 1 AR E 62 clay/Nylon teBgage] 77
5 04 ¢ - d BAE BoFETh 53] 4.2 wt% claye] B}
= 1 JANE 2AZES A3} glo] ARDEY TAA
oz 5 g7 ¢ 100% AEr F718ke =9 A9ES
[ 1 grol & 4= ITH(E 69 NCH-5). tiv]z ez dut
00 il bt ssi it ] He 7718 AR = 3R E @A

000 001 002 003 004 005006
Volume Fraction Silicate

(a)

Total path of a diffusing gas
d'=d+d L-Vf2W
d : thickness of a film
L:length of a clay
W: width of a clay
V f: volume fraction of a clay
Tortuousity factor
t=d’/d
; =1+ LVJf/2W
Y Equation for a permeability coefficient
P.=P,/t
=P, /(L+ L Vf2W)
P,: permeability coefficient of
a matrix polymer

(b)

dg| 9. Clay/poly (e—caprolactone) LI-=5Hze| $=
7| £35 (o) Y ST 2

3. 7Y Y 24

E 5¢ AF7HA] clay UEFA R AL
Bozed, clay Y=E3ae] Azge s 1960
dd) o]F2 F2 AEEHY WEe gaANYe ¢
F Urh o] Al ulEsIRZ  Delawaret)] 8]
Blumstein n147, 4£-9] Sakamoto

458

Tl Sjste] F .

F7F Aol Walrt gAY da Zades @+ 9
o}, a2l 9= vz FAle] Giannelis g4
Z3 )] ol clay/poly(s—caprolactone) ISl
e B EE sl 35719 F5E £H3
Aog ¢ 5vol% 9 clay @7}011 o)sl] 400% A
Lo 37 FAlT FF 2HE ek oe
clay vjv|@2] F2&7} aspect ratio 30~1000 I &
A FH BYY AEY FRZ Q3 379 F
AAZE ZA Fozn Exlo 3%} wolx]A

e} 3040

3HH, 19804 ) AR = §713 claydl &
B A e ARegs \:}a‘:ﬁ"g} 2o ARAH
o s&d Aoz J4dx e, sk
Giannelis w5go) o3ted Zg|2eldl 847} 3
H Aol 7Fed Aol HaHil o8 o] gse] A
@ /049 3l A claye] el & o] F2k= At
Fg=lo], 19979 UE Toyota CRDLYA maleic
anhydride-co-PP &2 & o] &3} PP w&)d
U=EFAEE /29SS 2xsidch a8 10
< Toyota A7) ofsled xety wlg] 7| F=A
B54718 Ze nEAE AA clay 2o A%
A|A old] o3l Hol Eelzzdde) AFI} &
o3t & HAAEUT o8 F A5 E e R
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‘Silicate Layer PP-MA
Steary! * Cotcmy T Ofigomer
Maleic Anhydride

Group

2} 10. Toyota SI7XI0 2l5t0d TCHE clay2Q| giE|
7|7

Aol wel) T of el FEEe} AAE o
A% Toyola AFAE LAl Bsalsh 42
o|EZFZte FmAgol Ay uE] e dlol
2 et Atk a8 118 23 299 vF
Montel North Americarte} GMAMIA FFATF
£ 5389 clay/TPO WY=ERE o]gsld 7
T2t zolel 3 Wdg AEAE A E
Bt 2otk B 78 A9 £4 I B
Batofl Ao HERA niA =B ge] A7)
T e HofFam L, o] YdE Hw 23l
Fol 3Ex #H hE 570 (Akronthd, Case
Western Reservet§ 8, OhioF#tl, Toledot)dl,
Cincinnatithgl)e] 309He] aFEZ o]FoxA
EPIC Us53A5 ZALAIZ9 2419994 29)
T2 o] FoldlA FE3 v Abglo] .

AF7HA] clay #4F ZlgEoplA F8 A7EA

LEAfnstat

12 A 10843 19999 8¢

8l 1. Clay/TPO LI-=8HHE 0125101 AIBAME H|
x| RESX 20 2 S0 Tl

L FEHow uix e A cayE ARIR
9o Al E clayde] g Aoz, 72 X-
A3)=, IR, NMR, TEM % g&4 S9 Wi
ol &sla] gt} & o2 vjAIZt FHdie] Pinavaia
248 2 FAhe) Giannellis 15 1A E o
ZAFAE o] 831 claye] A 9 el 7174
e AFTE o] o] gt E 8& hexadecyl
ammonium-& o] &3t z5}eke] 2 clay WY
A EA]g2] o] 4FQ) At Bt AFE AR 4
E"TTXLJ A Aol clay & Alelo] #7134 9
28, & 71319 27 B clay®] Astegd wet
A clay %71_}7%’47} WA R | FA|FR]7F A
& 34-35 A HEa %7‘40}711 & gopliL of
2H2E 2 129} 22 22 AA)Eh 1 & o)
ZAFA 7 AdE HAdle fr1sAe] v ol
clay AEel| Ao R H%ﬁ}o‘% clay #717=
= claye] FFle FH3l 71849 chain
lengtholl oj&) Z2A4=Eg Jeldd. O8 132 /7]
3l412] Bronsted acidityd] @W=2& claye] ¥lgla
e A ARRA, 17, 27 O}E’_«] Ag-lle %
gl7b doiuAwt 3, 48 otle] A= clay9
g7t dojux] 224 HAFEh & acidityst &

O

F2 wgyl F9e RoFEy, l S o
& clay V=584 Az F8HYU 4oz 49l
g g2 RISAZEEH Tl o)FE §

3 AE S Fustd FFto] MFYHy] wio]
1! 33 14= clayd] olen® x4 me =
20E B F& 19, propyl amine? §#7]
3 whg-g @ ¥ A (3A-mont-1x)= 16.6 A
A4 XRD s}z7} gaso] ehea we)s} dojyt
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E 7. Clay 20t DR} LI SBIRIZe| ol siges?
Company Location Polymer type Role
Toyota Central Nakakute, Aichi, Original technology developer; no current uses of
Nylon6 .
R&D Lab Inc. Japan nanocornposites
. . Nylon 6, nylon 66, First Toyota licensee and developer of nylon 6 com-
Ube Industries Ube City, Japan y y 8 Y L. velope y
nylon 12 pounds for use in timing belt cover
Arlington Focus on, but not Nanocor was created by Amcol International to de-
Nanocor Heights, limited to, nylon, velop nanocomposite technology using its own pat-
IL polyester, PP ents and nonexclusive Toyota license
. . . Participant with Magna International in study of
Dow Chemical Midland, MI Not specified pan . ag n . Y
nanocomposites use in vehicle manufacture
Middlesborough, Commercializin, clear  barrier film  usin
ICI Polyester g Polyester . & . £
England nanocomposite coating
Evaluati ites for i i d exteri
Ford Motor Dearborn, MI Polypropylene va uatlpg nangcomposﬁes or interior and exterior
automotive applications
Allied Signal Dearborn, MI Nylon 6 Holds patents on nanocomposites
. . 1 1 hnols i i -
Solutia Tnc. St. Luis, MO Nylon 6, 66, Comp?lny has.dev.e oped technology and is eyeing au
and copolymers tomotive applications
_ ‘ . . .
Claytec Lansing, MI Epoxy Startup l.)y.p.ro essor at Michigan State University;
commercializing epoxy end-uses
o Hol i ly ai i
DuPont Wilmington, DE  Fluoropolymers olds paten.t that 1s. apparently aimed at using
nanocomposites as coatings
. Conducti ly- . L L
Industrial Technology ,. . . . nducting  poly Searching for compounds with improved antistatic,
. Taipei, Taiwan mers, polystyrene, . . .
Research Institute gas barrier, and mechanical proterties
and polyester

“ Partial list of companies developing nanocomposite technology. Numerous other development programs are confi-
dential or academic in nature.

B 8. Iol2H0| L2 ClayE2| R71E & & HiZAlLX|
el ol 2 H#H3)
Clay CEC*  Air-dried  Cation Epoxy
(meq/100g) dyy, A  orientation® solvated, A
Hectorite 67 180 bilayer 353
Montmorillonite % 175 bilayer 341
Fluorohectorite 122 28.0 paraffin 337
Vermiculite 200 286 paraffin 349

“ Cation exchange capacity, meq/100g of clay. ? Ori-
entation of the alkylammonium ion under air-dried

conditions.
2 FAEE & 5 e whddl, 3A-mont-3x X
H713F ¥3-& 39 3 B9 clayel 2alvt Yolg
& AFE £ Uk o= a8 14 F olen
3 grgo] e A& FESe 3k A9 so-
dium ¢]&o] claye] walE A& 5= pinning &7
g Hol7| g FolpM
X3, Giannelis ¥4EL ZAgd 2879

A EZ Alo] 2]

A

460

A4 ¢ kinetics ¢ &)

At 28 159

o] effective diffusion

A Low charge density clay

B. High charge density clay

—— =7

o

&l 12. ™3I0 CHE clayse| |75 &

Al &2 =2 77 Hstof it 2l

oI=Al

=

rate7} FHAT EAPo] disiM APHoz 7a
e WABIIL E3F o] Fro] TER} 849 self-
diffusion rate g3 2 zlo)7} gl oz BE Zi
2B AYe dukAl gAY =M 22
3 Aol 7bede Rustiot® B 9= #7134
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v - . T
CH4(CH,),/N(CH,);"
= +
g CH4(CH,),,NH(CH,),
g
5
£ 4
< L CH4(CH, ), NH,(CH;)
o
~ CH,(CH,),,NH,;"
1 " n N
0 4 8 12 16 20

2 theta

3%l 13. §7I3tH2| Bronsted aciditydll 2= clay2)
gf2|Ent

o] FFHo XNIQEY w2 F2EAY AU
d) v|xl+= 9Ee HodF =], montmorillonite(CEC
=80 meq/100 g) ¢} saponite(CEC =100 meq/
100g)E octadecyl amineoz X3 M187}
S189] A$-dl= #7137} monolayer& &4 3}od
%7] 710l o ZelxElde] 4Qlo] Eibs
sti, F2Cl18+% fluorohectorite(CEC =150 meq/
100 g)& dioctadecyldimethy]l ammonium ©]-& 9%
2 X837 A9, o] A4 claye} o] A
38 & Zt4AA immiscible A THE] a8}
clay & Alolz9o] 491& BrFssh) wentt &
2et 9] surface coverageE o0& F UYEFH 3}
= Aol LER] AeE Ak Fa AL B
A&t vz O3 162 ZexgAe] AL
HelAd 4 & %A (poly(vinyleyclohexane),

o

Y

poly (3-bromostyrene), polyvinylpyridine, <42
PVCH<<PS<PS3Br, PVP £A)& o]4s5ld
Ad5g vlEe 2oz PVCHE F4e| Aof clay
Z Alol2 AR} ¢t H@ PVP A9 Ale 4
7t PSe] ZA9xrt X-ray w=7t zm wrpEo)
A= AR FE disorder® JHYE & 4 k.

4. X}F AT Y

Clay &4 f/771 =584 Az 71&& 97}

DEXFE I A) 10 W4 5 19999 89

131 A 3A-mont-ix
(001)
2
B
c
2
=)
S
= .
= Pristine Clay
4 166 A
(001) 10 wt% Epoxy Composite
o Py Y VU B U T T S Y WY
0 5 10 15 20
2 theta
131 A 3A-mont-3x
(001)
ke
21 604
&
f 04
2 Pristine Clay
=}
o
T
[+ K 10 wt% Epoxy Composite
A P o A
5

10 15 20

2 theta
(a)

A : Partially Exchanged Organoclays

| = = = — ]
o o
\M (H,0) | Gm %D 13
 — = = -1

Strong ionic bonding between Na* and negatively clay layers

B: Fully Exchanged Organoclays

L =

= |
— = -

Ready to form exfoliated nanocomposite

a2l 14, Clay2| ol2il
Z10f| chet 24 ().

ol THE gi2l2Tt (a)

Al

PR I |

Laand

10*

10° 10°

1A

131A

bl

a8 15. Z2|~ElH B8R AME|HOIES Ato|ze
EXt2F0| effective diffusion ratedll O|X|= =1},
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E 9. f7EHH el BR2 Rtz h2s E2|~ERS

ejs0l ojxls F&t

Area/cation, Area/chain,’ Initial galler i

OLS n/mz ' r( m? hetighf,? niny iuelf;h%c?lrller;y Net change, nm Model

M18 0.72 0.72 0.75 0.75 0

S18 0.58 0.58 0.83 0.83 0

F18 0.39 0.39 1.33 2.16 0.83 intercalated
FQ18 0.39 0.39 1.57 2.69 1.12 intercalated
M2C18 0.72 0.36 1.43 2.25 0.82 intercalated
S2C18 0.58 0.29 1.50 2.35 0.85 intercalated
F2C18 0.39 0.20 2.85 2.85 0 immiscible

¢ Area per unit cell of aluminosilacate layer is 0.465 nm? ? Gallery height= dyy; —0.95 nm.

Intensity, cps

PS/M2C18

PVP/M2CI8

PS3Br/M2CI8

| SO S B S s v

2 4 6 8 10
26, deg

KAl SM0| delsol alx|

PO S Y

24 Eeiay, dY2En], AAERAES} 2
ol FaF HHH §&eol ZidHe 7]%&’\1,
3] ohg9] 57HA] 9] AF WA AE e 7
g WA & :‘i’- A el WEAd, 94

Frigde] &4 flol Bxet Ak, gaset hqud
7 AAE, BEA, 141 olEA, ZetAAdE Y
7b Aok A% Fa A9 SEEebleE A
371 gl e Z12ATEA clay/ ol /=]
*Ji;ﬂr%‘ﬂl wE TFA] clay 3 Atel 22 A

2 clay 9] dg] 33”01] A3 AF, clay Y=
‘QXH A wrg f9HE s A, clay &4
=B g 71AH /‘é A+ Fo] Aeg=]ofo}
g Aoli, ol clay ¥4t #/F7] Y=5A A
z9 gi7leol7|= st}

4.1 ZX2d4Y 7|HS ol8%t Clay/dol2/1#
Ao S ERol e o

Clay?] +x9 7|32 AHHE Fole 47

Y Hr e 2 o r-{m
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9] alkyl ammonium o] % wEZA TEXQ]

o w2 Ag|A)|EF AleloAe] FT At
ARy JjHeg FAgorA I
Atolze] A9 +E7 A
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’é}«] —E’— el 4l wHE AT

o Mo
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Falo] AelAlo|EE Aloldf|Ae] du g w3k
T F3Pgo e afale] HAeAoER Alo|R
el 7 s Hriska HEHoR
9 g2 @A mAe dPg dsA AT
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o3l clay Yx=E=9] aspect ratios 17‘538]-_11,
ol Fxo A3 AR} VAH B 435
AT & 1@ U=EdAgY 7AH 42
dukzQl By 73l B R VA4 44 &
g 283 clay W=EIARS A, &
g@-‘ﬂ 'TEIL & 3]:)\].9] ) o]_g_ B)—-s—]r;}.'

B3 7 Fobd] AYA T84 2 $8ve IR
+ &3 2o

4.5 HotMaX] 2ok

A WL IER} AFAA fFERERE FHA /A
siA| 2 AMgE AlFEC] WF-EUH, dHEAA B
2 fEldRds Eelzagdexe Aeate W,
@Az a8 FEIdREE 2HAFA = 7PEA
F9l Aoz Bol ARREEH ol AMgEHE F
Aol 4 30~40wt% F=2A o]e} Z2 7]
AR B4& TEHN] FdME FEZFES @A
10wt% olstz2M = 7Hgatrt. 53] @ dAd&S
7HA e Fe&d¥e] Aee A/ "ollA v
aAH ez AL ok £3 ¢4E, AE
A, 7189 AR /Mg ke Bos Je 4o
A3 ARR-3E7] WlEe TR HollA wig- f
sict. &3 29 4 % A Fo) abrasioneo] ¥
g Zolgt 449 aEln HERES AEZ
54& ol&sld uEA FA9 VA, 7 FAA
AsA7le 71edE FAlE F Ae AH
<, AFEFIENAM Eejzz=dd 23R 9
E47]9] PET He 42 5744 ¢ 253}
AEAGY A dutne] FAA LR clay
A Z2)Z29d, PET Y=23A ﬂlz 71& A
To] adch AALPHA o3 HEFE
/57 YB3 Xﬂz 7] % 3
Auey 7)&olx
/97t AA “H—r -rrr’/l?f}‘:’i iLLH %
AoddA FA8 #5288 + e
ola wetA Sl LA AHLF 7]Ee
FFE viA = e

4.6 Uei~Eo} 2of

¥ dAsERll FrlEe AR, A
R clay t=dAz hAE 29 YaE
vle] 2%, AR L}]gz\a 2 vl A Sol BEAISRA}
ol JlhER 813, A%e] claye] H7lel ol sjeix
L dH2Erte] FEEFTEH I EE B
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AEY A dA=9 JEFEY oF # 2e
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