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Synthetic, layered nanoparticles for polymeric
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This review discusses preparation and use of the synthetic layered nanoparticles in polymer matrices,
i.e., in the polymeric nanocomposites (PNCs). Several types of synthetic or semi-synthetic layered
materials are considered, namely the phyllosilicates (clays), silicic acid (magadiite), layered double
hydroxides (LDHs), zirconium phosphates (ZrPs), and di-chalcogenides. The main advantage of
synthetic clays is their chemical purity (e.g. absence of amorphous and gritty contaminants, as well as
arsenic, iron, and other heavy metals), white to transparent color that assures reproducibly of brightly
colored products, as well as a wide range of aspect ratios, p =20 to <6000. Several large scale
production facilities have been established. The synthetic clay and LDH industries are oriented
toward big volume markets: catalysis, foodstuff, cosmetics, pharmaceuticals, toiletry, etc. The use of
these materials in PNCs is limited to synthetic clays and LDHs, mainly for reinforcement, per-
meability control, reduction of flammability, and stabilization, e.g. during dehydrohalogenation of
chlorinated macromolecules. The use of lamellar ZrPs and di-chalcogenides is at the laboratory stage
of functional polymeric systems development, e.g. for electrically conductive materials, catalysts or
support for catalysts, in photochemistry, molecular and chiral recognition, or in fuel cell technol-
ogies, etc. Copyright © 2007 John Wiley & Sons, Ltd.
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and three-dimensional (e.g. polyhedral oligomeric silsesquioxanes, POSS).

INTRODUCTION

The layered materials of interest to polymeric nanocomposite
(PNC) technology should have platelets from ca. 0.7-2.5nm
thick." A partial list of candidates is given in Table 1. The
average interparticle spacing between layers depends on the
extent of intercalation, and mineral concentration, generally
the higher the mineral concentration the smaller the spacing.

Since polymeric nanocomposites are mainly used as struc-
tural materials, currently the preferred layered materials are
phyllosilicate clays of the 2:1 type, more precisely smectites,
and in particular montmorillonite (MMT), and hectorite (HT)
shown in Fig. 1. Chemical structures of these clays have also
been published by Itoh et al?, and Greenwell et al3
respectively. The layer surface has 0.25 to 1.2 negative charges
per unit cell and a commensurate number of exchangeable
cations in the interlamellar galleries. For the anionic clays (e.g.
smectites) the ion concentration is usually expressed as the
cation exchange capacity (CEC), which ranges from about 0.5
to 2meq/g; for cationic layered compounds (e.g. layered
double hydroxides, LDHs; see Fig. 1), the equivalent measure
is the anion exchange capacity (AEC), which ranges from
about 0.5 to 6meq/g. The aspect ratio of commercial
MMT-type organoclay is about p =d/t~ 280, where d is the
diameter, and t is the clay platelet thickness. An average
smectite clay platelet is about 1nm thick, 150nm wide and
500nm long. The aspect ratio of commercial synthetic clays
ranges up to 6000. The concentration of such (fully exfoliated)
nano-material required for the production of PNCs with

significantly improved performance ranges from 5ppm to
about 10 wt% (for the high barrier properties).

In natural clays there are three types of primary
contaminants: presence of platelets welded together by a
crystallographic fault (frequently doublets and short stacks
or tactoids may also be present), presence of grit (ca. 0.3 to
2 wt% mostly of quartz particles at least 300 nm in diameter),
and presence of amorphous silicates. Thus elaborate
purification methods are required (e.g. see Part 2.2.3 of ref. 1).

While MMT is abundant and relatively inexpensive its
main drawback is that it is a mineral with variable com-
position, and numerous contaminants that are extremely
difficult to eliminate. The variability of PNCs has been
frequently blamed on structural (particle size distribution,
and aspect ratio) as well as chemical (surface reactivity)
variability. Consequently, there is a growing interest in
synthetic or at least semi-synthetic layered materials with
well-controlled physical and chemical properties. While the
experiments with these systems are essential for the
development of basic knowledge of intercalation and
exfoliation, only a few synthetic layered materials have been
used for the manufacture of PNCs.

The organoclays and PNCs are usually characterized by
means of X-ray diffraction (XRD), transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
methods. These tools indeed provide information about the
structure and the degree of clay dispersion. However, these
methods are unable to assess the basic forces responsible for
the dispersion, the clay/intercalant/polymer interactions.

Table 1. Layered nano-particles for the potential use in PNC

Smectite clays

Synthetic clays

Layered silicic acids

Other clays

Mineral layered hydroxides
Layered double hydroxides (LDHs)

Layered alumino-phosphates
M** phosphates or phosphonates
Chlorides

Chalcogenides

Cyanides

Oxides

Others

Montmorillonite (MMT), bentonite (BT), nontronite, beidellite, volkonskoite,

hectorite (HT), saponite, sepiolite, stevensite, sauconite, sobockite, svinfordite, kenyaite
e.g. hectorite, MgO(S5iO,)s(A1,05),(AB),(H0),, (Where AB is a ion pair, namely NaF)
Kanemite, makatite, octosilicate, magadiite, kenyaite, layered organo-silicates

Micas, vermiculite, illite, ledikite, tubular attapulgite, etc.

e.g. brucite: Mg(OH),, or gibbsite: AI(OH);

[M+2(1_X)M+3x(OH)Z]Y+(An-y/n) mHZO, e.g. Mg6 A13.4 (OH)]g.s (CO3)1.7 Hzo, or Zn6 Alz
(OH)]6 CO3 nHZO

e.g., mineral ALPO (berlinite), Al4(PO,)3;(OH); - 9H,O (vantasselite), or from hydrothermal
synthesis of H3PO4 +Al(OH); with structure-directing agents

M**=Ti, Zr, or Sn; e.g., a-form: Zr(HPO,) - 2H,O; y-form: ZrPO,O,P(OH),-2H,0; \-form;
ZrPO4XY (X and Y are anionic or neutral ligands), etc.

FeCls, FeOCl, CdI,, CdCl,

TiSZ, MOSz, MOS3, (Pbs)llg(TlSZ)z

Ni(CN),

H25i205, V(,O]3, HTleOS, Cr0.5V0.552, W0.2V2.307, Cr308, MOO3(OH)2, V205, VOPO4‘2H20,
CaPO4CH3—H20, MnHASO4—H20, Ag6M010033, etc.

Graphite, graphite oxide, boron nitride (BN), etc.

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 1. The chemical general structures are respectively for: 2:1 phyllosilicates (top) and LDH (bottom), with the
schematic representation of the tetrahedra (T) and octahedra (O) occupancies in natural and synthetic layered nano-fillers.

The rapid progress in NMR provides means for quantifi-
cation of these interactions, and thus elimination of the
guesswork in PNC formulations.

Solid-state 'H, ¥C, ®N, F, ?°Si and 3'P magic angle
spinning (MAS) NMR spectroscopy has been found useful
for measuring interactions between nuclei and between them
and the surroundings, and thus the macroscopic behavior of
PNCs can be interpreted. The chemical shift (Cs) dipole-
dipole interactions, and J-coupling are used to elucidate
electronic structure surrounding the nuclei, inter-nuclear
distances and orientation. For example, Usuki et al. demon-
strated that the tensile modulus (E) is proportional to the Cs
value of "°N in the ammonium-clay complex.* The shift also
provided accurate information about the degree of clay
hydration, the interactions engendered by intercalation and
the structure of clay-organic matrix complexes. The quadru-
pole coupling enlarged the list of nuclei to include
70, #®Na and *Al, providing means to study chemical
bonding.”

NMR has been also used to determine polyethylene glycol
(PEG) chain dynamics within the interlayer spacing of
synthetic mica/MMT.® The 'H-NMR line widths and
relaxation time versus temperature (T) were used to
determine the effect of bulk thermal transitions.” The
C cross-polarity/MAS NMR of PEG showed that these
macromolecules undergo the helical jump motion of the «

Copyright © 2007 John Wiley & Sons, Ltd.

transition—the same as within the crystalline phase. The
solid-state NMR, of 'H and C was used to study
poly-e-caprolactam (PA-6) with 5 wt% organoclay.® MMT
contained non-stoichiometric amounts of Mg>" and Fe’*
ions substituted into the octahedral layer. The paramagnetic
contribution of Fe*" ion to Ti! was used to determine the
degree of dispersion, the stability of intercalant, etc.

During the 1980s two-dimensional (2D) NMR spec-
troscopy was developed. The method originally was used
for studying the geometry of molecular dynamics. The
rotation of molecules engendered exchange peaks, from
which the magnitude of interactions and the molecular
rotation angle can be calculated.”'® The homo-nuclear and
hetero-nuclear 2D correlated solid-state NMR spectroscopy
was found to be of particular value in studies of
organic-inorganic complex structures.

Sozzani et al. determined by means of 2D solid-state NMR
the structure and interactions of the MgCl, + EtOH adduct (a
catalyst support for Ziegler-Natta polymerization).!' Closer
to the PNC technology were more recent publications from
the group.'*' The object of the study was hectorite
pre-intercalated with tetraethyl ammonium (4EA) during a
hydrothermal synthesis, HT-4EA of the formula: (4EA)¢ ¢
(Mgs5.34,Li0.66)518020(0OH, F)s with dpo; =1.47nm, in agree-
ment with the 0.6nm diameter of the 4EA ion. The
compound was studied using the 2D advanced solid-state,

Polym. Adv. Technol. 2007; 18: 1-37
DOI: 10.1002/ pat
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Lee-Goldburg homo-nuclear decoupling MAS NMR tech-
niques at the spinning speed of 15kHz and contact times 2
and 8 msec. The studies indicated close magnetic communi-
cation between C, H, and Si atoms providing evidence of
strong interactions between the organic and inorganic parts
of the HT-4EA. It is noteworthy that these interactions were
stronger than those involving N-atom. This provides further
proof that the clay-ammonium ion complexes are formed
with delocalized charge. The authors also demonstrated
porosity of HT-4EA, and its ability to adsorb gases and
vapors.

SYNTHETIC CLAYS

Synthetic clays have been used in PNCs since the very begin-
ning; in 1976 Unitika (now: Unitika Ube Nylon Co., Ltd)
started commercial production of PNCs with PA-6 as the
matrix (Nylon grade M1030D) by polymerizing e-caprolactam
in the presence of synthetic clay from COOP (now CBC Co.).
Currently, these materials are injection molded into covers
for Mitsubishi and Toyota cars as well as the bases for the
electronic control units under the hood. Table 2 provides a
partial list of synthetic clays—not all are commercially
available. The interest in synthetic layered nano-fillers is
growing. Several reviews on the preparation and properties
of synthetic clays are available, namely Barrer and Dicks,'*
Kloprogge,'” Kloprogge et al.,'® and Carrado and co-
workers.'”'® Preparation and use of LDH and layered M**
phosphates or phosphonates have also been described,
respectively, by Duan and Evans,'® and by Alberti et al.*

Synthetic clays—methods of preparation
Synthetic clays have been developed mainly in a search for
catalysts, with 2D porous structures and acidic properties,
comparable to the three-dimensional (3D) zeolites. Synthetic
smectites and related phyllosilicates have been prepared in a
number of ways, as described in numerous patents and
articles. The methods can be assigned to three categories:

1 Semi-synthetic, prepared by modification of such minerals
as, talc or obsidian. The mineral crystalline structure is
modified by partial replacement of Mg *? in the octahedral
layer by Na' or Li" (e.g. see Orlemann®'). For this
purpose Li;COj3; or Na,CO; may be used. When Na,SiF,
or LiF are used, the fluoro hectorite (FH) or fluoro mica
(FM) is obtained. The fluoride (ca. 5 wt%) partially replaces
the -OH groups on the clay surface, and thus modifies its
reactivity.”

2 Fully synthetic, where formation of layered silicate starts
with a variety of metal oxides that provide suitable com-
position, e.g. (5i4O19)> (Mge.,Li,(OH)yF,, for crystalliza-
tion of layered silicates. Several sub-categories can be
distinguished:

a The low temperature, hydrothermal process that starts
with aqueous solutions of suitable salts co-precipitated
into slurry, which in turn is hydrothermally treated
(boiling under reflux under autogenous pressure in a
sealed autoclave) for 10 to 20 hr to cause crystallization.
Washing (to remove amorphous materials) and drying at

Copyright © 2007 John Wiley & Sons, Ltd.
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110 to 25°C completes the process.”> > Furthermore, the
hydrothermal crystallization in the presence of fluoride
anions provides a fast synthetic route for the preparation
of MMT,”® beidellite, saponite,” and clay-like organosi-
licates.>

b The high temperature melt process, starts with fine pow-
ders of suitable salts (e.g. Li,O, MgO, SiO, and MgF,),
mixed in proper proportions, heated at 1300°C for 3 hr
and then allowed to cool for 10 hr. The reaction mass is
dispersed in water and the solid contaminants sedimen-
ted, yielding synthetic HT stacks of ca. 2-5nm thick, and
20-80 nm long.!

¢ Co-precipitation of di-valent and tri-valent metal ions in
alkaline, aqueous medium at T2 95°C, under flow of N,.
Considering the wide choice of metal ions (e.g. M2+ =Fe,
Co, Ni, Mg, Cu, Zn, Mn, Cd, Ba, Be, Hg, Pb, Sn, Sr,
Ca; M** = Al, Fe, Co, Mn, Ga, Ru, Cr, V, In) and that
of anions, the process might produce a great variety of the
co-organized LDHs with diverse physical and chemical
characteristics.*?

Low temperature, sol-gel method for LDH preparation
has been proposed with short time (10 to 30 min) microwave
irradiation replacing the hydro-thermal treatment. Starting
with Al-acetyl-acetonate and either Mg-ethoxide or Mg-ac-
etyl-acetonate, LDHs with different characteristics are obt-
ained.*

3 Templated synthetic, using organic templates, which after
synthesis may be pyrolyzed, or left in as intercalants
(non-commercial).!71834

As shown in Table 2, several types of synthetic clays have
been synthesized. Thus, for example, Hénin*® crystallized
MMT at T =20 to 100°C (the reaction rate increased with T),
starting with diluted salt solutions (few mg/I). Later it was
found that only at higher at high temperatures(T) and
pressures(P) MMT might be produced on a large scale. For
this reason, the commercial synthetic clays are not MMT, but
primarily FH, FM, or LDHs, all prepared at low T and P, and
which crystallize under much less rigorous conditions—the
HT synthesis takes place under aqueous reflux, at high pH,
and in the absence of AI*".

The natural HT has a significantly smaller aspect ratio than
MMT, namely p <100, but its fully synthetic homologue
prepared atlow T, e.g. synthetic FH, has even smaller, nearly
circular flakes with p =10 to 50. As described by Yano et al B
the semi-synthetic FM can be prepared with high aspect
ratio, e.g. p <6000. Similarly as it is the case for MMT (see
Fig. 1), the basic structural unit of HT consists of two
tetrahedral silicate layers that sandwich a central magnesium
oxide octahedral layer. Whereas in MMT the CEC arises from
isomorphous substitutions in the octahedral layer of Mg+2
for AI*?, in HT it originates from the substitution of Li*
for Mg "2 The fully synthetic clays prepared in the molten
state also can be produced with high aspect ratio: p <6000.
The aspect ratio of the LDH material has rarely been cited.
However, judging by the published micrographs the aspect
ratio in processed PNC is smaller, namely p <100nm.'*?
The advantages and disadvantages of natural and synthetic
clays are summarized in Table 3.

Polym. Adv. Technol. 2007; 18: 1-37
DOI: 10.1002/ pat
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Table 2. A partial list of manufacturers of synthetic clays

No. Company Synthetic clay Clay type
1 UNICOOPJAPAN, is now: CBC Co. Ltd., Mr Tetsuo Wakisaka, Somasif ™ ME100 fluoro-mica (FM) or fluoro-hectorite (FH), Montmorillonite-type; CEC =1 meq/g; doo1 =0.95nm;
wakisaka@cbc.co.jp intercalated grades are available Lucentite™ SWN is lithium pH =9-10 Na-hectorite; pH=10-11
magnesium sodium silicate; intercalated SAN and SPN
grades are available
2 Laporte Industries, Ltd., Luton U.K./SCP, P.O. Box 44, Gonzales, T Laponite LRD or RD was developed by Laporte more than Hectorite, SYnL-1; 25 x 10 nm;
X 78629 Cheryl Evans, Phone: 830-672-1997; Fax: 210-672-7206; 30 years ago, and has been manufactured at the Widnes
http:/ /www.laponite.com/ site since 1985. It is either Na-Li-Mg-silicate, or
Na-Li-Mg-fluorosilicate
3 Siid Chemie AG; Sabine Kern Mgr. Sales; Ostenriederstr. 15, 85368 Optigel SH is synthetic expandable mica; composition (%): Optigel SH is hectorite, SYnH-1; density: 2.5 g/cm’.
Moosburg; Phone: +49-8761-82-369; Fax: +49-8761-82-713; Si0,: 57-61 MgO: 25-29 Li,O: 0.5-0.9, Na,O: 2.5-3.5,
sabine.kern@sud-chemie.com, www.sud-chemie.com aspect ratio =20-50; no commercial use for polymers.
Hydrotalcite (LDH) is used as sorbent for acidic This LDH is a synthetic aluminium-magnesium-
byproducts in production of PP or PVC, but not for hydroxycarbonate,
nanoreinforcement.
4 Kunimine Industries Co., Ltd. 1-10-5, Iwamoto-cho, Chiyoda-ku, Sumecton-SA; CEC = 0.997 meq/g; doo1 2 1.3nm. Na-Saponite;
Tokyo 101-0032; Fax +81 3 3866-2256; Mr. H. Matsudo The company also produces natural MMT: Kunipia
Matsudo@kunimine.co.jp F and 3MODA-MMT, 2M20ODA-MMT Kunipia T and
Kunipia D, respectively
5 Topy Co., Ltd; 5-9, Mica division; Dr Shun-ichi OHTA, Akemi-cho 1, Li-taeniolite is no longer produced. Synthetic tetrasilicic CEC =2.6meq/g; synthetic mica
Toyohashi-shi, Aichi, 441-8510, JAPAN Phone: +81-532-25-4415; mica is produced by high-temperature melting method.
Fax: +81-532-25-4416 s-oota@topy.co.jp. http://www.topy.co.jp/ An intercalated grade of this material was developed for PP.
The aspect ratio is p =1000-5000.
6 FCC INC NO.79 Moganshan R.D., Zhejiang, China, 310005; SUPLITE-MP and -RD are sold by the tones as rheological SUPLITE-MP is synthetic hectorite;
Phone: 86-571-8805-1375/86-138-5726-7820; Fax: 86-571-8882-2631 additives for aqueous formulations, to increase viscosity and
http://www.nanoclay.net Contact: Mr Frank Lim, Business Manager.  thixotropy.
SUPLITE-RD has chemical activity, e.g. as a polymerization SUPLITE-RD is synthetic layered hydroxides (LDHs),
catalyst, or PVC stabilizer.
7 Sasol Germany GmbH; Paul-Baumann Strasse 1, D-45764 Marl, Pural MG30, MG50, MG63HT, MG70; Mg-Al type LDH with Hydrotalcite; specific surface area 16 m?/ g,
Germany. Phone: +49-2365-49-5371 marlotherm@de.sasol.com different Mg:Al ration. Mainly used as PVC stabilizer against aggregates ca. 300 nm diameter.
the dehydrochlorination.
8 Chamotte Holdings (Pty.) Ltd., 33 Louress Street, South Africa; Mg,Al-CO; type of LDH from pilot plant; synthesis based on To be used for PVC as a stabilizer against
Phone: +27 11 805-1916 mineral MgO contaminated by Al, Ca, Fe & Ni dehydrochlorination
9 Akzo-Nobel LDH Designed for PNC
10 Corning, Inc., Dr G. H. Beall (now at Southwest Texas State Fluoro hectorite, Li; 1o[Mgy gsLi1 12]SigFs or fluoro phlogopite No longer produced
University) KMg5(AlSiz0q0)F»
11 NL Industries; Baroid Division, idp@baroid.com Barasym SMM-100, composition (%): SiO,: 49.7 Al,Os: 38.2, Muscovite-type mica-MMT, CEC =0.7 meq/g;

TiO,: 0.023, Fe;Os5: 0.02, MgO: 0.014, Na,O: 0.26, K;0O: <0.01,
Li,O; 0.25, F: 0.76, S: 0.10;

SYn-1; no longer produced

Note: The three synthetic clays: SYn-1 = synthetic mica-MMT Barasym SSM-100 (250 g/unit); SYnH-1 = synthetic HT Optigel SH (50 g/unit); and SYnL-1-synthetic HT Laponite RD (50 g/ unit) are available
from: The Source Clays Repository, Purdue University. Several other manufacturers of LDH for the use as PVC stabilizer against dehydrohalogenation are known, e.g. Toda Kogyo Corp., Kisuma Chemicals

BV, Kyowa Chem. Ind.
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Table 3. Relative merits of natural versus synthetic clay

Clay Advantages Disadvantages

Natural Well-known technology; Availability;

Price: US$ 1600/ ton in 2001

Variability of composition; difficult purification;

poor reproducibility of PNC performance;
crystallographic defects that prevent total exfoliation;
variable color; used with toxic and thermally

unstable intercalants

Developing technology; crystallization control might

be difficult; limited sourcing; Price: US$ 2300/ton in 2001

Synthetic® Control of composition and shape; high
aspect ratio: p <6000; colorless and
non-toxic; reproducibility of PNC

performance

The term “synthetic” is not always exact, as some these clays are based on a mineral precursors, which may suffer from similar disadvantages as
those listed for the natural clays. For example, talc (magnesium silicate hydroxide: Mg3Si;O10(OH),) may be contaminated by serpentine,
dolomite, magnesite, quartz, pyroxenes, olivine, biotite, amphiboles, etc. Similarly, when the natural brucite, Mg(OH), is used for the production

of LDH, it might be contaminated with grits and heavy metals.

Table 4. Properties of synthetic clays from COOP

# Property Somasif™ Lucentite

1 Counterion Na* Li*

2 Particle size (um) 5to7

3 Specific surface area (m?/g) 9

4 Brightness (%) 90 < >95

5 Density (g/ml) 2.6

6 Thermal resistance (°C) 800 700

7 Cation exchange capacity (meq/g) 12 1.01

8 pH in water 9 to 10 10 to 11

9 Grades (ammonium intercalant)® ME-100 (none); MAE(2M2HTA), SWN(none), SPN(M2EPG),
(see also Appendix) MTEM30A), MEE(MC2EG), MPE(M2EPG) SAN(2M2HTA)

10 Aspect ratio, p° <6000 ~50

11 Type Fluoromica (FM) Hectorite (HT)

Note: Somasif ™ composition (Wt%): Si=26.5, Mg=15.6, Al=0.2, Na=4.1, Fe=0.1, F=8.8.
* Abbreviations of the quaternary ammonium intercalants are provided in the Appendix.

P Information provided by COOP on 18 January 2005.

Somasif and Lucentite synthetic

clays from COOP

COOQOP, then UNICO, UNICOOPJAPAN, and now CBC Co.
Ltd manufactures three types of synthetic clays: Somasif™,
Micromica, and Lucentite—the two former are semi-
synthetic, while the latter is fully synthetic.

Somasif™ and Micromica are prepared by introducing
alkali metal into interlamellar talc galleries. This is
accomplished by heating talc with an alkali fluoro silicate
for several hours in an electric furnace. When Na,SiF, is
used, the product, Somasif™, is readily expandable, high
aspect ratio phyllosilicate, with a structure similar to the
mineral MMT. The hydrophilic Somasif™ ME may be
intercalated with quaternary ammonium salts to make it
hydrophobic. By contrast, when K,SiF is used, the product,
Micromica, is a non-swellable, and has low aspect ratio,
p=220 to 40. The products are colorless. Evidently, for the

Table 5. Somasif ME and MAE (sodium fluoro mica and
FM-2M2HTA)

No. Property ME-300 ME-100 ME-100F MAE

1. Particle size (nm) 15-20 5-7 1-3

2. Aspect ratio, p >5,000 5,000 <5,000

3. CEC (meq/g) 1.10 1.20 1.20

4. Interlayer spacing, 0.95 3.1
doo1, (nm)

Copyright © 2007 John Wiley & Sons, Ltd.

application in PNC only Somasif™ can be used. Selected
properties are listed in Tables 4 and 5.

The method for producing semi-synthetic FM was
patented by Tateyama et al.>> Accordingly, a powdery
mixture of 10 to 35 wt% alkali silicofluoride as the main
component (Na,SiF, optionally with LiF) and natural talc is
heated for about 1 hr at T=700 to 900°C. The product has the
composition: «MF - B(aMgF, - bMgO) - /510, where M is an
alkali metal (Li, Na, K), and 0.1 <a<2;2<B<3;3<y<4;
a+b=1 are coefficients. For example, composition of
swellable FM may be: talc/LiF/Na,SiF,=80:10:10; or
talc/NaySiFs/ Al,O3 =70:20:10, i.e. NaMgj, 5514079 (F,OHj.o)2
with 0.8 <« <1.0. Replacing Na by K makes the product
non-swellable. Besides composition, the heating temperature
greatly affects swellability and the interlayer spacing. Thus,
FM produced at T=700-750°C shows the XRD peak at
doo1 =0.91nm, while that produced at T=780-900°C at
dpo1 =1.61 nm. Selected properties are listed in Table 4.

COOP has also produced hydrothermally a fully synthetic
HT (Lucentite) from magnesium silicates and alkali salts.
Again, the crystalline product is that of phyllosilicate, i.e.
similar in structure to MMT, with the chemical composition
of Nag33(Mgs.67Li033)514010(OH),. These low aspect ratio
materials are characterized by high brightness (transparency
in products), and low level of impurities. The hydrophilic
Lucentite SWN might be intercalated with quaternary
ammonium salts to make it hydrophobic. Selected properties

Polym. Adv. Technol. 2007; 18: 1-37
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Table 6. Lucentite SWN and SAN [sodium fluoro mica
(Na'FM), d001 =0.95 nm]

No. Property SWN SAN
1. Particle size (um) 15-20 5-7
2. Aspect ratio, p ~50 ~50
3. CEC (meq/g) 0.65 1.20
4. Interlayer spacing, dgo;, (nm) 1.27 1.79

are listed in Tables 4 and 6. The non-intercalated Na-FM
(Somasif ME) is offered in three grades: ME-300, ME-100, and
ME-100F (see Table 5). Larger talc particles are used as the
staring material for ME-300 than those for ME-100F.
Grinding ME-100 engenders ME-100F. These three grades
of Somasif differ by the aspect ratio, and by CEC. The aspect
ratio of well-dispersed ME-100 is p 225000, while ME-300 is

Figure 2. Low voltage (2kV) SEM of Somasif ME-100 (top,
5k magnification), and Lucentite SWN (bottom, 20 k magnifi-
cation). The insert in the right top corner shows the spherical
aggregates of Lucentite (diameter ~ 11 pm) at magnification
4k.

Copyright © 2007 John Wiley & Sons, Ltd.
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expected to have larger aspect ratio than that. However, since
it is difficult to disperse large clay platelets, determining the
exact value of p is not straightforward. All the grades listed in
Tables 4-6 are commercially available. On request the
company will produce clays intercalated with another
intercalant.

Low voltage SEM micrographs of Somasif ME-100 and
Lucentite SWN are shown in Fig. 2. The micrograph of
Somasif ME-100 indicates the presence of large platelet
aggregates, but as high voltage SEM showed, the individual
platelets are not very large. At the same time, the clay
contains fiber-like particles, some over 30 wm long. Since the
microanalysis reveals that the composition of clay aggregates
and fiber-like particles is the same, the difference of
morphology originates in the local diversity of crystallization
conditions. The presence of these very long fibers may
explain the statement: “During dispersion, the fairly large
isotropic mica particles of average diameter around 5000 nm
are broken down into much smaller anisotropic nanoparti-
cles resembling short fiber reinforcement of 500 nm length
and 20+50nm diameter”.”” Breaking FM plates of ca.
5000 nm diameter into 20-50 nm thick ““fibers’”” seems rather
improbable for the employed dispersing method. Further-
more, the same laboratory reported that after melt processing
Somasif ME with PP+ PP-g-MA [poly(propylene) (PP)
gratted with maleic anhydride (MA)], the FM platelets were
>750nm long and ca. 200 nm wide (hence: p > 437).%8

The SEM micrographs of Lucentite SWN have another
surprise—the platelets are supposed to be ca. 50nm in
diameter. However, as seen in Fig. 2 the synthetic clay comes
in the form of spherical aggregates, ca. 10 + 2 pum in diameter,
encrusted with crystals 1 to 3um long. However, these
crystals might be of residual water-soluble salts.

Laponite LRD or RD from Laporte

Industries, Ltd.

Laponite synthetic clays are HTs and FHs, prepared in a
reaction between Mg, Li, and Na-silicate salts, which results
in partially crystalline, monodispersed in size discs, 0.92 nm
thick and ca. 25nm long, with a density of 2.57 g/ml, and
surface area of ca. 800 m”/g. CEC of Laponite RD is listed as
0.95, while the value of CEC=0.48meq/g is published by
Kaviratna et al.** The crystalline structure is that of
tri-octahedral smectite, similar to HT.">*° Nine hydrophilic
grades are manufactured at the old site in the UK: Laponite B,
D, DF, JS, RD, RDS, S, XLG, and XLS. Grades B, DF, RD, and
XLG swell in water, while the others dissolve in it (see
Table 7). Laporte Industries does not sell organically
modified grades.

The idealized chemical formula for Laponite RD is
[(Sig(Mgs5 34Li0.66)O20(0OH)4l - Nag g6. The layered sodium
lithium magnesium silicates may be modified with F". These
clays are used in shear-sensitive, water based formulations,
e.g. toothpastes, creams, glazes, etc. The grades listed in
Table 7 hydrate and swell in water or in aqueous solutions of
alcohols, producing clear and colorless colloidal dispersions.
The standard products are also supplied with added
NayP,0Oy. Pricing and delivery time depend on the local
distributor. Their data and MSDS sheets are available from:
www.laponite.com.

Polym. Adv. Technol. 2007; 18: 1-37
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Table 7. Properties of synthetic Laponite clays from Laporte/SCP

No. Property B (FH) D DF RD (H)

2 Particle size (pm): <2% above 250 250 250 250

3 Specific surface area (m?/g) 330 370 370 370

4 Moisture (%) <10 — 3to 10 <10

5 Bulk density (g/ml) 1 1 1 1

6 Solubility in water Swells Swells Swells Swells

7 CEC (meq/g) ? ? ? 0.95

8 pH in water (2% solution) 9.4 9.8 9.7 9.8

9 Composition (wt%): S5iO, 53-55 59.3 59-60 59-60
MgO 25-26 27.4 27-29 27-29
Li,O 1.3-1.5 0.8 0.6-0.8 0.7-0.9
Na,O 34 2.9 2.2-2.9 2.2-2.9
F 5-6 0.3 0.25-0.35 —
Loss on ignition (%) 9-11 9.2-9.8 8-9 9.2-9.8

10 Aspect ratio: p=d/t 25 27 27 25-35

11 Applications Thixotrope Toothpastes Toothpastes Glazes

Optigel and Sorbacid from Siid Chemie AG
Optigel SH is sodium-magnesium silicate, used as thickener
for alkaline aqueous products (pH 6 to 13). Its composition
(in wt%) is: SiO, =57 to 61, MgO =25 to 29; Li; 0 =0.5t0 0.9;
and Na,O=2.5 to 3.5. It is a white powder, 95% passing
through 325-mesh screen; specific surface area As, =450+
50m?/g; density p=2.5g/ml; bulk density=850+50g/1;
and p=20-50. Its application is for personal care goods
(toothpaste, ointments, creams, etc.), as well as industrial,
and household cleaners.

Optigel SH does not reinforce polymers, but it may reduce
permeability. It is not used in any commercial plastic
material. Stid Chemie has two other series of Optigel gellants
for water-based systems: inorganic C-series, and organically
modified W-series (for semi-gloss emulsions). However,
both these series are based on “‘specially activated natural
MMT” with low aspect ratio. Similarly like Laponite, Optigel
forms clear, transparent gels ““with excellent brightness”’. For
the use in polymers, Siid Chemie offers a range of Nanofil
organoclays, based on natural MMT with quaternary ammo-
nium ions, e.g. di-methyl di-octadecyl ammonium chloride
(2M20DA), di-methyl-benzyl-octadecyl ammonium chloride
(2MBODA), etc.

Siid Chemie also manufactures LDH Sorbacid®™ for
controlling dehydrohalogenation of poly(vinylchloride)
(PVC). In addition, the company sells Ciba product, Hycite™
713, an acid scavenger for polyolefins. Both these materials
are pseudo-hydrotalcites: [Mg;_ Al (OH),1(CO3), > - nH,O
(0.25<x<0.33). In polyolefins Hycite 713 neutralizes residual
acids liberated by catalysts, or other decomposition pro-
ducts. The LDH has high absorption capacity for acids,
causes lower water carry-over and shows no bleed-out effect.

Sumecton® from Kunimine Industries Co., Ltd

Sumecton-SA from Kunimine Industries is a synthetic,
cation-exchangeable Na-saponite, colorless and pure, dis-
persible in water: [(Siy, Alyg)(Mgs.07Alp03)O20(OH) ]~ "7 -
(Nag40Mg 14)"*77, with p=50; Asp =750 m?/g; and the
CEC=0.997meq/g (CEC=0.71meq/g was quoted in sev-
eral publications). On the basis of these values, the average
area per anionic site is calculated to be 1.25nm?, and thus the
average distance between anionic sites on the clay surface
(square array) is about 1.12 nm.*' The interlayer spacing was

Copyright © 2007 John Wiley & Sons, Ltd.

estimated as dyp; = 1.3 nm, increasing upon intercalation up
to 2.6nm. High voltage SEM images of Sumecton SA are
shown in Fig. 3.

Kunimine Industries also produces natural clays:
Na-MMT (Kunipia-F) with CEC=1.2meq/g. Intercalated
organoclay grades are also available, namely Kunipia-T with
tri-methyl octadecyl ammonium chloride (3MODA), Kuni-
pia-D with 2M20ODA. The inorganic content and do; are: 67.8
and 56.3 wt%, and 2.07 and 3.00 nm respectively. The aspect
ratio ranges from 80 to 1120, with an average of <p> =320.

Synthetic mica from Topy Industries, Ltd
Taeniolite is a naturally occurring phyllosilicate mineral (e.g.
in Mt. Ste. Helene, QC), discovered in 1900 in Greenland,
having idealized formula: KLiMg,5i4Oq0F,, and several
impurities, such as: Ti, Al, Fe, Mn, Na, H,O. Solid-state
synthesis of taeniolite requires relatively low temperature of
700°C. It may also be obtained in a hydrothermal reaction.
Synthetic Li-taeniolite (tetra-silicic Na-FM with the formula:
NaMg, 55i,04oF,, or Na(Mg,Li)SisO,0F,) was produced by
Topy Industries. The clay has been used in several
studies.**** Reacting it with Ca or Mg salt increased the
interlayer spacing from dyy; =1.23 to 1.47 nm.*> However,
Topy Industries no longer produces Li-taeniolite.

More recently, the company developed technology for the
production of fully synthetic Na-tetrasilicic micas by reacting
Si0,, MgO, and Na,SiF, in the molten state at T >1500°C.
Depending on the composition, either swelling, or non-
swelling synthetic clay may be obtained (see Table 8).
Production of Na-tetrasilicic mica results in the crystalline
product contaminated by non-crystalline by-products and
other impurities that can be eliminated by dissolution and
centrifugation. The aspect ratio of purified material ranges
from p =1000 to 5000. Low voltage SEM micrograph of the
material is presented in Fig. 3.

In addition, Topy Industries developed (purified) orga-
noclays based on the synthetic tetrasilicic mica for greases
and/or for polymeric nanocomposites (e.g. with PP)
intercalated with 3MODA (4C-Ts), and with 2M2ODA
(4CD-Ts), respectively. The Na-tetrasilicic mica is available
in boxes 20 kg each, whereas the organo-mica in boxes 10kg
each, for US$450/10kg box (FOB Japan).

Polym. Adv. Technol. 2007; 18: 1-37
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Figure 3. (Top) High voltage SEM micrograph of Sumecton
SA at x 3k magnification displaying aggregates of clay plate-
lets. An insert shows a primary particle ca. 62 pm diameter.
(Bottom) Low voltage SEM micrographs of Topy synthetic,
non-purified Na-tetrasilicic mica at x 10 k. The synthetic clay
forms large aggregates of high aspect ratio rectangular plate-
lets.

Suplilte’s: synthetic HT and LDH from FCC

FCC produces large quantities of two synthetic materials, to
be used mainly as rheological additives, i.e. to increase
viscosity of aqueous systems, and make them thixotropic (see
Table 2).

Table 8. Synthetic micas from Topy Industries, Ltd

Synthetic layered nanoparticles 9

Suplite-MP is a highly purified synthetic HT, free of silica
and other contaminants. It is to be used in water based
systems, such as paints, inks, polymeric solutions, etc. It is
sold in 25 kg bags (minimum order =1 ton). The material is
similar to Laponite-RD, and Optigel-SH.

Suplite-RD is a synthetic LDH, formed by alternating
charged brucite-like layers, separated by layers containing
anions and water molecules. The material might be used as a
catalyst for chemical reactions of interlayer molecules, a
rheological additive in water based system, including inks,
color pigments, personal care products, as nano-sized
additives to polymers, flame retardants, stabilizers (repla-
cing PbO), HCI scavengers, etc.

Lithium fluoro hectorite from

Corning Glass, Inc.

This synthetic clay with the molecular composition: Lij 12
[Mg,4 ssLiy 12]SigFs, CEC=1.22meq/g, p=2000, has been
described in several scientific papers.”***** Dry clay had
doo1 =0.97£0.01nm, with H,O monolayer increasing to
1.24£0.01, and with bilayer to 1.5240.01 nm. The patent
described preparation of a variety of compositions, including
lithium fluoro hectorite.”® The process comprised: (1) ball-
milling the ingredients; (2) heating them at 1450°C for 5hr
without stirring; (3) forming the melt into a ribbon, which
crystallizes after 4hr at 700°C; (4) immersing the product
overnight in H,O with stirring; (5) removing the solid
contaminants; (6) drying the decanted suspension. Small
quantities of the material were produced in the 1970s, but at
present the material is not available.”!

Barasym SMM-100 from NL Industries;

Baroid Division

In the 1950s, Mellon Institute conducted explorative research
on synthetic clays, sponsored by the National Lead Co.”> A
hydrothermal method produced HT: [(Li,Mg4.)SisOa0
(OH),I*™ -Na™ from SiO,, MgO, Li,O (or LiF) and NaO.
The process was similar to that described earlier. However,
SiO, was obtained as silica gel by hydrolysis of SiCly, and
refluxing was carried out for up to 7 days at ambient
pressure. The commercial production of Barasym™ was
conducted at 250-300°C with pH>8, under autogenous
water vapor pressure for 12 to 72 hr.”® The Barasym SSM-100
properties are published,”* ™ namely CEC=1.4meq/g,
Asp=133.66+0.72 m?/ g. The material is no longer pro-
duced.®

Synthetic silicic acids

This monoclinic mineral of the formula: NaSi;O;3(OH); -
4(H,0) is found in brines with high pH and silica content.
Along with kanemite (NaHSi,0s - H,O), makatite (INaySi4Og -

Clay type Composition Swelling Grade 4
Fluoro phlogopite KMg3zAlSizO40F> No PDM 25-400
K-tetrasilicic mica KMg; 551401 0F> No PDM-K

Na-hectorite Nao.33Mg2.67Li04338i3010F2 Yes NHT

Na-tetrasilicic fluoro mica NaMg; 55i,010F> Yes DMA <5000
Organo-mica Yes 4C-Ts; 4CD-Ts <5000

Copyright © 2007 John Wiley & Sons, Ltd.
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H,0), octosilicate (Na,SigOq7 - H,O), and kenyaite (Na,Sizg
Oy - Hy0) it belongs to the phyllosilicate (layered) silicic acid
group. It is white translucent to opaque, relatively soft,
lamellar, with density p=2.25g/ml, and has a molecular
weight, Mw = 550.66 g/mol. Described by Eugster,” it has
been used mainly as a base for the preparation of
mesoporous Ca’ralyst.60

The silicic acids have been synthesized by hydrothermal
methods.®’* For example, sodium magadiite (Na-MAG)
was produced by heating for 4 weeks at T=100"C aqueous
suspension of SiO, with NaOH, or by combining silica gel
with NaOH solution in an autoclave, and heating the mixture
with stirring (at 150°C for 42 hr or at 180°C for 20 hr) under
autogenous pressure. Next, the suspension was centrifuged,
the solid product washed with water, and then air-dried at
room temperature.”®  Another method involved
combining Na,SiO; and H,SiFs solutions, than stirring at
70°C. After 48hr of reaction, the precipitate was filtered,
washed and dried.®® The new process was reported to be
more economic. Structural diversity of MAG has been
documented by Scholzen et al.®”

The layered silicic acids (MAG, kenyaite, octosilicate/
ilerite and kanemite) have been also prepared hydrother-
mally with good control of platelets dimensions,®® by means
of templated preparations that led to organomodified
materials,*” using a one-pot method with structure directing
agents,”” or by using solid-state reactions.”' Beneke et al. also
reported syntheses of layered lithium sodium silicate
(silinaite).”” The results are promising as the material can
be tailored for specific applications, e.g. by insertion of other
cationic metals. In MAG and kenyaite an isomorphous
substitution of Si with B and Al has been successfully
performed, as well as them being grafted with organic or
metallic ions.”>”® Using trialkoxysilanes and inorganic salts
in water solutions Schwieger et al. prepared in a one-step
method layered AI’", Mg®*, Ni** and Ca®" organosilicates
using extremely mild conditions (aging for 24 hr at 40°C).”®

Post-functionalization of the silicic acids by grafting on the
surface silanol groups offers interesting prospects for their
use in PNCs.”” A large variety of layered structures has been
prepared and modified with the goal for polymer reinforce-
ment.”*® In particular, the synthetic homologues of
naturally occurring materials have been prepared and often
functionalized by chemical grafting. For example, ilerite was
silylated with alkoxy silanes with different pendant groups,
either aliphatic and perfluorinated, also bearing amino and
thiol terminated organic substituents.”'

The recent Garces and Lakso’s patent®” defines the
optimum conditions for the production of MAG in terms
of: the molar ratios of NaOH to SiO, (ranges from 0.48 to 0.52)
and that of H,O to SiO, (ranges from 25 to 39), as well as the
reaction temperature (ranges from 140 to 170°C); the reaction
takes about 24 hr. The method produces >50% of lamellar
(platy) synthetic MAG. The material might be converted to
the acid form, and then either heated to produce quartz-like
plates, or alkylated (e.g. with butanol) to produce an
organophilic material.

Similar structures were prepared at T <70°C by Chastek
et al®® Starting with tetraethyl orthosilicate (TEOS), and
hexadecyl trimethoxy silane (HDTMOS) lamellar mesos-

Copyright © 2007 John Wiley & Sons, Ltd.
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tructured silicates (LMS) were produced. Alternatively, in
the presence of aluminum chloride hexahydrate (AICl; - 6H;0),
a lamellar mesostructured aluminosilicates (LMASs) was
obtained. Both types were characterized as layered struc-
tures with covalently attached hexadecyl functional groups.
The interlayer spacings, dyg; =4.8-4.9nm, could be further
increased (to ca. 5.2nm) by addition of tetra ethoxy silanes
during the synthesis.

Synthetic organoclays by hydrothermal

method with templates

Carrado'” prepared synthetic HT of the formula Exgge
[Lig 66Mgs345isO20(OH, F)4l, starting with the precursor
composition of 0.32 R, 1.0 LiF, 5.3Mg(OH),, 8 SiO,,
nH,0O, where R is a mono-valent organic salt and Ex is an
exchangeable cation (Ex=Li, R). The process begins by
dissolving 0.72mmol of organic salt in water and adding
4.8mmol LiF with stirring. Separately, 24 mmol MgCl, -
6H,0 is dissolved in water and mixed with 32 ml of
2N NH4OH to crystallize fresh Mg(OH),. After removing
excess ions the crystals are added to the organic-LiF solution,
and stirred for about 15min before 0.036 mol silica sol is
added. The 2 wt% solid suspension is stirred under reflux for
40-48 hr. Solids are isolated by centrifugation, washed, and
air-dried. The product, Li- or R-HT, has CEC=0.8meq/g,
doo1 =1.48nm, and platelet size of L, =19.5nm (natural HT
has L, =42 to 52 nm).

Another method involves sol-gel hydrothermal transform-
ation of TEOS or organo-tri-alkoxy silane, namely phenyl-
tri-ethoxy silane (PTES).”” Aqueous slurries of LiF, Mg(OH),,
and the silane are refluxed for 2-5 days. The organic content in
the resulting PTES-HT was ca. 20-25 wt%. The phenyl groups
are directly bonded to HT via Si-C. The *’Si-NMR indicates
the presence of RSi(OMg)(OSi), and RSi(OMg)(OSi)(OH).
XRD gave dyp; = 1.30 and 1.39 nm for, PTES- and TEOS-based
clays respectively. The organoclays were stable at T <400°C.
The method may be used to produce synthetic clays with
bonded to the surface compatibilizing intercalant molecules.

A layered alumino-phosphate with a structure mimicking
the naturally occurring kanemite (also known as ALPO
kanemite) was synthesized using the hydrothermal method
and n-alkylamines as templates. The layered structure was
obtained as organophilic structure with d-spacing linearly
growing with the length of intercalant aliphatic chain.®*

The potential for the use of these materials in PNCs is
excellent, and hopefully, the interest in them will intensify.

Other synthetic nano-fillers

The sol-gel transition method has been used to generate a
wide variety of synthetic nano-fillers, including metal, metal
oxides (e.g. CrzOs, V,0s, SiO,), layered chlorides (e.g.
FeOCl), chalcogenides (e.g. MoS,), functional or structural
nano-fillers, and others."®® There is rich literature on the use
of nano-sized SiO,, carbon black (CB), graphite, carbon
fibers, carbon nanotubes (CNTs), and polyhedral oligomeric
silsesquioxanes (POSSs). Polymer intercalated layered zir-
conium phosphates (ZrPs) have been produced.86’87 More
recently, rod-like synthetic, unmodified boehmite (y-Al,O3)
was dispersed in caprolactam. The polymerized specimens
doubled the modulus at ca. 5 wt% loading.*®
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Table 9. Mechanical properties of PA-6 and based on Its PNC

Synthetic layered nanoparticles 11

Ube Unitika

Property ASTM Units PA-6 PNC PA-6 PNC
Tensile strength, o D-638 MPa 78 89 79 91
Tensile elongation, &, D-638 % 100 75 100 4
Flexural strength, of D-790 MPa 108 136 106 155
Flexural modulus, E¢ D-790 GPa 2.80 3.52 2.84 441
Impact strength, NIRT D-256 J/m 64 49 48 44
HTD (18.56 kg/cm?) D-648 °C 75 140 70 172
HTD (4.6 kg/cm?) D-648 °C 180 197 175 193
H,O permeability, Proo JIS Z208 g/ m? 24 hr 203 106 — —
Density, p D-792 kg/m® 1140 1150 1140 1150

Data from Ube Industries, Ltd., 2002, and Unitika Plastics, 2004.

PNC BEHAVIOR WITH SYNTHETIC CLAYS
PNC with Somasif™

General—intercalation

Somasif™ ME100 is more often quoted in the scientific and
patent literature than any other synthetic clay. Frequently, in
the publication the clay is not fully identified, but simply
called “fluoromica from COOP” or “Somasif” without
identifying the grade. FM has been used by Unitika to
reinforce PA-6 based PNCs since 1976. By contrast, Toyota
Central R&D Laboratories developed a similar composition
(licensed to Ube) starting with MMT pre-intercalated with
w-amino dodecanoic acid. Properties of these two commer-
cial PNCs are listed in Table 9. One of the FM advantages is
the reproducible neutral color, thus the products may be
brightly colored with pigments or dyes.

In Somasif ™ ME100, the negative charges of the layers are
balanced by Na* ions (Na-FM). The CEC as cited by the
manufacturer is 1.2meq/g, while its value reported by
Zanetti et al.*’ ranges from 0.7 to 0.8 meq/g. Earlier, these

|
y

—
(e}

1.2

Interlayer spacing, d,¢ (nm)

- I
0 4 g 12 16

n = the number of C-atoms in CHan,1NH2

Figure 4. Somasif ME-100 intercalated with primary amine
salts, C,Hz,1NH>-HCI. The interlayer spacing step-wise
increases with number of carbon atoms in the amine, n. The
dependence may be approximated as: dyp1 =0.988 + 0.052n;
r=0.980.""
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authors intercalated FM with octadecylamine (ODA) and
w-amino-dodecanoic acid (ADA), following the published
procedure.”® The interlayer spacing increased from the
Na-FM value of dgp; =0.95 to 2.4, and 1.7 nm respectively.
Reichert et al.”' intercalated FM with protonated alkyl
amines, namely butyl (Cy), hexyl (Cy), octyl (Cg or OA),
dodecyl (Ci; or DDA), hexadecyl (Cy or HDA), and
octadecyl (Cy5 or ODA). The intercalation with these primary
ammonium ions expanded the interlayer spacing from 0.95
to 1.98 nm (see Fig. 4).

Polyamide matrix
Yasue et al.”? patented PNCs based on polyamide (PA) (PA-6,
-66, -46,-12) with 0.1 to 20 pph FM. To prepare reinforced PA,
free from the customary reduction of toughness in standard
composites, and without the expensive and time consuming
pre-intercalation, the non-intercalated FM was dispersed in a
monomer or monomers that subsequently were polymer-
ized. If required, the initial polymerization could be followed
by the solid-state reaction. The new material might contain
the customary additives and reinforcements. The patent also
describes the preparation and properties of FM. Thus, the
material may be obtained by heating a mixture of talc with
sodium and/or lithium silicofluoride(s) or fluoride(s)
under N, at T=700 to 1200°C for 5 to 6hr. In the
process Nat and/or Li" ions are intercalated into the silicate
layers of talc (see Fig. 1) to induce formation of the counter-
ion layer with the expanding characteristics. The desired
interlayer spacing of FM should be 0.9 <dgg; (nm) <2.0.

The compositions of six FM used in the studies are listed in
Table 10. The mechanical strength, toughness, heat resist-
ance, and dimensional stability of PNCs containing 5 wt% of
these FMs are also given. Incorporation of FMs improved the
tensile strength heat deflection temperature (HDT), dimen-
sional stability and reduced the water absorption of PA-6 and
PA-66. Within the experimental error, the relative viscosity
(i.e., PA MW) and impact strength remained unchanged,
while the elongation at break seriously decreased. The cited
values of strength and HDT are smaller than what could be
expected for 5 wt% clay loading. Thus, most likely exfoliation
of FM was only partial. Of the six tested FM compositions M5
shows the best performance.

Kim et al.”® dispersed Somasif ME-100 in ADA, which was
then polymerized. TEM revealed that FM formed ca. 150 nm
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Table 10. Composition of FM and performance of PA-6 and PA-66 comprising O or 5 wt% of FM

PA-6

PA-66

None M1 M2 M3 M4 M5

Me None M1 M2 M3 M4 M5 Mo

Talc (wt%) — 80 80 80 80 80
NaySiF, — 20 — 6 10 16
Li,SiF, - - 20 - 10 2

KoSiF — — — — — 2

NaF — — — 6 —

A1203 — — — 8 — —
Performance of dry composition

e 26 26 26 27 25 25
o (MPa) 73 79 78 78 78 79
ep (%) 180 31 30 28 46 52
NIRT 3.3 35 3.1 3.4 29 3.8
HDT (°C) 55 121 120 122 116 121
Performance of wet composition

H,O (wt%) 5.8 3.1 3.0 3.1 3.0 3.1
Al (%) 1.2 0.7 0.7 0.7 0.6 0.7
o (MPa) 33 59 58 58 59 59
&, (%) >200 56 53 55 95 150
NIRT 45 4.5 47 45 4.8 42

80 — 80 80 80 80 80 80
6 — 20 — 6 10 16 6
6 — — 20 — 10 2 6
— — — — — — 2 —
_ _ _ _ 6 _ _ _
8 — — — 8 — — 8
24 2.4 2.3 24 2.3 22 22 2.3
76 78 84 83 83 84 84 83.3
68 110 27 31 29 31 27 21
2.7 4.6 4.2 4.4 4.3 4.5 4.2 4.4
118 74 153 150 150 155 153 154
3.1 3.8 2.1 2.0 2.0 2.0 2.1 2.0
0.6 0.8 0.5 0.5 0.5 0.4 0.5 0.5
60 53 68 69 69 68 68 66.7
140 180 46 42 40 47 46 42
44 5.6 52 5.0 52 5.1 5.1 5.0

Note: n, =relative viscosity of PA at 25°C, c =1g/dlin phenol/tetra-chloro ethane; o = tensile strength, &, = strain at break, NIRT = notched Izod
impact strength at room temperature, HDT = heat deflection temperature under load of 18.6 kg/ cm?; H,O = water absorption; A/= dimension

change.

thick stacks in the PA-12 matrix. During injection molding of
PNC the stacks aligned parallel to the injection molding
direction, while the PA-12 lamellae oriented perpendicular to
them. The studies of in situ deformation under the high
voltage TEM showed that the clay stacks tilt perpendicular to
the direction of applied load, what might indicate strong
bonding between macromolecules and FM. The localized
damage at the polymer/clay interface induced cavitation
and fibrillation. The main micro-mechanical mechanism was
identified as microvoid formation inside the stacked silicate
layers. The high specific surface area of the clay and covalent
bonding of the PA-12 chains to the clay surface noticeably
altered the local chain dynamics. Macromolecular chain
tethering to two clay platelets (bridging) was also postulated.

Melt compounding of PA-12 (weight average molecular
weight M,, = 126 kg /mol) with 4 wt% of Somasif ME-100 and
Somasif MAE in a single-screw extruder (SSE) demonstrated
the need for pre-intercalation.”* Whilst compounding with
ME-100 increased its dyy; =0.96 to 0.99 nm, that of MAE
increased from 3.40nm to greater than 8.8 nm, indicating
extensive exfoliation. However, incorporation of ME-100
increased the matrix crystallinity by ca. 6%, while that of
MAE decreased it by 36%. Similarly, the melt viscosity was
differently affected—ME-100 increased the melt viscosity
whereas MAE decreased it. Evidently, the presence of the
intercalant di-methyl di-(hydrogenated tallow) ammonium
chloride (2M2HTA) significantly affected the PNC perform-
ance. Plasticization of the matrix by 2M2HTA reduced
stiffness, dimensional stability and barrier properties, but
improved the elongation at break.

Showa Denko patented rigid, flame-resistant PNCs con-
taining: (1) PA, (2) clay complexed with triazine, (3) fibrous
reinforcements and (4) flame retardant.” The clay complex
was obtained by inserting a triazine (CzH3N3) or its
derivative (melamine, cyanuric acid, and melamine cyanu-
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rate) into the interlamellar galleries of, e.g. Somasif ME-100.
The four basic components of the formulation could be dry
blended before melt-compounding. Conventional additives
may also be added. Thus, dispersing FM in H,O at 60°C,
adding melamine and HCl and stirring for 1hr caused
precipitation of the complex particles with ca. 5 pm diameter.
XRD confirmed expansion of the interlayer spacing from
dpo1=0.96 to 1.28nm. The procedure was repeated with
MMT (Kunipia-F; CEC =1.19meq/g). The organoclay with
15 wt% of melamine showed dg; = 1.30 nm. Larger values of
doo1 were obtained by either replacing melamine with a
melamine cyanurate and/or by using excess intercalant. For
the sake of comparison FM was also intercalated with
2M20DA. At 40 wt% of the organic content the interlayer
spacing was dyp; = 3.5 nm.

Patent test results are summarized in Table 11. The first
four compositions are based on the invented intercalant
(melamine or its derivative), the last three are for reference. It
is interesting that melt compounding of PA-66 with slightly
intercalated clays (nos. 1 to 4) gives better results than clay
with 2M20ODA, the “classical” quaternary ammonium
intercalant (no. 5). The first four compositions also out-
performed the references for flame resistance (V-0 according
to the UL-94 standard), mold deposition, bleed-out, and
appearance are concerned. Owing to good appearance and
ease of processing the new compositions may be used, e.g.
for the electric and electronic parts, in automotive appli-
cations, in house appliances, mechanical parts, etc.

Lew et al.”® melt compounded PA-12 with pre-intercalated
FM (CEC=2meq/g; doo1 =3.4nm) in a SSE at T=185 to
225°C and screw speed N, = 12.5 to 50 rpm. All compositions
contained well intercalated (dgg; =22.1 nm) short stacks. The
authors considered reduction of melt viscosity in PNCs as a
sign of delamination, which appeared to cause a plasticizing
effect. However, as neither the type of intercalant, nor its
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Table 11. Properties of PA-66 containing 1 phr of modified clay and 15 phr of glass fibers (GF)®®

doo1 Flex HDT Deformation Relative shrinkage
No. Organoclay or other filler (nm) modulus (MPa) (°O) (mm) (TD/MD)
1 FM +m 1.28 6.3 245 0.5 1.94
2 MMT +m 1.30 6.1 244 0.7 1.86
3 FM +mc 1.50 6.2 244 0.7 1.96
4 FM + 2xm 1.35 5.9 240 1.0 212
5 FM + 2M20ODA 3.5 5.8 230 1.2 1.88
6 Talc 0.96 6.0 243 1.0 2.13
7 Nil — 5.6 244 6.2 2.30

Note: FM =Somasif ME-100; MMT = Kunipia-F; m =melamine; mc =melamine cyanurate; 2M20ODA = di-methyl -di-octadecyl ammonium
chloride; 2x = twice stoichiometric; phr =“per hundred weight parts of resin”.

concentration is given this interpretation cannot be taken
seriously. The results also indicated that (at least during SSE
compounding) smaller polymer particles in the polymer/
organoclay mixture enhance the degree of clay dispersion.

Effect of incorporation of FM and its pre-intercalated
version, Somasif MEE, on modulus, creep compliance,
physical aging of PA-6, and moisture absorption has also
been studied.”” Addition of FM increased the modulus and
reduced the creep compliance—the properties depended on
clay concentration. The FM presence had little effect on the
physical aging. Incorporation of 5 wt% exfoliated FM
reduced the creep compliances by more than 80%. Further-
more, when T increased from 23 to 80°C, for PA-6 the creep
increased by a factor of 12, while for PNC by a factor of three.
Thus, the use of PNC instead of unfilled matrix is
advantageous for the time dependent deformation behavior.
Incorporation of FM into PA-6 also reduced the rate of
moisture absorption (by a factor of three at 10% loading), but
not the final amount of absorbed H,O (the equilibrium
absorption may take several years). The fracture behavior of
PNC depends on the type and concentration of clay, the
moisture content, and the aging time. Addition of clay
usually reduces the ductility. However, in a series of PA-6
compositions with Nanomer I30TC, Cloisite® 30B, and
Somasif MEE, the latter was found the most ductile.

PNC brittleness is a common problem—as the modulus
increases the impact strength decreases.' It seems that the
material can absorb only a specific amount of energy; hence
large enlongation at break (g,) for low modulus and strength,
or low g, for the inverse system. This problem has been
elegantly and radically solved in polymer blends by inducing
co-continuity of phases.”® Blending seems to be a good way to
solve the low ductility problem in PNCs as well. Nylon
M1030D from Unitika Co. (containing 4 wt% of ME-100—see
Table 9) was melt-blended with acrylonitrile-butadiene-
styrene (ABS) copolymer and a compatibilizer: poly(octene-
co-ethylene) grafted with maleic anhydride (POE-g-MA).”
The impact strength increased with the addition of compa-
tibilizer at various ABS copolymer compositions, while the
modulus, tensile strength and HDT decreased. The results
seem to indicate migration of the compatibilizer to the clay
surface, forming soft domains between it and the PA-6 phase.

The effect of clay content on crystallinity of PA-6 was
studied.'™ The resin was melt compounded with ME-100
pre-intercalated with methyl-coco-di-polyethylene glycol
ammonium (MC2EG). The organoclay content was 0, 4, 8,
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and 12 wt%. All PNC’s were fully exfoliated with local
interlayer spacing decreasing with concentration from 61 to
28 nm. Films with clay platelets oriented parallel to the film
surface were prepared by hot pressing. According to XRD, at
low clay content the crystal lamellae were perpendicular to the
clay surface, while at high loading parallel to it. The results
suggest macromolecular stretching at low clay loadings.

To evaluate the relative merits of various clays, PA-6 was
melt compounded with 1.14 wt% of clay (inorganic part). The
compounding line comprised SSE with the extensional flow
mixer (EFM).'”! Figure 5 displays TEM micrographs of
PNCs compounded using the same protocol, amount of
clay, and magnification. It is noteworthy that Somasif MAE,
Cloisite™ 15A, and Lucentite SAN, were pre-intercalated
with 2M2HTA. In agreement with TEM, the XRD of these
compounds indicated short stacks of the former, and full
exfoliation for the other two systems. The best mechanical
properties were obtained for Somasif, the worst for
Lucentite—what might be expected considering the clay
aspect ratios, namely < 5000, 280, and about 50 respectively.

Polyolefin matrix

Kawasumi et al.'®® compounded PP, PP-g-MA (Yumex 1001),
and either MMT or FM pre-intercalated with ODA that
increased the interlayer spacing to dgp; = 2.2 nm. The blend of
PP with PP-g-MA was reported miscible. The compositions
were dry blended, compounded in a twin-screw extruder
(TSE) at T=210°C and then injection-molded. XRD scans
indicated the presence of only few short stacks (confirmed by
TEM). Dispersion of FM was slightly better than that of
MMT, and correspondingly the storage modulus of FM was
higher. Thus, the best overall performance was obtained for
PNC containing: PP, PP-g-MA, and FM-ODA.

Heinemann et al.'™ prepared polyolefin (PO)-based PNCs
by the melt compounding or reactive methods. Three clays
were used: unmodified FM, unmodified HT (Optigel), and
pre-intercalated MMT. Melt compounding with high-density
poly(ethylene) (HDPE) decreased the intensity of the XRD
peak, and reduced the organoclay spacing from dg; = 1.96 to
1.41 nm. When HDPE was polymerized in the presence of the
clays the XRD also indicated reduction of the peak intensity
and the interlayer spacing. The E value of PNCs prepared by
the polymerization and compounding methods depended on
the M,, value and the branching index (N, defined as number
of branching C per 1000 C-atoms). The original results were
fitted to the relation:'
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Figure 5. PA-6 melt compounded with 1.14 wt% of organo-
clay: (from top to bottom) Cloisite™ 15A, Somasif MAE, and
Lucentite SAN. The TEM magnification is the same, 200k
(see the 100 nm scale bar).%?

logE = a, + a;logM,, —a;N 1)

At constant value M,, =100kg/mol, E decreased with N.
The neat resin had the lowest modulus, the synthetic PNC

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 6. PP/FH PNC prepared by melt compounding of
PP +PP-g-MA +FM intercalated with C,Hzp,1-NH]. Data
for 5 wt% FH and Hostaprime HC5 compatibilizer.®*

the highest, and the compounded PNC an intermediate.
Efficiency of the compounding method decreased with N (as
well as with M,,). This is reasonable, since TSE is unable to
provide long mixing time required for the diffusion
controlled exfoliation. Polymerization efficiency in the
presence of unmodified FM was order of magnitude higher
than that for MMT-type organoclays.

The work was continued by Reichert et a who
melt-compounded at T=190 to 230°C PP with 0, 5, or 10
wt% of FM pre-intercalated with primary ammonium ions
(see Fig. 4), and with 20 wt% of PP-g-MA. As shown in Fig. 6,
only dodecyl ammonium chloride (DDA), hexadecyl
ammonium chloride (HDA), and ODA amines produced
dispersible organoclays; the systems with other organoclays

1'91

behaved as microcomposites. The performance was sensitive
to the type of compatibilizer—good results were obtained for
Hostaprime HC5 and poor for Epolene E43. The interlayer
spacing increased with MA content. PP with 20 wt%
PP-g-MA, and 10 wt% of FM (pre-intercalated with either
HDA or ODA) gave the best performance. TEM and atomic
force microscopy (AFM) indicated that full exfoliation has
not been achieved.

Reichert et al'® observed that compounding PP+
PP-g-MA with FH-C4 produced micro-composites, while
with FH-C;g yielded exfoliated PNCs. However, the
morphology was also controlled by the compatibilizer and
processing T, namely annealing the sample at 200°C converted
exfoliated PNC into a micro-composite.'” The thermal and
flammability behaviors of these systems were studied as
well.1%° In comparison to the matrix behavior, the micro-
composites did not show improvement of thermal stability.
By contrast, PNCs containing FH-C;5 had higher thermal
oxidation temperature and lower thermal degradation rate,
with high char yield that enhanced the ablative effects. A
detailed study using isothermal thermogravimetric analysis
(TGA) measurements highlighted also the chemical catalytic
effects due to the silicate and strongly acidic sites formed by
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thermal decomposition of the protonated amine silicate
modifier. Furthermore, incorporation of 10 wt% FH-C;¢ into
PP/PP-g-MA increased the tensile modulus from 1490 to
3460 MPa and of yield stress from 33 to 44 MPa. These results
support Reichert et al.”" observations that organoclays with
shorter than Cg paraffinic chain leads to poorly performing
micro-composites.

Oya et al.'"” examined the role of the clay type and that of a
secondary intercalant on the degree of dispersion and
mechanical properties of PNCs with PP. Thus, FM, MMT
and mica (MC) were intercalated with di-methyl-hexadecyl-
octadecyl ammonium chloride 2MHDODA). The organo-
clay was dispersed in toluene solution of di-acetone
acrylamide (DAAM =the second intercalant) with a free
radical N,N’-azo-bis-isobutyronitrile (AIBN) initiator. After
polymerization of DAAM a solution of PP-g-MA was added,
the product was precipitated, washed, dried, and finally melt
compounded with PP. In parallel, PNC was similarly
prepared without DAAM—only intercalation was obtained.
The best dispersion was obtained for doubly intercalated FM,
but the best mechanical properties at 3 wt% of clay loading
were those of PNC with MC. The difference most likely
originated in large aspect ratio and relative high modulus of
MC platelets. In conclusion, MC may be a better nano-filler
than FM, but performance of PNC with MMT, although the
poorest, was still acceptable.

Morgan and Harris'”® investigated the effect of intercalant
excess (in organoclay) on the degree of clay dispersion in PP
matrix, the mechanical properties, and flammability. The
organoclay (FM-2M2HTA) was repetitively washed with
water, filtered, dried, ground into fine powder, and then the
particles with diameter d < 120 pm were subjected to Soxhlet
extraction with ethanol for up to 4 days. Dried and ground
organoclay was melt compounded with PP and PP-g-MA in
an internal mixer, at 190°C. The XRD indicated sharp
changes after 1 day of extraction and smaller thereafter. The
original spectrum displayed multiple peaks with spacing
ranging from ca. 1.2 to 5.6nm, with the principal peak at
about dyp; = 3.6 nm. After extraction the main peak moved to
lower spacing (2.8nm), became sharper and reduced in
intensity, while the peak at 3.6 nm decreased in intensity to a
shoulder. Harmonics of these two were also apparent. Thus,
removal of adsorbed intercalant reduced the interlayer
spacing and made it more regular. The effect of intercalant
extraction on flex modulus and the notched Izod impact
strength at room temperature (NIRT) are shown in Fig. 7. The
increased stiffness is accompanied by enhanced brittle-
ness—NIRT is reduced by 35 to 45%. In short, extraction
affects the interlayer spacing, which in turn modifies the
PNC performance. There was a significant reduction of the
peak heat release rate (PHRR)=1435kW/m” for
(PP + PP-g-MA) to 498kW/m* for PNC with no extracted
organoclay, and to PHRR=519 to 491kW/m* for the
systems containing organoclay extracted for 1 to 4 days.

Owing to high crystallinity and relatively large differ-
ence of density between the molten and solid state, the PP
films are known for high permeability to gases and vapors.
Gorrasi et al.'” studied the effect of FM on the transport
properties of CH,Cl, and n-CsH;, vapors through syndio-
tactic poly (propylene) (sPP) film containing up to 20 wt%
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Figure 7. Relative flexural modulus and NIRT for PNC con-
taining extracted organoclay. The relative magnitude refers to
the corresponding performance of the matrix, namely
PP+ PP-MA."%

FM-ODA. The system was compatibilized by addition of
(isotactic) iPP-g- MA. Permeability of CH,Cl, decreased with
organoclay loading up to 10 wt% to a plateau—reduction by
a factor of 40 was obtained. By contrast, permeability of
n-CsHj, vapors tended to decrease all the way to 20 wt%
organoclay, but the effect was significantly smaller—
reduction by a factor of 10 at 20 wt% loading. The effect
was assigned to reduction of the diffusion rates. Signifi-
cantly, at the latter loading the tensile modulus increased
from about 300 to 800 MPa.

In the PNC monograph' there are several tables listing the
tensile modulus versus clay loading that were used to
generate Figure 133. The aim was not to prove or disprove
any of the reviewed theories, but rather to see how the best
PNCs perform in amorphous polymer matrix (polystyrene,
PS), in semi-crystalline end-tethered exfoliated matrix
(PA-6), and in semi-crystalline not tethered matrix with a
compatibilizer (PP). In these systems MMT was used with an
average aspect ratio p =200 to 300. The results indicated that
independently of the matrix the relative modulus (Eg)
doubles at the clay content of about 5 wt%. The PNC with FM
instead of MMT had lower Eg, most likely caused by lower
aspect ratio, p. For dilute systems Er increased with clay
concentration:'

ER=E/E,=1+n¢=1+aw; w<8wt%h 2
[n] =2.540.025(p"¥ — 1)

Here the reinforcing factor [n] is the hydrodynamic
volume, which for monodispersed hard spheres (p=1)
equals 2.5. The parameter a =[5]/(100p¢/pp) =~ [n]/314. The
lowest predicted value for hard spheres is a2 =0.008. For
poorly exfoliated PP, PA-6 and polylactic acid (PLA) the
values of Er increase with a =0.07 that corresponds to p =93.
For fully exfoliated, best performing systems a~0.20
equivalent to p =200. The latter value is close to the expected
for the commercial organoclays with MMT. The values for PP
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reinforced with FM can also be approximated by eqn (2) with
a=0.13 equivalent to p=150.

Rubber nanocomposites (RN)

Elastomer-based PNC are in an initial stage of develop-
ment."'"" Usually, pre-intercalated clay is incorporated
into rubber via solution, latex, or melt compounding
methods. While the solution method is expensive, the latex
process is attractive as most rubbers are produced as lattices,
and the inorganic Na-clay can be dispersed in water. Natural
and synthetic clays might be used. Comparing performance
of rubber filled with non-dispersed clay with that of latex
mixed with Na-MMT or Na-FH showed better performance
for the system with synthetic clay—surprisingly, the tensile
modulus was nearly twice as high as that for Na-MMT. Melt
mixing of epoxidized rubber showed that non-intercalated
Na-FH outperformed Na-MMT, but that it was inferior to
pre-intercalated MMT-ODA.

Thermoplastic polyester (PEST) matrix

Kaneka Corp. has been developing PNCs with thermoplastic
polyester (PEST) as the matrix for a decade.''>"'” The aim
has been to provide PNC with 0.1 to 50 wt% of clay, well
dispersed in PEST or bisphenol-A polycarbonate (PC). As an
example, Na-MMT (from Yamagata) or Na-FM was dis-
persed in water, then (2-aminoethyl)amino-propyl tri-
methoxy silane was added, and the mixture agitated for
2hr. In dry precipitate with MMT and FM, the interlayer
spacing was respectively: dyp; =2.6 and 1.8 nm. Next, slurry
of the treated clays was dispersed in a monomer, water was
distilled off at T=120°C, and polycondensation under
vacuum conducted at 280°C. Thus prepared PNC with
poly(ethylene terephthalate) (PET), poly(butylene tereph-
thalate) (PBT), or PC as a matrix were exfoliated (dyo;
>10nm). The performance was evaluated in terms of HDT
and flexural tests. The three functions, flexural modulus, Ef,
flexural strength, oy, and heat deflection temperature (HDT)
showed similar increases with increasing clay (inorganic
part) content. At clay concentration exceeding 5 wt% the
improvements begun to be less pronounced. Comparing the
performances of PNCs with MMT and FM in the PET matrix,
the following numbers were reported: dop; > 10 and 8nm;
TEM average platelet diameter <d>=71 and 389nm;
HDT =169 and 156°C; flexural strength 160 and 150 MPa;
flexural modulus = 6.64 and 6.02 GPa, respectively. It seems
that during the process the large aspect ratio FM was not
fully exfoliated, what reduced its effectiveness. By contrast,
properties of PNCs with PC as the matrix were with MMT
and FM were respectively: dgg; =4.8 and > 10 nm; HDT =156
and 164°C; flexural strength=148 and 156 MPa; flexural
modulus = 3.05 and 3.98 GPa; now FM clearly outperformed
MMT.

Imai et al.''® developed a new intercalating compound,
which may bind to PEST macromolecules and act as a
molecular repair agent. The logic for selecting this route was
the observation that the key to high mechanical performance
of a composite is the stress transfer from matrix to the
reinforcing particles. In the case of nanocomposites, the clay
must be exfoliated and strongly bonded to the matrix. The
new intercalant should react with PEST, bond to clay, and be
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stable at the polymerization temperatures (T ~275°C). The
selected compound was:
ie. a dimethyl isophthalate (DIP) substituted with the
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tri-phenyl-phosphonium group. In the study, FM was
intercalated  with  the modified DIP, increasing
doo1 =0.96nm of FM to 3.20nm. The PNCs were prepared
by polymerizing bis-hydroxy-ethyl terephthalate in the
presence of the FM-DIP, with Sb,O; as a catalyst at 275°C
under vacuum for 3hr. XRD of the product showed a
residual peak at dgp; = 1.53 nm. Thus, intercalation with DIP
was not uniform. NMR confirmed bonding between the
organoclay and the matrix. The flexural modulus increased
with clay loading from 3.5 (PET) to 6.3GPa at organoclay
loading of 8 wt%. This improvement confirms good
dispersion of FM in PET and the strong interactions between
the two components.

Biodegradable polyesters: polylactic acid (PLA),
polycaprolactone (PCL)

In 2002 several articles from Okamoto’s laboratory were
published on the polylactic acid (PLA)/layered silicate
systems.''*'*” Thus, PLA was melt compounded in a TSE at
190°C with MMT, “smectite” and FM—all pre-intercalated
with quaternary phosphonium bromides (e.g. tri-butyl-
hexadecyl phosphonium bromide 3BHDP). Upon intercala-
tion the interlayer spacing (dgpo; =1.2-1.25nm) less than
doubled, and then increased after compounding to <2.69 nm
(for FM). Considering O, permeability and modulus, the
performance increased in the order: MMT, FM, “smectite”.
Ray et al.'® studied the clay effect on PLA crystallinity. Melt
compounding of PLA with 4 wt% Somasif MEE was carried
outin a TSE at 210°C, which increased dyg; from 2.1 to 3.1 nm,
and reduced the PLA M,, from 177 to 150 kg/mol. The total
crystallinity increased by ca. 4%, melting point temperature
(Ty) was unchanged, crystallization temperature (T,) increa-
sed by 28°C, and glass transition temperature (T;) decreased
by 4°C. The mechanical properties of PLA significantly
improved —flex modulus, storage modulus and flex strength
at 25°C increased by: 26, 25 and 9%, respectively, while the
rate of PLA biodegradability by ca. 60%.

Chang et al.'?! solution-blended PLA with MMT or FM,
both pre-intercalated with HDA. The tensile strength at 4
wt% loading was o =28 and 44 MPa, and the tensile modulus
(at 8 wt% loading) was E =274 and 633 MPa, respectively for
MMT and FM.
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Finally, caprolactone (CL) was bulk-polymerized at
170°C in the presence of traces of water and 0, 10, 30 and
50 wt% of FM. Low molecular weight polycaprolactone
(PCL) was obtained: M,, = 5.36-22.4 kg/mol. The clay increased
lactone hydrolysis and polymer chain growth rates. XRD
indicated that monomer and polymer diffused into inter-
lamellar galleries, but their height remained small, namely
0.87 and 0.78 for CL and PCL, respectively. The results suggest
that PCL chains are flatly arranged onto each side of silicate
platelet creating pseudo bi-layers inside the gallery.'**

Styrenics and acrylics matrix

Hoffmann et al.'* intercalated FM with either 2-phenylethylamine
(PEA, M, =121g/mol) or with an amine-terminated PS
(ATPS; M, =5.8kg/mol; M,,/M, =1.33):

PNCs were prepared by compounding 5 wt% of these
organoclays with PS in a micro-compounder at 200°C. The
interlayer spacing of PNC with FM-PEA did not increase,
but the one prepared with FM-ATPS became exfoliated. In
the PNC the clay platelets of ca. 1 nm thick were about 600 nm
long and 100nm wide, what gives p =276 to be compared
with p <5000 reported for ME-100. The presence of FM-PEA
slightly increased the storage modulus of the matrix while
that of the exfoliated FM-ATPS created an elastic network
that had strong effect on the rheological behavior. Thus, one
may control the degree of intercalation/exfoliation by
varying the chain length of the intercalant. This experimental
finding confirms the theoretical conclusions by Balazs and
her colleagues,'**'* and by Kim et al.'*® regarding the use of
long-chain end-functionalized compatibilizers. Its MW
should be just above the entanglement molecular weight:
M. < M,,.

Another set of PS-based PNC was prepared by Morgan
and Harris via solvent blending with sonication.'”” Na-MMT
and Na-FM were pre-intercalated with 1,2-di-methyl-3-n-
hexadecyl imidazolium bromide (2MHDI), dispersed in
chlorobenzene solution of PS at concentrations of ca. 1.0 and
2.5 wt% (inorganic content). After sonication their interlayer
spacing hardly changed, namely dg; = 3.23 and 3.37 nm for
MMT, and 3.28 and 3.17 for FM. Thus, MMT and FM showed
comparable peak positions, but the diffraction peak height
for the PS/FM system seemed to be smaller than that for PS/
MMT. Accordingly, TEM micrographs showed micron-sized
aggregates in all systems. The work was continued by Zhao
et al.'® The dynamic mechanical frequency scans were
presented for all the samples. Judging by constancy of the
value of Ty=104.0+0.4°C (for PS=103.2) the interaction
between organo clay and the matrix was weak. In immiscible
systems the apparent yield stress might be used as a measure
of the intensity of interactions between the dispersed
domains. The effect is created by the formation of a 3D
structure that breaks down at higher stresses or frequencies.

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 8. Negative values of the slope, n =29 Iny*/9In o,
for four PS-based PNC containing 1 or 2.5 wt% of mineral clay
of the MMT or FM type. In the legend “no” and “yes” corre-
sponds to no or yes to sonication, while heat and cool indicate that
the master curve was obtained upon heating or cooling.'?®

Thus, one might use the initial slope of the complex viscosity
as an indicator of interactions between the dispersed
domains. In Fig. 8 the negative values of the slope (as
reported by the authors) are plotted versus composition for
the sonicated or not compositions. The isothermal frequency
scans were measured at 10°C intervals between T =160 and
260°C, either increasing or decreasing the temperature.
Excepting the sample containing 2.5 wt% MMT, all other
non-sonicated specimens behave almost like micro-filled
composites. The sonicated ones showed significant yield
behavior, nearly independent of the clay type or content. This
is surprising as at low clay concentration even fully
exfoliated particles should be able to rotate freely (thus no
yield stress), while at higher concentration, when rotation is
no longer possible, rheology will show significantly higher
yield stress. One possible explanation of these results might
be that during sonication the intercalant was partially
removed from the clay platelets. As a consequence, the PS
was adsorbed and solidified on the clay platelets, greatly
increasing the effective filler loading. Similar explanation
was recently offered for the behavior of PNC’s based on PA-6
or PP.'”" Independently of the explanation, PNC with
2MHDI-modified clays, combined with high-energy soni-
cation, resulted in better dispersion than that in the PNCs
with  di-methyl-benzyl-hexadecyl ammonium chloride
(2MBHTA)-modified MMT. Judging by the values of n,
there is no serious difference in behavior for PNC with MMT
or FM, although the former clay showed higher yield stress
than the latter. Since the original aspect ratio of FM is higher
than that of MMT, the information may suggest that FM is
more fragile that MMT, and easier breaks down during
sonication.

Comparative work was carried out by Chu et al.'® The
authors prepared PNC based on SAN with MMT or FM
pre-intercalated with either 2M2HTA, methyl tallow
di-hydroxy ethyl ammonium chloride (MT2EtOHA), tri-
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phenyl n-hexadecyl phosphonium (3PHDP), or 2MHDI.
PNCs were prepared by melt compounding SAN with ca. 5
wt% organoclay at 210°C. All compositions were intercalated
with dgp; ranging from 2.85 to 3.51 nm. As far as the degree of
dispersion is concerned, MT2EtOHA was the best, with
3PHDP following closely. The latter one also engendered
better thermal stability and reduced flammability; FM
reduced flammability better than MMT. This conclusion
was found applicable to PS-based PNCs as well."*

Panek et al."®! studied dynamics and microstructure of
intercalants [tri-methyl hexadecyl ammonium bromide
(BMHDA), and tri-butyl-hexadecyl phosphonium bromide
(3BHDP) with head- or tail-attached electron paramagnetic
resonance (EPR) probes] in FM-organoclays dispersed in PS.
The authors compression molded (T =433 K for 30 min at 70
MPa) fine mixtures of PS/organoclay = 3:1. In the presence of
PS the interlayer spacing of ME-100 with 3BMHDA increased
from dpp; =2.21 to 3.38nm, whereas with 3BHDP the
interlayer distance virtually did not change. The *'P MAS
NMR and electron spin echo envelope modulation (ESEEM)
have also been used. The data for ME-100 indicated the
presence of Fe’" ionic impurities that most likely came from
talc. Bimodal dynamics was observed over broad ranges of
surfactant loadings and temperatures, in the presence or
absence of PS. This could be related to a bimodal distribution
of intercalant head-group distance from clay surface. The
data also indicated close proximity of PS to intercalants’ tail
ends.

Epoxy (EP) matrix

Zilg et al.'® attempted to find relationships between the
mechanical properties and the EP-based PNC composition,
clay type, and concentration. The EP was synthesized from
diglycidyl ether of bisphenol-A (DGEBA) cured with
hexa-hydro-phthalic anhydride (T, >100°C). Three clays
were used: (1) FM (Somasif ME-100), (2) Na-MMT (Sud
Chemie), and (3) HT (synthetic hectorite; Optigel SH). The
clays were pre-intercalated with: DDA, di-methyl di-dodecyl
ammonium chloride 2M2DDA), tri-methyl dodecyl ammo-
nium bromide (3MDDA), methyl dodecyl di-polyethylene
glycol ammonium chloride (MDD2EG), ADA, 2M20DA,
2MBODA, and bis(aminopropyl)-terminated oligo(propy-
lene glycol). Upon intercalation the interlayer spacing of FM
increased from dyy; =0.94 to 1.74 nm (with MDD2EG), and
then upon matrix polymerization to dyp; =6.79nm. At
loadings >5 wt% FM was more difficult to disperse than
MMT, while small HT plates exfoliated quite readily. The
observation correlates with the aspect ratios, namely
p 225000, 300 and 25, respectively.

Enhanced toughness was associated with the formation of
dispersed anisotropic laminated nanoparticles consisting of
intercalated silicates. The authors reported that don
increased with the onium salt alkyl chain length, and that
the primary amines increased dyy; more than the quaternary
ones. During curing, the former probably reacted with the EP
that the latter were unable to do. For HT intercalated with
2MBODA TEM showed randomly dispersed individual
platelets, suggesting exfoliation. Some mechanical properties
of the EP-based PNC are presented in Fig. 9. The initial
tensile modulus and elongation at break (not shown) were

Copyright © 2007 John Wiley & Sons, Ltd.
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drastically reduced by addition of clay. Surprisingly,
intercalation did not improve the performance—the tensile
strength and fracture energy of compositions with neat clays
is higher than that that with organoclays. The best fracture
toughness was observed for FM.

EP-based PNC were prepared using FM pre-intercalated
with ODA, 1-methyl-2-norstearyl-3-stearinoacid-amidoethyl-
di-hydro-imidazolinium methyl-sulfate (W75), hydro-
xy-ethyl-di-hydro-imidazolinium chloride (HEODI), or rici-
nyl di-hydro-imidazolinium chloride (RDI)."*® The matrix
was tetra-glycidyl 4,4'-di-amino-di-phenyl methane (TGDDM)
cured with 4,4’-di-amino diphenyl sulfone (2DS). Once the
organoclays were dispersed in the matrix, the gallery
increased for FM-ODA, FM-HEODI and FM-RDI, but
decreased for the immiscible FM-W75. The FM-ODA is
known to produce organoclays that can be exfoliated during
EP curing (at T <200°C; Tg > 240°C), while FM-imidazolium
organoclays are known for their thermal stability. While FM
had no influence on curing, FM-W75, FM-HEODI or FM-RDI
reduced the exothermal peak by 6°C and FM-ODA, by 11°C.
Thus, all intercalants catalyzed the curing, but the di-hydro
imidazolines were not as effective as ODA. This suggests that
FM-ODA could lead to the best exfoliation, if not for the
thermal decomposition of ammonium ions (see Table 12).
None of the produced PNC was fully exfoliated. SEM
micrographs showed clay aggregates (some as large as
20-30 wm), especially for FM-W75 and FM-ODA.

In Fig. 10 (left) the relation between the tensile modulus
and clay content is displayed. The least squares fit to eqn (2)
is shown by lines. In Fig. 10 (right) the parameter a of eqn (2)
is plotted versus dgo; (see Table 12). The result for FM-W75 is
the worst, falling out of correlation for other compositions.
The performance of PNC with FM-RDI is the best, with the
two other organoclays not far behind. It is also significant
that neat FM shows a good performance. At 4 vol% clay
loading the modulus increased by 35%. The fracture energy
for all the intercalated systems was found to be higher than
that for the micro-composite with FM, but again the data for
FM-W75 were the lowest and these of FM-RDI the highest. At
5 vol% clay the fracture energy was nearly twice as large as
that for the neat matrix resin.

Frohlich et al.'"®* prepared high-performance EP-based
PNC using either FM or FM-ODA, and six-arm star
poly(propylene glycol-b-ethylene glycol) (PPEG). The
hydroxyl end groups of the latter compound were modified,
yielding on average two pendant stearate chains, two phenol
groups, and two hydroxyl end groups, which controlled
polymer polarity. The phenol end groups ensured covalent
bonding between liquid polymer and EP resin. TEM showed
that the PNCs comprised intercalated clay stacks and PPEG
spheres dispersed in EP, engendering a complex behavior.
For example, the coefficient of thermal expansion for PNC
was higher than that for the neat matrix. The T, value ranged
from 204 to 242°C. The relative modulus, Egr, reached its
maximum value of 1.12 for 5 wt% of PPEG and the same
amount of FM-ODA. The relatively high fracture toughness
of the neat resin, K;. = 1.34, was not necessarily preserved in
PNC: K;.=1.13 to 1.52MPa/m. SEM of the fractured
surfaces revealed extensive matrix shear yielding for the
neat resin, whereas the predominant fracture mode of the
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Table 12. Organic content and interlamellar spacing’3®

Interlamellar spacing, doo;

(nm)
Materials CEC (meq/g) In organoclay In epoxy®
M — 0.94 —
FM-ODA 0.99 1.9 4.0
FM-W75 0.67 3.2 2.5
FM-HEODI 0.90 22 41°
FM-RDI 1.10 2.5 7.5
? At 5 wt% clay, cured as indicated in the text.
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hybrid nanocomposites was crack bifurcation and branch-
ing. In short, addition of FM was somehow overshadowed by
that of PPEG, thus the effect of FM intercalation by ODA did
not play the expected role. However, the ME-100 presence in
the EP contributed to the overall good presence.

Polyurethane matrix

Kosiiski et al.'** prepared polyurethane (PU)-based PNC for
fibers or films by dispersing clay in a PU solution in dimethyl
acetamide (DMAC) then agitating the suspension until
sufficient exfoliation took place, forming fibers or films by
spinning or casting, respectively. The solution could contain
dyes and/or other additives. The clay was either MMT or FM
(CEC=0.5 to 2meq/g), intercalated with onium ions to
generate interlayer spacing of dypp; >1.4nm. The patent
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Figure 9. Tensile strength and fracture energy of the EP-based PNC: MMT, not intercalated purified
bentonite; MMT/B, MMT intercalated with 2MBODA; FM/B, fluoro mica intercalated with 2MBODA; HT,
not intercalated synthetic hectorite; HT/B, synthetic hectorite intercalated with 2MBODA. "2
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Figure 10. Left figure displays the tensile modulus versus FM content for EP-based PNCs. The right figure
shows the relation between slopes of the E versus V dependence (shown in the left figure), and the dyoq values

from Table 12.733
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focused on the segmented PU (for Spandex), with 0.1 to 12
wt% clay having dgp; >3.5nm. For example, MMT was
intercalated with aqueous solution of dehydro-abietyl
ammonium and Nile Blue dye. The organoclay-dye pigment
had dyo; = 2.2 nm and it contained about 5.2 wt% of Nile Blue
bonded to the clay. In comparison to PU formulations
without clay, the PNCs showed greater dyeability and
dye-fastness, namely 25 times deeper blue, and 2-3 times
stronger yellow absorptions. Since addition of MMT-type
organoclay may cause yellowing, a small amount of
pre-dyed clay may be needed to offset this effect. Evidently,
this problem does not exist for FM.

PNC were prepared by pre-intercalating ME-100 with
MDD2EG, dispersing 2.5, 5, 7.5, and 10 wt% of the
organoclay in tri-hydroxy-terminated-PPG (poly- or oligo-
propylene glycol), adding curing agent (N,N-dimethyl-
benzylamine), and then curing the system with di-isocyanato-
di-phenyl-methane.”” At 80°C the presence of organoclay
slightly reduced the reaction rate. At 10 wt% of clay loading
the interlayer spacing of FM (dgp; =0.9nm) increased to
8.8 nm. TEM showed well dispersed stacks, and FM particles
resembling ribbons, 500 nm long, and 20 to 50 nm wide. Since
the nominal aspect ratio, p <5000, severe clay attrition was
postulated. However, it is possible that the used FM was
similarly contaminated with long fibers as that shown in
Fig. 2 (top).

As shown in Fig. 11, the tensile strength and elongation at
break increased with organoclay content, at least up to 7.5
wt% FM. There is clearly an advantage of having FM
pre-intercalated, even though only intercalation was
achieved. PNC with 5 wt% FM (as neat FM or pre-
intercalated FM) had the relative tensile modulus, tensile
strength and elongation at break equal, respectively: 0.97 and
0.75; 1.37 and 2.12; 1.49 and 3.23; hence MDD2EG acted as a
toughening agent.

Rossetti'®® studied flammability of PNCs with PP, PU, and
EP as the matrix. Different organoclays were used —based
either on ME-100 or MMT (Cloisite™ series). The flamm-
ability reduction was observed for all systems containing 10
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Figure 11. The elongation at break and tensile strength
versus clay content for PU with neat FM and FM pre-
intercalated with MDD2EG.*”
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wt% organoclay. The effect for PP and PU could be expected
from the earlier report.137 However, for EP Rossetti observed
a significant reduction of the mass-loss rate (MLR). The latter
systems were prepared by dispersing FM (pre-intercalated
with C,H,,, 1NH; Cl", where n=4, 8, 12 or 18) in DGEBA
crosslinked with an anhydride. FM with C4 did not change
flammability of EP, but the three other organoclays reduced
the MLR by about 40%, and the maximum T from 133 to
108°C.

Poly(ethylene—co—vinyl acetate) (EV Ac) matrix

Zanetti et al®*?"'%® melt compounded (in a mini-
compounder or internal mixer) EVAc-12 or EVAc-19 with
ME-100 pre-intercalated with ODA or ADA. The degree of
clay dispersion depended on the matrix and intercalant,
namely in EVAc-19 exfoliation was obtained for FM-ODA,
whereas dgp; was unchanged for FM-ADA. The materials
also behaved differently in thermogravimetric tests and cone
calorimetry. Under thermo-oxidative conditions FM-ODA
accelerated de-acetylation of the EVAc-19, while FM-ADA
did not significantly affect the decomposition of the matrix
polymer. Similarly the cone calorimetry of the well dispersed
nanocomposites with FM-ODA indicated reduction of peak
heat release rate (PHRR), whereas there was hardly a
difference between EVAc-19 with and without FM-ADA.

In addition to the two FM organoclays the authors also
used MMT pre-intercalated with methyl hydrogenated
tallow di-hydroxy ethyl ammonium chloride (MHT2EtOH)
or 2M2HTA. Melt compounding EVAc-19 with these
organoclays resulted in exfoliation for MMT-MHT2EtOH,
while intercalation (dgg; =3.8nm) for MMT-2M2HTA. The
TGA weight loss in air of these systems was similarly
improved."® The rheological measurements were more
sensitive to the aspect ratio and platelets distribution.
Overall, better results were obtained with MMT-MHT2EtOH
than with the FM-ODA.

Bellucci et al.'*” compared the mechanical behavior of
EVAc-19 with natural and semi-synthetic clays. The polymer
was compounded with FM-MHT2EtOH and MMT-2M2HTA.
The effect of purification of organoclays on the performance
was examined. Since the FM-organoclay was fully exfoliated,
purification did not affect the interlayer spacing. By contrast,
in the intercalated MMT-2M2HTA system removal of
impurities reduced dgg;. The rheological measurements were
more discriminatory showing the highest apparent yield
stress for purified FM-organoclay. PNC with purified
organoclays was stiffer and more brittle—the highest tensile
modulus was obtained for PNC containing purified
FM-MHT2EtOH organoclay, and the lowest (but still 25%
higher than the matrix) for the one with non-purified
MMT-organoclay. The elongation and tensile strength at
break were similar for all nanocomposites, but the tensile
yield stress was the highest for PNC with FM-MHT2EtOH
(Somasif MEE).

PNC with Lucentite

By contrast with large number of PNC preparations with
Somasif, those with other synthetic clays are far less
common. Thus, for Lucentite only one patent was found.
The reason for the use of this synthetic clay was not to
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Table 13. Natural and synthetic clays used in the study'*”

Exchangeable Modifier CEC Platelet Al/Mg/Fe
Name Type cation loading (%) (meq/g) size (nm) content (%)
Gel White GP MMT Ca’", Na*™ 0 0.90-0.92 >100 14.7/3.2/0.8
TSPP-GP MMT Ca®', Na® 2 0.90-0.92 >100 14.7/3.2/0.8
Cloisite®-Na MMT Na* 0 0.926 75-100 19.2/2.1/4.3
TSPP-CL MMT Na* 4 0.926 75-100 19.2/2.1/4.3
Laponite RD HT Na* 0 0.60 25-35 0/27.5/0
Laponite RDS HT Na* 8.24 0.60 25-35 0/26/0
Laponite B FM Na™ 0 0.60 25-35 0/27/0
Laponite S FM Na* 6.18 0.60 25-35 0/25/0
Laponite JS FM Na* 10.12 0.60 25-35 0/22.2/0
Somasif ME-100 FM Na* 0 1.20 <5000 0/25.6/0
TSPP-ME-100 FM Na™ 1 1.20 <5000 0/25.6/0

Note: HT = synthetic hectorite; FM = fluoro mica; TSPP =4-sodium pyrophosphate. The values of CEC, average platelet size, and content

of Al,O;, MgO, and Fe,Oj; in clay, are from the clay provider.

reinforce, but rather to change the rheological behavior of the
polyol solution during preparation of rigid PU foams.'*'
Higher viscosity of the thixotropic system stabilized a
dispersion of flame retardants [Sb,O;, Al(OH);, CB, or
melamine], while on shearing dramatically reduced viscosity
facilitated foaming. The resulting hard PU foam had good
dimensional stability and fire-resistance.

More recently, Si et al.*? compared performances of
polymethyl methacrylate (PMMA)-based PNCs with MMT
(18 wt% Cloisite™ 6A) or HT (16-wt% Lucentite SPN). The
melt compounded specimens were intercalated. TEM
micrographs showed the presence of large clay aggregates
in the form of ribbons. PNC containing MMT were yellowish
and partially opaque, whereas that with HT was as optically
clear and colorless as the matrix polymer. In comparison to
MMT, HT was less efficient for increasing rigidity and Ty, but
significantly more so for flammability reduction.

PNC with Laponite

The synthetic Laponite®™ has low aspect ratio (p~25-35), is
chemically pure and free from contaminants. It is an efficient
rheology controlling agent for waterborne systems, which
gives colorless, transparent, and highly thixotropic gels.
Several studies on the effect of Laponite in PNC have been
published.

McCarthy et al. used synthetic HT (Laponite), NasP,O7 and
a hydrophilic, air curable EP resin. The system has been
designed as a flexible, antistatic film for polymeric substrates
[e.g. poly(ethylene) (PE)], and for multilayer food pou-
ches."**Kaviratna et al’. studied the dielectric properties of
MMT, Laponite FH, and ME-100 FM with Na*, Li*, and Cu®*
as counterions. The dielectric behavior was mainly con-
trolled by the counterion charge-to-radius ratio. Intercalation
of PEG into Laponite enhanced Li" ion conductivity in
rechargeable lithium batteries.'** Inan et al.'** studied effects
of Laponite on char formation and flame-retardation of its
PNC with PA-6.

Shemper et al.'*® investigated the effects of Laponite RD on
photo-polymerization kinetics and coating properties of
MHMA in the presence of hydroxylated dimethyl acrylate
crosslinkers. The clay auto-accelerated the reaction, thus high
rates and conversions were achieved. XRD did not show any
peak for the interlayer spacing—either in neat clay or in PNC
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containing 10 wt% Laponite. Similarly the TEM micrographs
indicated a lack of organization of the clay layers.
Incorporation of the clay improved coating hardness.
PMMA was prepared by emulsion polymerization with
cationic initiator in the presence of 3MHDA, followed by
mixing with aqueous clay slurry and hetero-coagulation the
mixture via cooling it to —20°C."" The clays included MMT,
Laponite, and ME-100 (see Table 13). XRD and TEM
indicated that the PNC morphology depended on the clay
concentration and colloidal stability. The nanocomposites
from Gel White GP and Laponite were well dispersed at <5
wt% clay loading. Although modification of clay with
NayP,0O; improved the colloidal stability, it did not enhance
exfoliation. Exfoliated nanocomposites showed good mor-
phological stability during solution or melt processing.
According to the differential TGA the presence of Fe or Al
improved PMMA thermal stability, with the former being
more effective. It has been postulated that PNC thermal
stability is related to the p-controlled barrier properties, but
here there was no correlation with the clay dimensions.
Sun et al.'*® dispersed in styrene Laponite RD with
3MHDA, oil-soluble initiator, non-ionic surfactant and
co-stabilizer. After ultrasonication the mixture was emulsion
polymerized into PS latex with 200nm diameter spherical
particles, containing up to 7.8 wt% well dispersed clay.
The mechanical properties and structures of aqueous gels
(nanocomposite gels), consisting of 80-90 wt% water,
poly-(N-isopropylacrylamide) (PNIPA) and Laponite XLG
were studied.'® After drying, the interlayer spacing was
measured. The compositions containing < 50 mmol/1 were
exfoliated, while those at clay content >100 mmol/] were
intercalated. Characteristically, full shape recovery after
elongation was observed only for low concentrations. The
tensile properties, E and o, increased with clay content,
reaching 1.1 MPa, and 453 kPa, respectively, with small loss
of elongation at break (g, was reduced from about 1000 to
800%). The relative fracture energy increased to 3300
(comparing with a conventional gel). Upon elongation of
gel with 250 mmol clay per litres of H,O, o increased to 3.0
MPa. On the basis of the mechanical and optical properties it
was concluded that an organic/inorganic network structure
existed in the full range of clay content. It is certain that clay is
not covalently bonded to the polymer, but at lower
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Table 14. Interlayer spacings of the pre-intercalated MMT-type clays

dooy (nm)
CEC Area/cation
Clay (meq/g) (nm?) ODA 20DA 30DA 40DA
Nanofil 757 0.68 1.87 1.82 2.45 3.25 —
Cloisite™ Na 0.88 1.44 — 2.51 3.48 —
Optigel CK 0.90 1.41 1.85 2.66 3.58 3.94
Optigel CMO 1.00 1.27 2.14 3.28 3.84 —

concentration the randomly oriented single clay platelets are
enclosed within the aqueous polymer network. The presence
of the critical clay concentration: 50 < c. < 100mmol/I, is
related to the critical overlap concentration of encompassed
volumes equal to the maximum packing volume fraction of
hard spheres, ¢, ~0.62.”® Assuming circular clay platelets
with diameter of 35nm and density 2.57 g/ml (see earlier
section), the two ¢, limits leads to reasonable values
0.334 < ¢y < 0.658.

In a recent patent, Galiano ef al. functionalized Laponite
RD with sulfonic groups using plasma treatment. The
compound was added to Nafion, and the composition was
either cast or extruded into membranes with improved
protonic conductivity. Their hydration capability was found
improved by the presence of the nanofiller, especially at
higher T (e.g. 80-100°C)."*

In short, Laponite has been used with polymers for
catalytic activity, increased hardness and stiffness, or
improved performance of soft aqueous gels. The clay can
also be used for rheology control during emulsion or
polycondensation reactions. Similar uses can be found for
other clays of this type listed in Table 2.

PNC with Optigel

Synthetic HT (Optigel SH) was used in the cited work on
EP-based PNCs by Zilg et al."** The authors investigated
correlations between PNC composition, type of clay (FM,
MMT, and HT), its concentration and mechanical properties.
Neat clays and organoclays were examined. At 5 wt% of clay
content FM was difficult to disperse, MMT dispersed easier,
while HT exfoliated—note the correlation with the aspect
ratio. The mechanical properties of four series of EP-based
PNC are summarized in Fig. 9. Surprisingly, there is little
improvement of properties by intercalation—the tensile
strength of PNC’s with neat MMT or FH is higher (mid-
concentrations) than that with organoclays. The best fracture
toughness was reported for FM and MMT, either intercalated
or not. Surprisingly, at >3 wt% loading PNC with HT had the
best tensile strength at the lowest fracture energy.

PNCs were prepared by melt-compounding in an internal
mixer high-density poly(ethylene) (HDPE) with clays (note
different CEC) pre-intercalated with ODA, 20DA, 30DA, or
40DA.**! As shown in Table 14, dog; increased with CEC and
number of ODA groups of the intercalants. At the constant
volume fraction of inorganic clays the mechanical perform-
ance correlated with dgg;, but not with the clay type or aspect
ratio. For Optigel-CK-20DA system, the relative modulus
linearly increased with the clay volume fraction—35%
higher modulus at 2.8 vol% was reported. Substituting these
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values to eqn (2) gives the aspect ratio, p =59. This is modest,
but reasonable for this non-exfoliated synthetic clay.

PNC with Sumecton-SA

Polymerization of e-caprolactam in the presence of synthetic
Na-saponite (Sumecton-SA) resulted in full exfoliation.'®
The presence of clay increased the crystallization rate of the
a-form. At 2.5 wt% clay loading the relative tensile and
flexural moduli increased to: 3.06 and 1.12, respectively, with
the Charpy impact strength reduced from 6.2 to 6.1kJ/m,
and HDT increasing from 65 to 76°C at 264 psi.

PNC with synthetic magadiite (MAG)

The interlayer spacing of intercalated clays depends not only
on the type of clay and intercalant, but also on T and P. The
measurements conducted on aqueous suspensions indicated
that in most cases as T or P increases dgy decreases.®!%
Figure 12 displays doy versus T plot for organo-MAG;
squares represent MAG-di-methyl-di-tetradecyl ammonium
chloride (2M2TDA) behavior (filled for heating, open for
cooling), while circles represent tetra-decyl ammonium
chloride (TDA)-ammonium amine complex [C;4HyN"H; -
C14H29NH,]. As shown, dy, variations with T depend on the
ammonium radical; the primary ammonium intercalant
seems to be more sensitive to T than quads. The authors
suggested that these changes are caused by molecular
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Figure 12. Interlayer spacing, dyo1, as a function of tempera-
ture, T, for MAG intercalated with salts of tetradecyl
ammonium and complexed with tetradecyl ammonium
(TDA) or with di-methyl di-tetradecyl ammonium (2M2TDA);
open squares show values after cooling.'%®
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rearrangement of the ammonium ions, melting n-paraffin
groups, or hydration.

Since 1994 Pinnavaia and coworkers published a series of
articles on the use of EP compounds as the second intercalant
of layered materials.'**"*” To achieve organoclay exfoliation
in glassy EP involved heating pre-intercalated layered nano-
filler with EP resin at T =200-300°C. For example, synthetic
Na*-MAG was ion-exchanged in the presence of amine with
ammonium ions, CH3(CH,)1;NH; _ (CHj;),, where n = 0-3.158
For the primary amine (ODA) dypp; =3.82nm was deter-
mined. As the number of methyl groups increased fromn =1
to 2 and 3, dyy; decreased to 3.74, 3.20 and 3.41nm,
respectively. Next, an organo-MAG was added to Epon
828 and Jeffamine [PPG-bis(2-aminopropyl ether)], stirred
for 60 min, degassed and cured. When the curing time was >
5min, full exfoliation was obtained (EP contained <15 wt%
organoclay). Good exfoliation was obtained for MAG
intercalated with either primary or secondary onium ions
(n=0 or 1), but for higher amines (n=2 or 3) intercalated
systems were obtained with dyy=7.82 and 4.10nm,
respectively. The observed effect of the intercalant structure
was interpreted in terms of acidity that accelerates the curing
reaction within the interlamellar galleries, which results in
delamination. The acidity of, e.g., ODA is reduced by the
presence of methyl groups (especially for n =2 or 3). It is also
possible that N-H of the primary and secondary ammonium
ions may be able to react with EP, and thus causing an
expansion of the intergallery space. EP nanocomposites with
MAG showed great improvement in tensile modulus and
strength. The enhancement of tensile strength depended on
the degree of exfoliation, e.g. at 10 wt% of MAG the tensile
strength increase by a factor of 4.8, 3.5, and 2.3 for the
exfoliated, ordered exfoliated and intercalated system,
respectively (n=1-3). The transparency and high barrier
performance makes these PNCs attractive as packaging
materials and protective films.

Effects on the curing kinetics were also observed during
UV-curing. MAG in either sodium form or organo-modified
were dispersed at 5 wt% by sonication in 3-4 epoxy-
cyclohexylmethyl-3'-4’-epoxycyclohexylcarboxylate, then 2
wt% of cationic photo initiator (triaryl sulphonium hexa-
fluoroantimoniate) was added, and the system was
UV-cured. Despite that the dispersion did not show any
change of dyy (for neither the unmodified nor the
organophilic MAG) the curing kinetics (followed with FT-IR)
had a long induction time. Incorporation of Na-MAG was
ineffective, while the presence of organo-modified MAG
resulted in high conversion.'”’

Intercalation of MAG has been also carried out by
silylation of interlayer silanol groups with organo-chloro
silanes with different functionality® that resulted in covalent
bonding between organic molecules and clay surface.
Thus, first MAG was dispersed in a solution of tri-methyl
dodecyl ammonium (BMDDA) (dy =2.79nm), then the
product was added to a toluene solution of either
octyl-dimethyl-chloro-silane (CgH;7(CH3),SiCl; 1) or octyl-
tri-chloro-silane (CgH;;SiCl;; 2). The reaction involved
de-intercalation of 3MDDA, which reduced dyy; to 2.33
and 2.18 nm, for 1 and 2 respectively. The grafting density of
the organo-silyl groups was 1.84 and 1.94 per 14SiO, (molar
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ratio), respectively, and the organo-silyl groups formed
monolayers. The two pre-intercalated MAGs showed
different reactivity and alcohol sorption behavior. The new
organoclays with better thermal and chemical stability could
be used to form PNCs.

MAG;, prepared in a hydrothermal reaction that gave CEC =
2.2meq/g, and thickness of the silicate layer of 1.12 nm'®°
was intercalated with photochromic p-(w-dimethyl-hydroxy-
ethyl amino-ethoxy)-azo-benzene cation:

el
N—@—O-CZHL;-N:—CzH‘;OHBr-
CH,

The intercalant isomerized when UV-irradiated, resulted in
reversible changes of dgg; from 2.69 to 2.75nm.

Wang et al.'®" prepared PNCs with MAG, pre-intercalated
with  di-methyl-(p-vinyl benzyl)-hexadecyl ammonium
chloride 2MVBHDA; VB-16). The compound was dispersed
in styrene, and then the bulk polymerized at 60 to 80°C for
48hr. The interlayer spacing of MAG, dyy~1.5nm,
increased to >8.8nm, suggesting exfoliation. However,
TEM micrographs showed the presence of large, micron-size,
clay aggregates. The high magnification micrographs seem to
indicate that the individual MAG platelets are about 150 nm
large. The relative modulus (at 3 wt% loading?) was
Er=14%0.1, and the relative peak stress og=3.4+1.2.
From the relative modulus eqn (2) gives for the effective
MAG aspect ratio value of p~150+25. The thermogravi-
metric and cone calorimetry analyses indicated that PNC and
PS had similar degradation onset and the pathway, thus
MAG is not a flame retardant for PS. This conclusion was
found also applicable to PNCs based on thermoset vinyl
ester,'®? or to EVAc.'®®

Morgan et al.1o* prepared a series of EVAc-based PNCs
with 5 wt% of MAG, pre-intercalated with inorganic
(H*, Na*, Ca®*, Mg*") and organic @2M2HTA™) cations.
All compositions comprised 58 wt% of Mg(OH), and 6 wt%
of maleated linear low density poly(ethylene) (LLDPE-g-
MA) compatibilizer. The composites were prepared by melt
compounding in an internal mixer at 170°C. Owing to high
solid content (ca. 40 vol%) the clay dispersion was poor—the
best (dygp; =4.4nm) for MAG-2M2HTA, the worst (dgy; =
1.35nm) for MAG-Ca. EVAc is known for high flamm-
ability—its PHRR = 1632 kW / m?>. Incorporation of 63 wt% of
Mg(OH), reduced this value to 188, while replacement of 5
wt% of Mg(OH), by intercalated-MAG changed the
PHRR =131 to 255 kW /m?—the former value for H-MAG,
the latter for Na-MAG. As the authors noted, H-MAG should
be considered non-ionic silica, which during the flamm-
ability tests may form silicate glass that reduces mass transfer
to flame, thus flammability.

PNC with synthetic, laboratory—scale

made silicates

Synthetic saponites, polymer-containing Mg-silicate-
HT,'9718 and HT'®® were synthesized using modified
hydrothermal methods. The reactants were added sequen-
tially, and after ca. 4 hr of aging, crystallized hydrothermally
for 72 hr at 240°C. The resulting clays were pre-intercalated

165-167,169
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by two methods: (1) during “one-pot” synthesis,'®” adding
3MHDA directly to gel at a ratio SMHDA /Na =3 to oo; (2)
standard ion-exchange by suspending the pristine clay in
3MHDA or ODA aqueous solution at approximately pH = 3.
The suspensions were stirred at 70°C for 36 hr and the final
products was filtered and dried.

PP with synthetic organoclays (saponites or hectorites)
was prepared by melt blending in an internal mixer at 190°C
for 3min with a screw speed of 60 rpm.'”® For comparison,
neat PP and its PNCs with fully inorganic synthetic clays or
MMT-2M2HTA have been compounded under similar
conditions. The thermal degradation in air was found
related to the degree of clay dispersion. The thermal
degradation temperature, T4 (defined by the maximum rate
of weight loss in TGA), of the PP-based PNC was higher than
that of the neat PP, T4(PP)=330°C. Thus, PNC containing
synthetic saponite pre-intercalated with 3MHDA in the
“one-pot” method showed ATy=T4-T4(PP)=44°C, that
ion-exchanged with ODA had AT4=61°C, while PNC with
for PP/MMT-2M2HTA: AT4 = 51°C. It is noteworthy that PP
containing mineral Na-saponite also showed enhanced
thermal behavior: AT4~40°C.

Quite different results were obtained when saponite was
replaced by HT. The PNC containing HT-3MHDA showed
the maximum rate of thermal degradation at Tq=328°C,
comparable to T4(PP) =330°C. This result can be ascribed to
the different surface properties of the two synthetic clays. In
saponite, Al — Si substitution in the tetrahedral sheets leads
to the formation of Brensted acid sites, that as shown by
FT-IR is similar to most acid zeolites.'®” By contrast, such a
surface acidity is absent in synthetic HT.

With low temperature hydrothermal treatment of basic
silicate solutions, Pinnavaia and Xue prepared synthetic
saponite with low aspect ratio.'”" The material (without any
modifier) was dispersed in EP by ultrasonication at 90°C, and
then cured with different curing agents to give rubbery or
glassy PNC. As illustrated by data in Table 15, the elasto-
meric matrix nanocomposites showed greatly improved
mechanical performance.

PNC with layered double hydroxides (LDHs)

Introduction

Clay is a generic term for hydrous silicate particles less than
2 pm in diameter, rich in silicon and aluminium oxides and
hydroxides as well as structural water. From the point of
view of PNC technology, of main interest are crystalline
(natural or synthetic) clays with layered structure that can be
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exfoliated. However, besides clays there are other layered
materials that might be used for the same purpose.1 Of these,
the LDHs are gaining notoriety—at present, over 100 patents
on LDH synthesis and its application are published annually.

LDHs have been known since 1842. Natural LDH, namely
hydrotalcite, pyroaurite, and stichtite [MgoM>*5(OH);,CO; -
4H,0 with M>* = AP’*, Fe®*, and Cr*", respectively] exist in
small quantities and are highly contaminated. The first LDH
synthesis was described by Feitknecht,'””> and patenting
activities started in the 1960s."” Clearfield et al. studied
intercalation of several types of LDHs with sodium dodecyl
sulfate (Na-DDS) and thermal stability of the adduct.'”* The
decomposition of LDH-DDS complex started at 180°C with
evolution of Ci,H,4. However, the structure of LDH was
reported stable up to 250-300°C.

LDH might be tailored to produce functional materials
with properties required for specific applications, e.g. as
precursors for magnets, heat retention additive in horticul-
tural plastic films, flame retardants, HCI absorbing agents for
poly(vinyl chloride) (PVC) and other halogenated polymers
or POs, adsorbing agents for dyes, pigment dispersion
stabilizers for coloring polymers, in biology and medicine for
the storage, delivery and controlled release of pharmaceu-
ticals and other biomolecules, as sensing materials for
determination of water level, toxic additives, as biosensors,
for electrodes, as catalysts for polymerization or decompo-
sition of noxious gases, etc.'® LDHs are commercially
manufactured (e.g. by FCC in China, Stid Chemie and Sasol
in Germany, Ciba in Switzerland, Akzo Nobel, Dulso éal’a,
Slovakia, and Reheis Chemical Co. in the USA) from purified
salts, or minerals such as brucite, Mg(OH),, or quasi-
crystalline boehmite, AlO(OH),'”® mainly as acid-absorbers,
and catalysts for molecular conversions and reactions.

LDHs, also known as hydrotalcite-like anionic clays, or
mixed metal layered hydroxides. Their general chemical
composition is:

[M(I1) _ M(IL), (OH), " (A" /") - mH,0

where M(II) is the M2 cation (e.g. Mg*", Zn*", Ni**, Fe’",
Cu*", Co*", Ca®*, or Mn*"), M(III) is M*? cation (e.g. AI’",
FeS+ Cr3+ CO3+ N13+ SC3+ Y3+ In3+ La3+ Th3+ Tl3+ V3+
Sb**, Bi**, Mn®*, Ga®"), y = 1-2; n =1-10;and A" is organic
or inorganic anion of charge n, eg. A=Cl", Br-, NO3,
CrO3~, Cry02, B,O%~, MoO2~, Se03%~, SiO%-, SO%-, SO%~.
Idealized structures and dimensions of MgAl-LDH are
displayed in Fig. 1. The x value generally ranges from 0.15 to
0.5 and determines the layer charge density and the anion

Table 15. Tensile properties of glassy or rubbery EP—saponite PNCs sonified at 90°C'""

Matrix type Saponite (wt%)

Modulus, E (GPa)

Strength, o (MPa) Strain at break, &, (%)

Glassy 0.0 2.9
Glassy 2.1 3.1
Glassy 54 3.1
Glassy 9.4 3.8
Rubbery 0.0 2.8
Rubbery 2.1 3.8
Rubbery 5.5 5.6
Rubbery 10.9 7.7

66 43
68 57
70 8.9
73 54
0.6 249
1.2 38.7
1.8 38.0
27 39.2
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exchange capacity (AEC). It is noteworthy that LDHs have
cationic character, by contrast with the anionic clays.
Furthermore, their AEC=0.5 to 6 has much greater span
than clays CEC = 0.5-2. The structure of the LDH is similar to
that of brucite, in which isomorphous replacement of a part
of the divalent cations by trivalent cations occurred. The
composition crystallizes in layers formed by the edge
concatenation of Mg(OH), octahedra. As cations in clays,
the interlayer anions in LDH can be exchanged by other
anions, dyes or biomolecules containing ionisable acidic
groups.'”®"”® LDHs have been discussed in several edited
books'*!7?1% and reviews.**'®"1%* They are also discussed
in the PNC monograph.'

Costantino et al.'"® prepared a series of iso-structural LDHs
of the type Mg-Al, Zn-Al, and Ni-Al with diverse properties.
The synthesis offered the possibility of modification of the
inorganic lamella, and improved its interactions with the
polymeric chain by suitable anionic exchange. The organo-
modifiers increased the interlayer spacing from 0.89 to
several nanometers. A structural model, considering the
composition, the charge density, and the gallery height,
suggests that for long alkyl chain carboxylic acid anions (e.g.
stearate, C;g) a monofilm of inter-digitated alkyl chains is
formed.

During the last few years the computer simulation of LDH
structures provided better insight into the interlayer proper-
ties and dynamics.>'® The use of computational methods
provides information on the spatial arrangement, dynamics
of molecular vibrations that help interpretation of XRD,
FT-IR, NMR, or neutron diffraction studies. It is noteworthy
that owing to the variation of electron density in LDHs the
00n XRD peak intensity not necessarily decreases with n, but
spectrum modeling provides the correct assignment. The
computations also lead to such quantities as, e.g. interlayer
spacing, chemical reactivity, or diffusion coefficients, which
might be compared directly with the experiments.

For the production of PNCs, LDH might be intercalated by:
(1) monomers, e.g. aniline, pyrrole, w-aminoacid, methyl
methacrylate, vinyl-benzene sulfonate, vinylpyrrolidone,
vinyl acetate, etc. (2) extended polymer chains, e.g. PEG,
p-sulfonated polystyrene (PSS), polyaniline (PANI)-
sulfonate; (3) co-precipitation in the presence of a polymer.
Furthermore, LDH/polymer PNCs have been prepared by
two-step surfactant-mediated incorporation, hydrothermal
treatment, reconstruction, or restacking.

Few PNCs with dispersed LDHs have been evaluated for
mechanical performance. These systems are thermally more
stable than the pristine organic compounds, and might be
used in applications requiring enhanced flame-retardance. A
large variety of LDH/polymer systems may be tailored
considering the highly tunable interlayer composition
coupled to the choice of the organic moiety. DNA may be
stabilized in the interlayer space of [Mg,AINO;] as a gene
reservoir. Some of the intercalated polymers show excellent
physical properties, e.g. conductivity (PANI), insulation (PS),
ion-gate behavior [polypyrrole (PPY)], etc. However, these
are difficult to process because of lack of mechanical
strength. Numerous studies focused on the use of conductive
polymers for capacitors, rechargeable battery materials, or in
electrochromic windows. Some difficulties for replacing in

Copyright © 2007 John Wiley & Sons, Ltd.
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PNC:s the natural or synthetic clays by LDHs still remain. The
LDH usually has a small aspect ratio (p < 80), and specific
surface area (Ag, <100 m?/ g), the platelets are thin (about 0.5
to 0.8nm), and fragile. The LDH concentration needed for
generating desired performance has been significantly
higher than that of clay. Furthermore, at T~ 240-300°C
LDHs thermally decompose, loosing the crystalline struc-
ture.'® Diverse LDHs have been incorporated into polymers
such as: PANI, poly(vinyl alcohol) (PVAI), PSS, poly(vinyl
sulfonate) (PVS), polyacrylate (PAC), poly(acrylic acid)
(PAA), PPY, PEG, polyimide (PI), elastomers, poly(a,-
B-asparatrate), etc.'®'® In most cases the LDH-type
nanocomposites with high LDH content showed small
interlayer spacing, d=1.3-3.7 nm.

LDH with vinyl or acrylic polymers

The template method was used for the preparation of PNCs
comprising MgAI-LDH and PSS or PVS as the matrix.'®®
Aqueous solutions of a sulfonated polymer, Mg(NOs),,
AI(NOs);, and NaOH were mixed together for 24hr
at 65°C, and then filtered, washed and dried. The XRD
interlayer spacing, d = dyy3 of LDH (0.77 nm) increased to 1.27
and 2.1nm for PNC with PVS and PSS, respectively. TGA
weight loss for these three compositions was 42.1, 55.1 and
59.9 wt%, respectively. The loss corresponds to dehydration
at 50-220°C, and dehydroxylation at T >240°C. TEM
indicated that in LDH the elongated platelets formed
aggregates 200 to 300 nm long, whereas the LDH-PSS were
composed of aggregated equilateral clusters, ca. 25 to 50 nm
in diameter. Thus, the presence of anionic polymer affected
LDH crystallization.

Moujahid et al.'® prepared PNCs with LDH by in situ
polymerization. Thus, first two types of LDH were prepared
by co-precipitation: Zng ¢;Alp33(OH);Cly33-0.75H,O and
Cuy 65Cro 32(0OH),Cl 55 - 0.92H,0. Next, CI~ was exchanged
for an acidic monomer vinyl benzene sulfonate sodium salt
(VBS) or amino-benzene sulfonate (ABSu), which in turn
were in situ polymerized at T =473 K. Incorporation of the
monomers increased the interlayer spacing from 0.776 to
1.80nm (VBS) or 1.54nm (ABSu). The polymerization was
studied by '’C cross-polarization (CP)- MAS NMR or
electron spin resonance (ESR). The resonance peak associ-
ated with the vinyl group disappeared from the VBS/
ZnAl-LDH spectrum, and resonance peaks similar to PSS/
LDH appeared. The thermal treatment of ABSu/CuCr-LDH
was found to depend on the presence of O,; in air a narrow
signal, characteristic of free radicals, was observed. More
interesting are fully exfoliated PNCs with ZnAl-LDH
dispersed in PS matrix, prepared by in situ emulsion or
suspension polymerization.'”® The key to exfoliation was the
use of N-lauroyl-glutamate surfactant and long-chain spacer
(e.g. n-hexadecane). It is noteworthy that only intercalated
systems were obtained using sodium dodecyl sulfate (SDS)
as a surfactant, or shorter spacer (e.g. n-octane). The
exfoliated ZnAl-LDH platelets were dispersed on a molecu-
lar level even at LDH concentrations of 10 and 20 wt %. The
PNCs showed water loss at T >85°C, but when the 50%
weight loss was used as a criterion, the decomposition
temperature of the exfoliated PNC with a 5wt % LDH was
about 28°C higher than that of neat PS.
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Vieille et al.'! also used the templating reaction for
incorporating VBS or PSS into LDH. Two LDHs were used:
LDH1 = Zn, A(OH)6Cl x nH,O and LDH2 = Ca,AI(OH)¢Cl x
nH,O. The reaction conducted at 65°C at pH~ 11 expanded
the interlayer spacings for LDH1 and LDH2 from
d=0.78-0.79nm, to 1.82-1.77 for VBS, and 1.93-1.92 nm for
PSS. '*C CP-MAS NMR indicated similar peak shifts for both
LDHs, suggesting similar electrostatic bonding energies.
However, the in situ polymerization of VBS molecules inside
the intergallery spaces of LDH1 was quite different than that
in LDH2; for the former the polymerization started at 120°C
and was completed at 200°C, whereas for LDH2 the
polymerization started at 180°C, and to complete it required
T >200°C. The thermal stability of the PNCs with LDH1 was
better than of these with LDH?2.

Significant reduction of the thermal degradation of PS was
obtained incorporating a Zn/Al-LDH (chloride form)
modified with benzene phosphonate anions.'”> The amount
of organic intercalant ranged from 25 to 88% of the AEC. The
organo-modified LDH was intercalated by the benzene
phosphonate grafted on the lamellae surface. The PNCs
were prepared by the co-solvent method dispersing 5 wt%
nanofiller in PS. The XRD of cast films showed almost
total disappearance of the LDH diffraction peaks,
suggesting exfoliation. The thermogravimetric study of the
composites under air, compared with the pure polymer
matrix in air and nitrogen, showed stabilization of the
thermooxidative degradation of PS; the best performance
was obtained for about 40% anionic substitution. In this case,
the degradation in air was comparable to that of neat PS
under N».

Camino et al.'”® compared flammability and mechanical
properties of EVAc, with EVAc containing 50 wt% of either
Mg(OH),, AI(OH);, AIO(OH) or MgAI-LDH. The samples
were melt-compounded in an internal mixer at T < 150°C (to
avoid decomposition of LDH). The EVAc with LDH showed
the highest value of the limited oxygen index (LOI=29.5
vol%), the longest delay time to reach the peak temperature
(Atax=191sec) and the lowest peak temperature (Tax=
115°C). This behavior could be due to the heat absorption
within a temperature range of Al and Mg hydroxide
decomposition. Furthermore, char retained an intumescent
compact surface up to the end of the test. The tensile tests
indicated that as far as the elongation at break and ultimate
strength are concerned, the LDH system behaved similarly to
other fillers. The authors concluded that: ““... to achieve
useful flame-retarding properties in EVA polymer, the
overall filler loading needed must be higher than
50-wt%"’. Similarly, Jiao et al.'®* investigated the fla-
me-retardancy of EVAc-LDH. The PNCs were prepared
by melt compounding 0-150 phr LDH with EVAc on a
two-roll mill at T=120°C. LOI increased linearly with LDH
content, doubling its value at ca. 100 phr. Incorporation of 120
phr LDH reduced PHRR of the system by a factor of 10. TGA
also indicated increased thermal stability of the EVAc
copolymer. The flame retardation effect of LDH was larger
than that of a nano-sized Mg(OH),, currently used as a flame
depressant. However, to achieve these benefits required 60
wt% or more of LDH, which greatly reduced the mechanical
performance.
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As these examples demonstrate, MgAIl-LDH prepared by
co-precipitation with organic reagents might provide specific
performance. It is noteworthy that these examples deal with
PNC:s that by virtue of the reactive agent are bonded to the
LDH surface, and that the preparation did not involve
heating the system above 200°C. Similarly, MgAl-LDH
modified with dodecyl sulfate (DDS) was dispersed in
acrylic monomers by high-shear stirring at 70°C.'"> The
suspension containing 1 to 10 wt% LDH-DDS was poly-
merized by free radical initiation at T =120°C. The TEM and
XRD suggested a partial delamination (short stacks with 2-5
plates remaining), which resulted in enhanced thermal
stability. However, the weight loss in TGA that started at
50°C was greatly accelerated at ca. 250°C. Similarly,
MgAI-LDH-(PEG),-PO3;OH has been prepared by template
method, and then mixed with PEG and LiClO,.'"® The
systems were exfoliated, and the LDH platelets acted as
nucleating agents for PEG. A significant enhancement of
conductivity was obtained.

Fischer et al."”” used a designed block copolymer as a
compatibilizer for immiscible mixtures of a polymer/layered
material. The authors tested the concept using, e.g. PMMA
with ca. 5 wt% of synthetic Na-saponite, or MgAl-LDH. The
samples were prepared by melt compounding in a mini-TSE
at 160°C for 5 min. For saponite the PMMA-b-PEG, and for
LDH the PMMA-b-PMAA copolymers were used. The
relative modulus of these PNCs was, respectively, Ex =1.4
and 1.7, relative elongation at break 0.33 and 0.53;
and relative strength 0.62 and 1.06. From Eg an average
platelet diameters can be calculated as 64 and 296nm,
respectively.

Recently, Costache ef al. have reported that the thermal
stability of PMMA with LDH require that the latter is
exfoliates; incorporation of 7 wt% pre-intercalated LDH did
not improve stability over the effects of CNTs or MMT/
MHT2EtOH .

LDH with polycondensation-type polymers

Full exfoliation during PA-6 polycondensation in the
presence of LDH was described by Fischer and Gielgens.'””
To accomplish this task, the LDH was treated with >20 wt%
of organic intercalant, having organic groups that are either
miscible or reactive with the matrix. Furthermore, at least 5%
of these anions contain a second charge-carrying group. The
preferred anions are of carboxylic, sulfonic or phosphonic
acids, while the charge-carrying group is cationic, e.g.
ammonium, phosphonium, or similar. Presence of the latter
groups repels the LDH sheets helping the exfoliation.
According to authors of this patent, the suitable polymeric
matrices are: PA, PO, PEST, PC, TPU, vinyl polymers, and
polyepoxides. The PNC might be prepared by either melt
compounding organo-LDH with molten polymer in a TSE or
by dispersing it in monomer, which then is polymerized.
Unfortunately, the document does not fully support these
broad statements. For example, PC is known to be acid /base
sensitive, and melt compounding PC in the presence of
hydroxyl groups, might induce its hydrolytic degradation,
leading to significant losses of mechanical, thermal, and
flammability performance. The following patent*” provided
an example. First, [MggAl,(OH);6][CO;-4H,0] (AEC=
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4meq/g) was dispersed in aqueous solution of «,w-
amino-undecanoic acid at 80°C, and reacted for 3 hr. Next,
the purified condensate was mixed with e-caprolactam and
10% H,0, heated to 260°C and polymerized. The PA-6/LDH
melt was transparent, suggesting exfoliation, confirmed by
XRD.

LDHs of the type MgsAl/4-dodecyl benzene sulfonate
(DBS) =Mg 75Al025(0OH)2(DBS)g 25 - 0.44H,0O, and MggAl/
DBS =Mg.84Alp.16(OH)2(DBS)g 16 (Na-DBS)g 05 - 0.44H,O
were prepared by the co-precipitation. They were melt
compounded with 95 wt% of PA-6 in a mini-TSE at
T =230-260°C, and then hot-pressed at 240°C.2°! The AEC
of these two LDHs was 1.69 and 1.09 (meq/g), and the
interlayer spacing dgoz =2.76 and 2.83 nm, respectively. The
hexagonal platelets with diameter of about 70-200 nm were
0.49nm thick (i.e. the aspect ratio: p~500). The degree of
dispersion depended on AEC, the compounding T and
stress. Higher degree of dispersion was achieved compound-
ing PA-6 with MgsAl/DBS than with Mg;Al/DBS. It is
noteworthy that during compounding with PA-6 the high
stresses and T resulted in attrition of the fragile LDH to
diameter of ca. 40-80nm. By contrast with clay-containing
PNCs, the ones with LDH crystallized at about the same rate
and into similar crystalline form as those of neat PA-6.

Similarly, PET was melt-compounded with 0, 1.0, and 2.0
wt% of pre-intercalated LDH.*** Prior to intercalation the
LDH (Mg3Al1-CO;) was calcinated at 500°C (converting it into
oxides), re-dispersed in water solution of DDS, DBS, or
octyl-sulfate (OS). The interlayer spacing of these adducts
ranged from 2.3 to 2.8 nm. Compounding was carried outin a
mini-TSE at 270°C with residence time of ca. 1min.
According to XRD the PNCs were exfoliated, but aggregates
were evident in the TEM micrographs. The flow behavior of
the PNCs indicated presence of weak networks; the
mechanical properties were disappointing. The best per-
forming was PET with 2 wt% LDH-DDS—its modulus and
strength increased by 7 and 11%, respectively, but the
elongation at break decreased by 84%. The effect of LDH
addition on the thermal properties was marginal. Thus,
either the calcinated LDH did not fully recover its layered
structure, or damage to LDH during compounding with PET
significantly altered its structure.

LDH with polyolefins

PNCs with PO as the matrix are the most difficult to prepare.
Owing to low polarity they do not interact with nanofillers,
such as clay, CNTs or LDHs. However, several attempts were
made to engender exfoliation in PO matrix, and achieve
significant improvement of properties.

Attempt to exfoliate LDH in PE-g-MA started by the
synthesis of MgzAl-LDH by co-precipitation method,
calcination of the product, its re-hydration in DDS aqueous
solution, followed by drying, and dispersing in xylene
solution of PE-g-MA under reflux (T~ 140°C).2* At 2 or 5
wt% LDH loading PNCs were exfoliated. The hexagonal
LDH platelets were randomly dispersed, and their dimen-
sions were about 0.48 x 70 x 70 nm>. TGA suggested faster
charring (than PE-g-MA) at 210 to 360°C, and greater thermal
stability above 370°C. The presence of exfoliated LDH,
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resulted in a shift of the degradation temperature (in air,
measured at 50 wt% loss) by ca. 24 to 59°C. The PNCs were
found suitable for the use in flame-retardant polymeric
compositions. Next, the effect of replacement of Mgz Al-LDH
by Zn;Al-LDH (platelet diameter ca. 50 nm) and PE-g-MA by
LLDPE were examined.”* The PNCs containing 2 to 95 wt%
LDH-DDS were also prepared in xylene solution. The
compositions containing 2, 5, and 10 wt% LDH were found
exfoliated, that with 20 wt% showed a shoulder on XRD
trace, and samples containing >50 wt% LDH had inter-
calated structures. Significant enhancement of thermal
stability was obtained, with a shift of the degradation
temperature (measured at 50% weight loss) by 37 to 65°C,
and the maximum efficiency for 5 wt%. The mechanical
behavior has not been reported.

Costantino et al. prepared Zn, Al-LDH by the co-precipitation
method (interlayer distance, d=0.758 nm; specific surface
area, Asp =24.1 m?/ g)_zos The LDH was pre-intercalated with
sodium stearate, and after drying compounded with
medium density PE in an internal mixer at 120°C, rotor
speed 60 rpm, and residence time 3 min. PNCs with 5, 10, and
15 wt% of inorganic fraction (calculated as ZnO and Al,O;
oxides) were found exfoliated. LDH strongly affected PE
flammability; namely incorporation of 5 wt% of LDH
reduced PHRR by 55%. This observation was indirectly
confirmed later by Qiu et al.**® who compared the thermal
stability of LLDPE-based PNCs containing 0 to 10 wt% of
either SMHDA-MMT, Mg;Al-LDH(DDS), or Zn;Al-LDH
(DDS). The best dispersion and stabilization effect was
obtained with the latter adduct.

Costa et al.>”?% synthesized MgszAl-LDH by Costantino’s
et al*® urea hydrolysis method, followed by calcination at
T=450°C, and re-hydration in aqueous solution of sodium
dodecyl-benzene sulfonate (SDBS). The PNC samples
(containing 2 to 10 wt% of the adduct, and twice as much
of the compatibilizing MAH-g-PE) were melt compounded
in an internal mixer at T =200°C. The master batch (MB) was
diluted with low density poly(ethylene) (LDPE) to the final
composition. XRD and TEM indicated that compoun-
ding MgzAl-LDH(SDBS) with PE-g-MA, and LDPE hardly
changed the interlayer spacing, dg;=2.96nm, and large
aggregates of LDH have remained. In the second paper the
morphology and flow behavior were studied. TEM and
rheology indicated that LDPE/LDPE-g-MA matrix hardly
interacts with MgzAl-LDH(SDBS). As expected, better
interaction was obtained in Mg;AlI-LDH(SDBS) with
LDPE-g-MA alone, i.e. without LDPE.

Recently, Ding and Qu reported preparation of exfoliated
PP/LDH nanocomposites by melt-compounding.®” The
TGA and dynamic mechanical analysis (DMA) data showed
that the PNCs have enhanced thermal stability compared
with virgin PP and a PP/MMT nanocomposites. X-ray
photoelectron spectroscopy (XPS) and FT-IR results indi-
cated that the photo-oxidation mechanism of PP in the PP/
LDH materials is not modified, but the photo-oxidation rate
is much lower than that of PP and PP/MMT samples,
suggesting better UV-stability. The mechanical properties
have not been measured.

The effects of LDH incorporation into PP and PP + PP-g-
MA on photostability were recently investigated.*'” Thus, PP
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or PP+ PP-g-MA was melt blended with 5 wt% of com-
mercial Mg/ Al hydrotalcite (Sasol PURAL MG45-carbonate
form). The effects on photo-oxidation (A >300nm, T =60°C,
in SEPAP 12/24 apparatus) were followed by IR and
UV-visible spectroscopy. Furthermore, the same tests were
performed using the samples from which the commercial
organic photostabilizer was extracted with 1:1toluene/
ethanol mixture. The presence of the hydrotalcite increased
the rate of photodegradation and reduced the oxidation
induction time (OIT). The oxidation curves of the PNC (IR
absorbances at 1712cm ') showed increased slopes. This
effect was also evident on extracted samples, but here the
OIT was almost constant. The reported results indicate the
need for evaluation of photostability for outdoor appli-
cations.

LDH with thermosets

Hsueh and Chen?''?'? developed successful strategy for the
preparation of PNCs with significant enhancement of
properties at low mineral content. It involves co-precipitation
of Mg(NO3),, AIINO3);, NaOH in the presence of a reactive
organic agent, followed by filtration, drying, addition of
suitable monomers, and polymerization. The reactive
organic agent should be selected considering the matrix
polymer, e.g. for polyimide (PI)-based PNC, the reactive
agent might be amino benzoate (AB), whereas amino
laureate (AL) is preferred for EP-based systems. The LDH
content ranged from 0 to about 7 wt%. The interlayer spacing
of LDH with either AB or AL was d=1.5 or 2.5nm,
respectively. Incorporation of monomers further expanded
the intergalleries, while polymerization led to exfoliation.
The dimensions of LDH platelets were not cited, but judging
by the TEM micrographs they ranged from about 30 to
100nm in length. The maximum tensile strength and
elongation of LDH-AB and LDH-AB/PI occurred at 4 and
5 wt%, respectively. At 5 wt% LDH loading the storage
modulus increased by ca. 33% and Ty by 38°C. The
coefficients of thermal expansion (CTE, below and above
T,) decreased and the thermal properties have improved.
The maximum tensile strength of LDH-AL/EP occurred at
ca. 3 wt% of LDH-AL. At 7 wt% LDH loading the tensile
strength and modulus increased by ca. 44% and 52%,
respectively. The latter value substituted to eqn (2) gives a
reasonable value of p=78. Furthermore, with LDH loading
T, and thermal stability increased, and CTEs decreased.

A significant improvement of EP performance with
incorporation of MgAl-LDH was also reported by Zammarano
et al?"*'* The LDH-containing PNCs showed different
mechanism of the thermal degradation that delayed the
maximum heat release by >50°C, and decreased the weight
loss rate. The nanocomposites showed higher flame-retardant
properties than conventional flame retardants, and self-
extinguishing behavior in the horizontal burn tests. The
performance was related to the level of dispersion and the
intrinsic properties of LDHs, which resulted in the formation
of intercalated layered structure of mixed metal oxides and
char. The LDH-containing PNCs showed a reduction of PHRR
by 50.6%, compared to 27.1% for conventional agent. A
synergetic effect between ammonium polyphosphate and

Copyright © 2007 John Wiley & Sons, Ltd.

PAT

LDH was reported. In the authors recent paper”'* they
compared the flame retardancy of EP compositions with ca. 5
wt% of either MMT or LDH. The latter was either fully
inorganic, or it contained an organic agent grafted during the
templating co-precipitation. Only exfoliated LDH-PNCs
showed self-extinguishing behavior. The cone calorimeter
revealed intumescent behavior and a higher reduction of the
PHRR compared to that of MMT/EP system.

PNC with other lamellar materials

To this category belong many materials listed in Table 1,
namely synthetic or natural layered alumino-phosphates,
Mt phosphates or phosphonates, chlorides, chalcogenides,
cyanides, oxides, graphite, graphite oxide, boron nitride
(BN), etc. For example vanadium pentoxide was used to
enhance stability of the PANI Thus, Liu et al>*® sorbed
anilinium between V,0s5 lamellae, forming (CsHsNHjz)4
V505 - 0.40H,0 complex, which subsequently was polymer-
ized into layered PANI/V,Os (by oxidation).

Due to their lamellar structure the mineral or synthetic
transition metal di-chalcogenides have been used as lubricants.
However, they also might be intercalated by organic
molecules into the inter-lamellar galleries, what might
significantly alternate the properties. For example, changing
the electrochemical potential may force organic intercalate to
lay flat, parallel to the di-chalcogenide layers, or alternatively
to form single or double layers of perpendicularly oriented
molecules. The diversity of di-chalcogenides, intercalants,
and generated structures leads to great number of systems
currently explored for electrical, magnetic or photo-optic
applications.

Within the category of di-chalcogenides MoS; has a special
position. Its interlayer spacing is small, dyp; =0.615nm, but
treated with n-butyl lithium in hexane results in formation of
a complex: Lij sMo0S,.21° The complex dispersed in aqueous
solution of PEG could be exfoliated.?'”'® In the purified dry
product the PEG concentration ranged from 21 to 31 wt%,
and the interlayer spacing of MoS,/PEG complex was
dpo1 =1.45nm, corresponding to the polymeric double-layer
within the galleries. TGA tests indicated thermal stability up
to 255°C. Intercalation with PEG increases electrical con-
ductivity of MoS, by four to five orders of magnitude.*"
Unfortunately, the system was not stable, as starting at 90°C
MoS, catalyzed degradation of PEG that led to loss of
conductivity. The degradation depends on composition and
PEG molecular weight.220 In a recent publication, PEG was
replaced by poly(acrylonitrile) (PAN) obtaining a more
stable [LipM0Sy(PAN);,-0.5H,0O] system, with mixed
ionic-electronic conductor properties, which might be used
for electrodes in lithium batteries.**!

Significantly more interesting for PNC are zirconium
phosphates (ZrP) and phosphonates. They are relatively
inexpensive, thermally stable, and easy to synthesize into
pre-intercalated lamellar structures with a desired aspect
ratio. Furthermore, they might be prepared in a diverse
crystallographic forms with suitable properties for different
applications [e.g. Zr(HPO,), - 2H,0, or Zr(HPO,), - H,O have
layered form that can be intercalated].?”**** Upon intercala-
tion with ethylene oxide or PPG the interlayer spacing
increases from dpy;=0.76 up to 1.7nm. The authors
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suggested application of the complexes in catalysis or
electrochemistry. For the former applications, the pillared,
mesoporous  crystalline pyrophosphate-phosphate, M'™*
(PO,)1,(HPOy),, (where M** is tetravalent metal, and
0.05 < z < 0.25) was suggested.”*

Exfoliated nanocomposites with a-ZrP (1-8 wt%; platelet
diameter ca. 100-200nm) have been obtained for PE, PCL,
and PS.??° The ZrP was pre-intercalated with benzyl amine,
propyl amine or 1-amino 5-pentanol. Depending on the type
of matrix polymer, different method of PNC preparation was
used. Thus, the lyophilized «-ZrP was melt blended with PE;
a mixture of lyophilized nanofiller and PCL solution was
cast, while the PS solution was mixed with gel of exfoliated
a-ZrP in di-methyl formamide or tetrahydrofuran, and then
cast. In all cases the XRD and TEM analyses showed full
exfoliation of ZrP. Incorporation of «-ZrP significantly
changed the polymer thermal behavior in air, with the most
significant degradation delay (in comparison to neat
polymer) by 50°C for PCL and PS, and 80°C for PE.

Lamellar ZrP (dgp; =1.50-2.21 nm) was used in polymer
electrolyte membranes for fuel cells. The matrix could be
sulfonated-poly(ether-ketone) (PEK) or poly(ether-ether-ketone)
(PEEK), perfluorosulfonic acid ionomer (Nafion), etc. 226227
Furthermore, lamellar Zr(O;POH), also have been dispersed
in polyacrylamide (PAAm), EP, PS, or poly(vinylidene
fluoride) (PVDF), for applications in bio-catalysis, photo-
chemistry, molecular and chiral recognition, as well as in fuel
cell technologies.”®

The diversity of structures and potential application
increased by preparation of new one-dimensional zirconium
phosphate  fluorides, namely Zr[(NH4),PO4,F> nH,O
(n=0.5 or 1.0). These compounds could be converted into
other crystallographic forms, such as lamellar «- and
y-zirconium phosphates.229 Unfortunately, these are not
thermally stable, loosing water at T > 80°C and eventually (at
T ~400°C collapsing into cubic ZrP,O;. Preparation, proper-
ties, and application of M** phosphates and phosphonates
have been reviewed by Alberti et al.>***°

Finally, examples of the preliminary, low scale, use of
aluminophosphate (ALPO) layered materials for the prep-
aration of PNC should be mentioned.?*! Thus, for example,
DDA-ALPO-kanemite and DDA-ALPO-kanemite grafted
with vinyl groups on the surface were dispersed in styrene
and polymerization was carried either in bulk or in solution.
Only the bulk-polymerized vinyl grafted nano-filler gave
some evidence of interaction with the matrix polymer—the
XRD and TEM showed intercalation. Similarly, Canepa et al.
melt blended PP with n-butyl amine-ALPO-kanemite,
partially ion-exchanged with Fe**, VO* and Co*".***> While
non-exchanged ALPO-kanemite gave microcomposites, the
metal-exchanged analogues formed intercalated and exfo-
liated PNC. TGA measurements in air showed an improved
stabilization in the order: Fe’* > VO*" > Co*".

SUMMARY AND RECOMMENDATIONS

The synthetic layered nano particles reviewed in this article
might be divided into phyllosilicates (clays), and non-silicate
layered materials, reserving the term “clay” for layered
silicates. The main advantage of synthetic clays is their
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professed chemical purity (e.g. absence of amorphous and
gritty contaminants, as well as arsenic, iron and other heavy
metals) hence their lethal dose that causes the death of 50% of
test animals, LDsy=31.4g/kg. Evidently, for the semi-
synthetic clays the purity hinges on the refinement of natural
precursors, e.g. talc or brucite. If heavy metal contaminants are
present in these precursors, they will remain in the final
product (unless a costly post-synthesis treatment is employed).

The synthetic layered nanoparticles are white to trans-
parent that assures production of brightly (and reproducibly)
colored articles. Their, aspect ratio varies from ca. 20 to 6000.
It is noteworthy that as the aspect ratio increases so do the
problems associated with exfoliation, thus a balance must be
found between the required performances and processa-
bility. Processing may also cause attrition that degrades the
aspect ratio and performance.

To the category of synthetic clays belong such layered
silicates as HT, MC, MMT, MAG, saponite, and their
fluorinated and ‘“‘templated” varieties. The three main
methods for their synthesis are:

1 Semi-synthetic, as here the main ingredient is a natural
mineral, namely talc, brucite or obsidian. Its crystalline
structure is suitably modified by substitution of Mg*" by,
e.g. Na®, or by AP’". The chemical interaction with the
matrix polymer can be modified by a partial substitution of
—-F for -OH, namely reacting talc with sodium fluoro
silicate. This method has been used for the most popular
in polymer technology synthetic fluoro micas; the Somasif
clays. Here, the aspect ratio of clay platelets depends on
that of talc; p <6000 has been cited. As the TEM micro-
graph in Fig. 2 illustrates, two types of crystals (lamellar
and fibrous) have been found in the supplied material.

2 Fully synthetic, where the formation of layered silicate
starts with a variety of salts or metal oxides that provide
suitable composition for crystallization of layered silicates
(e.g. Lucentite). There is a great variety of methods that
belong to this category, including low-temperature
solution method, high temperature synthesis in the molten
state, sol-gel process, etc. In addition to clays that can be
prepared on this route, here also belongs synthetic MAG,
LDHs and phosphates, etc.

The synthetic clays have roughly a circular symmetry and
p=10 to 50. Similar aspect ratios are found in commercial
LDHs. Their main application is the control of rheology
(thixotropy) in aqueous systems in the food, cosmetics,
pharmaceuticals, and paint industries. Exception is melt-
synthesized by TOPY tetrasilicic mica with p=1000 to
5000. When used in polymeric systems they often exfoliate
at up to 5 wt% clay loading, and disproportionately
increase the modulus, namely by a factor of 3.1 at 2.5
wt%. Rarely pre-intercalated grades of these clays are
offered. The manufacturers are: COOP (now CBC),
Laporte, Siid Chemie, Kunimine, TOPY, FCC Inc., etc.

3 Templated synthetic, based on organic templates (includ-
ing polymers), which after synthesis may be pyrolyzed, or
left in as intercalants (e.g. prepared by Carrado, Chastek or
Boccaleri—not commercial yet). Templating offers better
control of interactions between the synthetic organoclay
and polymeric matrix.
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The synthetic clay industry is oriented mainly toward large
volume markets: foodstuffs, pharmaceuticals, cosmetics, tooth-
pastes, etc. The use of these materials in polymers is limited —
except for Unitika’s use of Somasif in commercial PNC, all
other synthetic clays are employed in laboratory-produced
PNCs. As the cited reports indicate, COOP/CBC has been
the most successful supplier of clays for PNCs—both Somasif
(semi-synthetic), and Lucentite (fully synthetic) are offered,
intercalated or not. Other choices are the high aspect ratio, fully
synthetic TOPY, intercalated for the use in PP, or Sumecton
from Kunimine, which in spite of its small p=>50, gave sur-
prisingly large enhancement of stiffness. The information
assembled here shows that synthetic clays offer better per-
formance than the natural ones, but the advantages are rela-
tively small and “non uniform”, i.e. dependent on the system,
the method of PNC preparation and its processing.

For example, as far as the potential application of synthetic
clays for fire retardancy are concerned, the enhancement is
similar or better (e.g. saponite) to that found for nanocom-
posites prepared with natural clays. However, the controlled
composition of these materials can afford the possibility to
tune the desired parameters (i.e. surface acidity, redox
catalytic sites, the crystallite aspect ratio, etc.) that dictate
the thermal properties of PNCs. Flammability of LDH-
containing PNC requires high level of dispersion (exfolia-
tion). So far MAG has shown a neutral behavior in the
flammability tests, but tuning its composition for better crust
formation is within reach.

In the category of non-silicate layered materials three types
were discussed: the LDHs, di-chalcogenides and lamellar
zirconium phosphates. LDH are being produced on a large
commercial scale, whereas the others remain laboratory
materials.

Parallel with the development of synthetic clay technology
there has been rapid progress in the method of synthesis and
enhancement of performance of the LDH. Its main applica-
tion has been in catalysis. In the plastics industry this
material has been used as a traditional flame retardant and
stabilizer. There is a wide variety of LDH types, dependent
on composition and the preparation method. However, the
platelets are thin (0.48nm) and fragile, LDH has been
produced with low aspect ratio (p <80), and used at high
loading (<60%). During the last few years the LDH/polymer
technology changed in the direction of the clay/polymer
type, e.g. the layered material with aspect ratio of ca. 500 has
been produced. The principal advantage of LDH over clay is
its cationic character. Its compatibilization by anionic
modifiers is more straightforward than that by cationic
type. Templating LDH also adds tailoring capability to the
technology. Thus, fully exfoliated PNCs with LDH have been
reported even with a PO matrix. There are still problems with
this technology, for example, decomposition of intercalants
at low temperature, the low dehydroxylation temperature
that affects the crystalline structure, and platelet fragility that
make processability of the PNC more difficult. However,
considering the great number of possible compositions (as
well as the crystalline forms) LDHs might seriously
challenge clay dominance in PNC technology of the future.

The di-chalcogenides and zirconium phosphates have
been designated as the nano-fillers for functional polymeric
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systems. For example, their use as electrically conductive
materials, as catalysts or support for catalysts, in photo-
chemistry, for molecular and chiral recognition, or in fuel cell
technologies has been described. However, the lamellar
zirconium phosphates have good potential for the use as
fully synthetic, reinforcing nano-fillers—they are inexpen-
sive, easy to synthesize in pre-intercalated form (“one pot”
method), large aspect ratios are achievable, and their
modulus and decomposition temperature are high.
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APPENDIX

Abbreviations
2DS 4,4’-di-amino diphenyl sulfone
3C CP-MAS NMR  '3C solid state CP-MAS spectroscopy

*'P MAS NMR 1P variable temperature MAS spec-
troscopy

AB amino benzoate

ABSu amino-benzene sulfonate

ADA w-amino dodecyl (or lauric) acid

AEC anion exchange capacity (meq/g)

AIBN N,N’-azo-bis-isobutyronitrile

AL amino laureate

ALPO layered aluminophosphate

BT bentonite

CB carbon black

CEC cation exchange capacity (meq/g)

CL caprolactone

CNT carbon nanotubes

CpP cross-polarization (in NMR)

Cs chemical shift (in NMR)

CTE coefficient of thermal expansion

DAAM di-acetone acrylamide

DBS 4-dodecyl benzene sulfonate =
Ci2 Ha5-CeHy-505

DGEBA diglycidyl ether of bisphenol-A

DIP dimethyl isophthalate substituted
with the tri-phenyl-phosphonium

DMAC dimethyl acetamide

DTG differential thermogravimetric analysis

EFM extensional flow mixer

ESEEM electron spin echo envelope modu-
lation

ESR electron spin resonance

FH fluoro hectorite

M fluoro mica

FT-IR Fourier transform infrared spec-
troscopy

HDT heat deflection temperature (under
load of 18.6kg/cm)

HDTMOS hexadecyl trimethoxy silane

HT hectorite

LDsg lethal dose that causes the death of

half of test animals.
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LDH
LMAS

LMS

LOI

MAG

MA

MAS

MB

MC

Mg, Al-CO;

MHMA
MLR
MMT
MSDS
MW
Na-DDS
Na-FH
Na-MMT
NIRT

NMR
OIT
(0N
phr

PHRR

PNC
POSS

PTES

SDBS

SDS

SEM

SEPAP 12-24

SSE
TEM
TEOS
TGA
TGDDM

TSE
TSPP
US
uv
VBS
XRD
ZrP

layered double hydroxide

lamellar mesostructured aluminosi-
licate

lamellar mesostructured silicate
limited oxygen index

magadiite (silicic acid)

maleic anhydride

magic angle spinning (NMR)
master batch

mica

carboxylic acid salt of LDH, with
molar ratio Mg:Al =x

methyl a-hydroxy methyl acrylate
mass-loss rate

montmorillonite

material safety data sheets
molecular weight

sodium dodecyl sulfate

sodium-FH

sodium-MMT

notched Izod impact strength at
room temperature

nuclear magnetic resonance
oxidation induction time
octyl-sulfate

concentration in “parts per hundred
weight parts of resin”

peak heat release rate (in cone
calorimetry)

polymeric nanocomposite
polyhedral oligomeric silsesquiox-
anes

phenyl-tri-ethoxy silane

sodium dodecyl-benzene sulfonate
sodium dodecyl sulfate

scanning electron microscopy
apparatus for photodegradation stu-
dies (Service d’Etude du Photovieil-
lissement Accelere des Polymeres)
single screw extruder

transmission electron microscopy
tetraethyl orthosilicate
thermogravimetric analysis
tetra-glycidyl
4,4’-di-amino-diphenyl methane
twin-screw extruder

tetra-sodium pyrophosphate
ultrasonics

ultraviolet

vinyl benzene sulfonate sodium salt
X-ray diffraction

zirconium phosphate

Abbreviations for intercalants

2M2DDA
2M2HTA

2M20DA

di-methyl di-dodecyl ammonium chloride
di-methyl di-(hydrogenated tallow) ammo-
nium chloride

di-methyl di-octadecyl ammonium chloride

Copyright © 2007 John Wiley & Sons, Ltd.

2M2TA
2M2TDA
2MBHTA
2MBODA

2MHDI

2MHDODA

2MVBHDA

20DA
3BHDP
3MDDA
3MHDA
3MODA
30DA
3PHDP
4EA
40DA
ADA
ATPS
DBS

DDA
DDS
HDA
HEODI

M2EPG
M30A
MC2EG
MDD2EG
MHT2EtOH
MT2EtOHA
ODA

PEA

PEM FC
RDI

SDBS

TDA

TGDDM
W75
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di-methyl di-tallow ammonium chloride
di-methyl di-tetradecyl ammonium chloride
di-methyl -benzyl-hexadecyl ammonium chloride

di-methyl-benzyl-octadecyl ammonium
chloride
1,2-di-methyl-3-n-hexadecyl — imidazolium
bromide

di-methyl -hexadecyl-octadecyl ammonium
chloride

di-methyl-(p-vinyl benzyl)hexadecyl ammo-
nium chloride (VB-16)

di-octadecyl ammonium chloride
tri-butyl-hexadecyl phosphonium bromide
tri-methyl dodecyl ammonium bromide
tri-methyl hexadecyl ammonium bromide
tri-methyl octadecyl ammonium chloride
tri-octadecyl ammonium chloride
tri-phenyl n-hexadecyl phosphonium
tetraethyl ammonium

tetra-octadecyl ammonium chloride
w-amino-dodecanoic acid
amine-terminated PS

4-dodecyl benzene sulfonate [Cy,Hy5-Co
H4-S05]

dodecyl ammonium chloride

dodecyl sulfate

hexadecyl ammonium chloride
hydroxy-ethyl-di-hydro-imidazolinium
chloride

methyl di-ethyl polypropylene glycol ammo-
nium chloride

methyl tri-octyl ammonium chloride ammo-
nium chloride

methyl coco di-polyethylene glycol ammo-
nium chloride

methyl dodecyl di-polyethylene glycol
ammonium chloride

methyl hydrogenated tallow di-hydroxy
ethyl ammonium chloride

methyl tallow di-hydroxy ethyl ammonium
chloride

octadecyl ammonium chloride
2-phenylethyl ammonium chloride
polymer electrolyte membranes for fuel cells
ricinyl di-hydro-imidazolinium chloride
sodium dodecyl-benzene sulfonate
tetra-decyl ammonium chloride
tetra-glycidyl 4,4'-di-amino-di-phenyl methane
1-methyl-2-norstearyl-3-stearinoacid-amid-
oethyl-di-hydro-imidazolinium methyl-sulfate

Abbreviations for polymers

ABS
CHR

CPE
CR
CSM

acrylonitrile-butadiene-styrene
elastomeric copolymer from epichlorohy-
drin and ethylene oxide

chlorinated polyethylene

chloroprene

chlorosulfonated polyethylene
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EP
EPR
EVAc-X

HDPE-g-MA
LDPE-g-MA
LLDPE-g-MA
PA-12

PA-6

PAA

PAAm

PAC

PANI

PBT

PC

PEEK

PE

PE-g-MA
PEG

PEK

PEST

PET
PI

PLA
PMAA
PMMA
PNIPA

PO
POE-g-MA

PP
PPEG

PP-g-MA

PPG
PS
PSS
PU
PVAI
PVC
PVDF
PVS
SAN

sPP
TPU

Symbols
[n]

Agp
Cer

door
d3
E
E¢

epoxy
electron paramagnetic resonance
poly(ethylene-co-vinyl acetate) with X
wt% vinyl acelate

maleated high density PE

maleated low density PE

maleated linear low density PE
polyamide-12

poly-e-caprolactam

poly(acrylic acid)

polyacrylamide

polyacrylate

polyaniline

poly(butylene terephthalate)

bisphenol-A polycarbonate
poly(ether-ether-ketone)

polyethylene

maleated PE (grafted with maleic anhydride)
polyethylene glycol

poly(ether-ketone)

thermoplastic polyesters, e.g. PBT, PET,
also TPES

poly(ethylene terephthalate)

polyimide

polylactic acid

polymethylacrylic acid

polymethyl methacrylate
poly-(N-isopropylacrylamide)

polyolefin

poly(octene-co-ethylene) grafted with
maleic anhydride (a compatibilizer)
poly(propylene) (isotactic)

star  poly(propylene
b-ethylene glycol)

maleated PP (grafted with maleic anhy-
dride)

poly- or oligo-propylene glycol
polystyrene

p-sulfonated PS

polyurethane

poly(inyl alcohol)

poly(vinyl chloride)

poly(vinylidene fluoride)

poly(vinyl sulfonate)
styrene-co-acrylonitrile (acrylonitrite con-
tent ranging from about 5 to 40 wt%)
syndiotactic poly(propylene)
thermoplastic polyurethane

six-arm

glycol-

intrinsic viscosity, a measure of the
hydrodynamic volume

specific surface area (m”/g)

critical clay concentration

clay interlayer spacing (nm)

LDH interlayer spacing

tensile (Young’s) modulus

flexural modulus

Copyright © 2007 John Wiley & Sons, Ltd.
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Er =E.E,, relative tensile modulus

K. fracture toughness of the neat resin

L, clay platelet size (nm)

M,, M,, number- and weight-average molecu-
lar weight

p=dft aspect ratio (d is platelet diameter,
and f is its thickness).

T temperature

T, crystallization temperature

Ty thermal degradation temperature

T, glass transition temperature

T melting point

T max peak temperature in flammability

ATd = Td_Td(matrix)

tests
change of the degradation tempera-
ture due to clay presence

Atmax delay time to reach the peak tempera-
ture in flammability tests

&p elongation (or strain) at break

Gm maximum packing volume fraction of
hard spheres

N relative viscosity

fog tensile strength

o flexural strength
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