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Issues of environment, resources and energy are growing to be a major social argument on a world-
wide level. Therefore, processes and technologies for materials that require large amounts of
resources and energy and discharge large amounts of harmful wastes are difficult to put into practical
application on the industrial scale, even if the produced material is applicable to advanced industrial
products, such as nano-materials. From this issue, as one of environmentally-friendly preparation
methods of organic/inorganic nanocomposites, a new approach for the uniform dispersion of inorganic
particles into various polymer matrices in nano-level was investigated by a simple direct melt-
compounding process. In the present study, nano-sized silica particles were primarily selected as a
dispersed inorganic particle. First, loosely packed agglomerates of silica nanoparticles with low
fracture strength were prepared by controlling the stability of a colloidal silica aqueous solution. In the
next stage, some thermoplastic polymers {poly (tetrafluoroethylene-co-perfluoropropylvinylether),
high-density polyethylene, polystyrene, polycarbonate and polyethylene-polyvinylalcohol random
copolymer} were melt-compounded with the prepared loose silica agglomerates in an intensive twin-
screw batch mixer. In the case when the loose silica agglomerates with a primary diameter ranging
from 100 to 200 nm were used as a dispersed material, the primary silica particles were uniformly
nano-dispersed into all polymer matrices by the breakdown of the agglomerates by means of the shear
stress induced inside each polymer melt during the melt-compounding. The method developed in this
study that involves neither any surface modification of the dispersed nanoparticles nor any complicated
chemical reaction, is expected as the preparation process for organic/inorganic nanocomposites with low

environmental impact.
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sk EAR (EVOH) #HW5Z L& L7,

— 192 —



2. 5
21 YU BT/ WFHREEFORR
BERLIz@mn TR PO T / KiForiikicnwaid, ToMEd 229 7 2 KTEE%E
IROFFIEGRIE A, 7% TREOBEMIHREIC B T2~ ) v 7 285 FHD 2 ) h5E0REE K& <
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DY) F s KFOFEE (DECROARLEL) 212U, €OIRRETEZ D2 % ¢ 2 M 25
WOF IR EHER RS 5 2 L ailA T, KT RHEGED 20D BEN T 7o — F O
%, DLVO (Derjaguin-Landau-Verwey-Overbeek) PRGH?®7% Bl U 7-W F-RIMHAAEH T fLF
— L 2hr&imME Rt OBtk (DLVOMAMEH T 2L ¥ -l & ¥k %) /"L 7zFig. 12 Hu
T %, ZOMGGICKD &, KTFONE/ BERS T, KFEICMEM T % van der Waals 5|

by adding electrolyte ions (Approach adopted in the present study)

KReduction in E by controlling pH of the bulk solution and

l;‘-.‘E]ectrostatic Double-Layer Interaction Energy, Eg (::::::::2)

Reduction in energy barrier — Coagulation of silica nanoparticles

_ (Preparation of loosely packed silica agglomerates with low fracture strength)

Interaction Energy, E
Energy barrier
—

ol w.....:_:;:'_.._;_ = Distance between
'\< . Two Particle Surfaces, H
/ ]
' Total Interaction Energy, E; = E, + Ep (=)
I
[
; van der Waals Interaction Energy, £, (- — =)

Fig.1 Schematic illustration of energy versus distance profiles of DLVO interaction between silica particles and
principle for destabilization of the colloidal silica aqueous solution.
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Ex= medyys™In [1 +exp (~xH)] (dp>> k), Ex= medy’ y* | (dy+ Hyexp (—xH) (dy<<£") (3)
HABBAVEM S THBEY, Kk, ¢, "B XV e®iE, DHUEOFEL ¢ (F-m),
Boltzmann & $zk (1.38066 X 10% J-K*) , #axHE&E T (K), WX FKie (1.6021773X10* C), ki
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(m?*) #fWwsE, 2heh,

yp =2.303-(kT'/ e)-(pHy — pH) @

K= (2e’nyz* 1 kT)'? 5)

LFEIND, E,LED2ODIFAF—DOHE LTEINBR FRIZERT 24T X)L ¥ —E,

(D) 2, ZOMRETORET (K) ICk3 2R FAHGORES = XL X —pT (J) &HKLTE

D& RKRNBERIZH ORI &0, WK THECRORENE (il BHERS) 25iid5 2
LMWTX D,

KR TIE, WP O F 2 2 —nauf 20y ) HORFRICHERT 358K HEAE
HxrL¥—E,) #2&txx, KBIC/ER$ % van der Waals51 1 D35 v 2 &AL TH
THEREARRENT S Z L1255 Lz, BERMIZIE, RQ) ~ G268 075 K512, KK
OpH%E D) #OFERPH, (K21 ~ 15W) (SAED KHITHBL, S5 ICEMEA AV
WEAREME 22L&, EAKEICIKT S5, ThoDBECKD, KFBICERT
ZMEAERDON, BERNOFG PN E L &0, KrOBEOYIT & & % 2 AR
Mz AL ¥ — Okl (= 0¥ —[EEE) E, KR TS20T, & (i)
MBS NS, F72, pHIREIZK D ) #RENZH T 2 AEAHEOHAIIKIZIDT 5
728, WEBREA LY (BEIFA V) 2052V AKTFROT) v Ok L)
DB A KIFIZHIRT 2 Z 124559, ZOREEL LT, BRI TEROZEMERT 53K
Tr oy bT = oBEEEERT B KISV ) AR T ARET AL TREINSE, ZOKSICLT,
T v & LR TR D 2 SR CICR RIS & A3 2 IREEEM O TR & A7z,

(2 YV AhF/ NFRREFDRRS E

2 KA OGO IS X % Fig. 210187, P —XKiffd, .28 12 ~ 190
nmOHRO T T A Ly ) HAKERE (V) VL) ZFERE L THY, ZOERIS, FiED
) H DK% (KBr/Si0,) = 0/100 ~ 85/15) & 7% & 5 A& L 7= KBr 2 W5 f# X &
7z (HEER ANOBREA 4 V). 208, WERAFNTS2ZEICkpHAFEL T, K
SYBIUE % 353 K CRER A ISR & B 7=, o N5kl (V) 7 F 7 K1 & KBrOFERIRA)
%15 K2 353 KOWAKIZIR L THUEIZ &K D KBrifk s DA &G E L7z, AKEFREMTH 5

— 194 —



Evaporation
—— of solvent
atISIK

Aqueous solution Mixed solution of _ Dried powder + Loosely packed silica
of colloidal silica | KBr & colloidal silica KBr & colloidal silica G‘I'I;‘:l;nlar nmpl.r_-ll of agglomerate of nanopa rticles
Eﬂmﬂ i mﬂpﬂm: es - .
‘ ~ | & KBr mixture with large numbers of voids
A ot Leached KBr
b0 Kol in heated water

of KBr

Fig. 2 Schematic illustration of the preparation method for the loosely packed silica agglomerates
with large numbers of voids.

YU A F R OREW A HEL T, 393 KC3RERIMEL - HARMEL T, V) h R TEEE
REMG7z, SEERICOWTE, EEME P (SEM) #l55 KOERT 2WEEIC LS
Heakimifg,/ ML e % 47 - CORFRCPIRES (FLEGE) ZaFfli L7z, &7, BUNEMGEERIC
KO EEARO RS S MIE L, IR ORI & 17 - 72,
22 AREHICL AEAFMEES Y HF/ RFEEEGADIL KD v ME

TR L 722 ) A F 2 K FEREEE R & AR TR R & L2 &MES THRONXL » Fd 50
IR ETERAMKE L5 XS ZhEThMEL, ZORAWE 28/ y 73 F9— (CREER
FESUERT 5L LABO PLASTOMILL, 3 %4 — & 4 7 | KF70 & %\ &R LABO PLASTOMILL /1,
IFH =447 KF6) WITHEAL TRMAT - 72, WHMEHEO—FlE LT, dg.=190 nm®D ¥
VAT KT ERERESES TR EDT YRy MLARAZBAD LD % Table 112F &9
TR, WG TN ATBE 2B D @SS A5 U, 22 DRI L 2 ikEEERIC Z ol )
DB 5 &5 M § 5720, BREEHOBMES TORES LI+ —Du—4 —
EHRB ORI E L 72 REBRTHFE U@ TR O ERINGE 35T Hs s 8k & < & 512
U 7= WS 2 BIIIE ) & B A MEIEIC S 20T, v— 2 —OREKE AL T5ZLI0&
DEWEENIL 2R 2N TEL LTINS (Bid350) ~ ADBHOZ L), LirLk
Mo, =4 — AR THER X 2 & I 59— NI EA K RIZRA U CIE S 7 AR O i
DL 55, MBORENEL &2 ERENME T 2720, WHIZWERINE 5 TR O 5T HE 1)
ME T 2REREHLS ., ThoDBA, S, WHEARD SR I 2 IREE R 5 720, —
HEOT— 4 — [ TR 2D TId A<, 3~ 4rps (180 ~ 240 rpm) 0D i[RIz H & CTRERER]
(¥920 s) WAL 728, 0.33 rps (20 rpm) OKEIEGEE T OB R (180 ~ 240 s) EAHT 2
BEE 1Ny FH 720 BRI DR LT, BIFRREOME & ESOPGIE & Sy RE O R 1255
Wi, 727U, HDPEAZ~ F ) w7 2L L THWZEAIZIRD , v—% —%5 rps (300 rpm) O
—E Al O F TR L 72,

Table 1 Conditions of melt-compounding process of various polymers with prepared loose
agglomerates of silica particles with dj, g, = 190 nm.

Intensive batch mixer used| Volume fraction| Temperature of Polymer at initial | High rotation-rate condition | Low rotation-rate condition | Number of cycle

Polymer i cys .
YT for melt-compounding | of silica / vol.%| stage of melt-compounding / K. | Rotation rate / rps | Time / s| Rotation rate / rps | Time /s| per 1 batch
———=
PFA LABO PLASTOMILL 2.8-14.4 613 4 20 0.33 240 5
(EF70-model) 27.1 618 3.33 20 0.33 180 4
LABO PLASTOMILL — —

HDPE (KF6-model) 5.0 423 5 300 1

PS LABO PLASTOMILL 2.5 443 333 20 0.33 180 4

PC (KF70-model) 1.0 513 3 20 0.33 180 4

EVOH 27 463 3.33 20 0.33 180 4
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H
200 nm

() d, gijica = 12 nm (b) 57 nm () 100 nm (d) 190 nm Fig. 4 SEM micrograph of selected
area of the surface of silica
agglomerate prepared from
colloidal silica solution with
dysiia = 190 nm  under
conditions of pH 9.3 and
(KBr/Si0,) = 0/100.

Fig. 3 SEM micrographs of selected areas of the surfaces of silica
agglomerates prepared from colloidal silica solutions with dy silica
= (a) 12, (b) 57, (¢) 100 and (d) 190 nm under conditions of pH 4
and (KBr/SiO;) = 70/30.
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L) FH DK EE A 353 K TR B 3BICAEEH OB DA > 22502 ) 5 2 K121k
I % E.Df %K -3 5 OBGER) T 3 L X — kT TIXICL L= E, / kT %K% | K1l phsk
HOBKELTTay b L7z, ZOEREIZIE, ) 2R FREOHMEME LT, %&EripH, 1.25
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RV, 512353 KICH 20 HUEOFFEEHR ¢ & LTHiKRDZh (HEDOFER <, = 8.854 X
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) AW ANF (RN T - B0 6 h 5, HillOaa 4 £ ) HKERD
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— RIS, TAILF —[EEENRTD 10 ~ 205 L ETh UL, K3 p )L F —FEEEA B Z CTH WIS
Bl $5ZENRTEFTRELAVEIRTNEPOT, ZOWAD I T4 ZILKEKRIE, LRD
ZEBBERERTREMEFL TS T &ICk b, —F, Fig. 60O —rigHfid, auf 4Ly
) A DARGEEE pH ADFRIFIZ L7256 %, FERiE, ZOpHIEIZIMA T (KBr/Si0,) = 70/30
D KD HUEICKBr MU 723580 E, / kRTH#IXZ Z N EIUuR L T b, pHilR 4 5 NS
KBrimfic kv, shth, ¥+ K+

ORI g3 K UDebye B & x  AEF L B PR “o prto. cars0,- 0100

T EHTBRAOT AL E— (RE)TE S | 2 B ceusiod 0o
ENBE) OFGHEOMNE 5B, = & . % StableDispersion]
AR R Y- kKT ER |

LTWd, LEBR-T, B2 5 —H iR, ; B ¥ ..“-‘Urlswble Dispersion
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DAMHET B Ut THMRISRS & Vi

FLLT, b L7z & S ICBHEROILE 2 8 o1l BT 100
LD EELZOENS, L Db, pH# Distance between Two Particle Surfaces, H/nm

i = = Y o JH A - Fig. 6 Effects of KBr-addition and pH-control on
& KBrifsMo#fE & i L 25461218, © dimensionless energy versus distance profile of

X —FERERETO 20 LI FIoF TIRIRL DLVO interaction between silica particles with
- ’ d,siica = 12 nm at the beginning stage of the
K DHE S BHE S 2 B4 5%k -TC evaporation step of aqueous solvent at 353 K.

— 197 —



VW3, 612, ZOBAEY Y HOpH, KD 10000
SEmwpHICHEHB X W -aa (4 £y ) KKK
KA BT IRETH S, ZOZMT
TThbroEEIZaa4 FRFOEZENIE
Z507T, 21(DHIOmKICHNZZLH I, K
AFvuEFLEYY AT IRT3RICH Y b T
SR 30 - (I AP E ARSI VA& Vo o
BlsfE %2 & 5728 D LRk X N3, Fig. 60

Present Work [Conditions of colloidal silica solution]
= pH 9-10 & (KBSIO,) = 0/100
(without pH-control or KBr-addition)
LEEE pH 4 & (KBH/SiO,) = 70/30 =
(with pH-control & KBr-addition)
[ Commercially Available Silica Products
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Fracture Strength, o,/ MPa
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(@) Visitica = 2.8 vol.% | (D) Vigijica = 2.8 vOL.% | (€) Vigijica = 14.4 vOL.% | (d) Vigjjica = 27-1 vOL.%

Silica agglomerate A:
pH 9.3, (KBr/SiO,) = 0/100

Silica agglomerate B: pH 4, (KBr/SiO,) = 70/30

Fig. 11 SEM micrographs of selected areas of fracture surfaces of the silica/PFA composites prepared by
melt-compounding PFA with (a, b) 2.8, (c) 14.4 and (d) 27.1 vol.% silica agglomerates with d;, sjjic, = 190 nm
at N=3.33 or 4 rps. (a) Silica agglomerate A prepared from colloidal silica solution under conditions of pH
9.3 and (KBr/SiO,) = 0/100, (b-d) Silica agglomerate B prepared from colloidal silica solution under
conditions of pH 4 and (KBr/Si0,) = 70/30.
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(a) HDPE (Vg = 5 vol.%)

(B) PS (V150 = 2.5 v0L.%)

(©) PC (Vysijca = 1 VOL.%)

(d) EVOH (Vg = 2.7 v0l.%)

Fig. 12 SEM micrographs showing dispersion states of silica particles into (a) the silica/HDPE, (b) the silica/PS, (c)
the silica/PC and (d) the silica/EVOH composites prepared by melt-compounding each polymer matrix
with 1-5 vol.% loosely packed agglomerates of silica particles with d;, jjic, = 190 nm.
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(2) d, sijica = 57 nm (b) d, i, = 100 nm Fig. 14 SEM micrograph of selected area of

fracture surface of the (Fe-oxide +

Fig. 13 SEM micrographs of selected areas of fracture surfaces of silica)/PC  composite prepared by

the silica/HDPE composites prepared by melt-compounding melt-compounding PC with 5 wt%

HDPE with 5 vol.% loosely packed agglomerates of silica Fe-oxide-supported silica agglomerates
particles with d; i = (2) 57 and (b) 100 nm. with d; sijica = 190 nm.
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