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Abstract

The objective of this study was to investigate a technique to obtain inorganic
nanoparticle impregnated wood fiber reinforcement in the thermoplastic matrix. Inorganic
nanoparticulates as a function of void filler and interfacial compatibilizer were generated
through the chemically reconstruction method using two different ionic salts (CaCl; to
Na;COs). The longer reaction time of two ionic salts provided decreased nanoparticle sizes
and uniform distribution. The increased molar ratios of CaCl, to NapCOs provided higher
precipitation levels of CaCO;. However, longer reaction times and higher ionic salt ratios
resulted in a larger CaCO; crystal structure (>1 um in diameter) which is not desirable
because of 100 to 200 nm micropore sizes. SEM-EDX results also indicated Ca™ ion
values observed in the cell wall of the fiber cross section. Reaction temperatures from 120
to 160°C and a concentration of 30% were the effective conditions, which provided a
highest Ca™ ion value in the cell wall. The inorganic nanoparticle size and loading were
controlled by different parameters of reaction time, temperature, molar ratio and moisture
content. It should be noticed that the solid CaCO; crystal structure was relatively larger
than chemically reconstruction nanoparticles on fiber surface.  Furthermore, the
reconstructed inorganic nanoparticles were more effective to be 1mpregnated 1nto the inner
cellular structure.

Introduction

The cell wall structure of natural fibers contains many micropores. Also, some of the
lignin and hemicellulose of natural fibers are usually removed during chemical treatments
or pulping, which created additional micropores (Allan 1992). The presence of these
micropores in the cell wall could cause manufacturing defects in composites, such as
interfacial failure and air pockets. In order to reduce the air pocket defect, one can
incorporate a vacuum assist system in the natural fiber polymer composite (NPC)
processing to reduce the air bubble to some extent. Another efficient method is to
introduce nano-particles into the micropores of the fiber cell wall structure through an
impregnation process to fill those voids.

Compatlblllty between the hydrophilic natural fibers and the hydrophobic polyolefins
has been a major issuc for the NPC (Lee 2002, Ma et al. 2005). Lee ef al. (2006) indicated
that the deposited nano-scale particles on the natural fiber surface may serve as

rheterogcneous nucleation sites to initiate the crystalline orientation of the molten polymer
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matrix. These results suggested that nanoparticles might control the heterogeneous
nucleation of a semicrystalline polymer on the natural fiber surface. The natural fiber itself
cannot initiate nuclei due to extremely unbalanced free energy between the cellulosic fibers
and molten polyolefin matrices (Mullin 1993, Gasser et al. 2001, Lee e al. 2006).
Therefore, the nanoparticle impregnation could not only fill the micro-pores of the fiber cell
wall structure minimizing the air bubble defects of the NPC, but also introduce
nanoparticles onto the fiber surfaces serving as attraction force manipulators to polymer
matrixes to improve the compatibility at the fiber and polymer interfaces.

Calcium carbonate is a versatile additive for use in the pulp/paper and plastic industries
for elastomeric applications to obtain a hydrophobic surface coating (Khrenov ef al. 2005).
It has a regular and controlled crystalline shape (orthorhorbic) and a 0.05 to 2.5 pm
particle size (Allan and Carroll 1994, Kuang ef ol 2002, Yan ef al. 2005). A smaller
particle size can be achieved from ionic salt impregnation to build a crystal form of calcium
carbonate (Choi 1995). Chemical impregnation technology has well been developed and
applied in pulp and paper and surface coating industries (Allan ez al. 1991, Allan et al.
1992a, b, Lee et al. 1999, Koepenick 2000, Lork 2004, Kuusipalo ez al. 2005). However,
in the pulp and paper applications, the amount of inorganic compound loading is limited to
7% due to the concerns of surface printing ability and paper strength (Kocman and Bruno
1995, Li et al. 2002, Perng and Wang 2004, Kralj et al. 2004, Frederick ef al. 2004,
Sancaktar and Walker 2004, Yan et al. 2005). For NPC applications, the amount of
inorganic nanoparticle loading in the natural fibers can be increased, thus improving the
attractive forces in the composites. The nanoparticle sizes and their distribution presented
in the impregnated natural fibers may have a significant impact on the NPC properties. It
has been shown that the inorganic nanoparticle size can be controlled by the reaction time
and the ionic salt ratio (Choi 1995, Gasser et al. 2001).
 The objective of this study was to develop inorganic nanoparticle impregnation
techniques for the natural fiber cell wall structures in order to reduce the NPC processing
defects and enhance the mechanical properties.

Experimental

Materials

In the inorganic nanoparticle impregnation experiments, Kraft wood pulp fibers
(southern pine-Pinus spp.) were obtained from a local pulp company. They were collected
from bleached pulp stream and kept wet condition (150% moisture content; MC) to obtain
optimum nano-void openings. The fibers were stored at a temperature of 4 °C. Primary
(Na;COs3) and secondary ionic (CaCly) salts were purchased from Fisher Scientific Inc.

Experimental Procedures
Nanoparticle Impregnation into Micropore Structures with Inorganic Nanoparticles
Fig. 1 shows a simplified flow chart for the inorganic nanoparticle impregnation using

two steps of the ionic salt treatment under heated and pressurized chamber conditions.
Micropore impregnation of ionic salts was processed with never-dried kraft pulp fibers in a
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Reconstructed Nanoparticles and CaCO; Precipitation :

Figs 6 and 7 show the FESEM images and the EDX analysis before and after inorganic
nanoparticle impregnation. The morphological images show that the deposit materials
remain on the surface. The deposited materials may consist of lignin and hemicellulose
materials as well as the particles from natural fiber itself. The bright particles shown in Fig.
6b, indicate that the inorganic crystal is formed on the surface and grown with excessive
ionic salts. The residual ionic salts generally allow forming larger crystals of the calcium
carbonate than the crystals formed inner cell wall. Because the largest voids are generally
around 100 nm, the inorganic nanoparticles loaded inner cel] wall may be less than the
largest voids. The evidence of calcium carbonate impregnation as a filler of the nano-scale
porous structure in the natural fiber cell wall is shown in Fig. 7. The red dots (Fig. 7a)
indicate Ca++ ion distribution inner cell’ wall structures. "The dots also indicate that
impregnated inorganic nanoparticles (CaC0s) are uniformly distributed through the natural
fiber cell wall. The energy dispersive x-ray analysis (Fig. 7b) shows higher quantities of
Cat+ ions with residual sodium and chloride ions, '
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'Fig. 7. Chemical mapping of Ca++ ion in cross section using SEM-EDX in the cell wall structure of natural
fibers. (a) Ca++ ion mapping, and (b) Chemical element analysis.

Conclusions

Through the impregnation process developed in this study, inorganic nanoparticles were
observed in the micropore structure of the cell wall. These nanoparticles may serve as void
fillers and potentially provide nuclear sites for the semi-crystalline polymers. The longer
the reaction time, the smaller the reconstructed nanoparticle size, and the more uniform
hanoparticle size distribution obtained. Parameters for the inorganic nanoparticle
impregnation using jonic salts to the natural fiber cell wall structures were evaluated to
optimize the attraction force at the fiber and polyolefin interphase. The inorganic
hanoparticle precipitation increased with an increase of CaCly/Nay,CO; molar ratios. The
shorter the reaction time, and the higher the reaction temperatures (120 to 160°C) with
applied pressure, the smaller the reconstructed nanoparticle size and the more uniform the
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nanoparticle distribution obtained as optimum loading conditions. An optimum MC for the
inorganic nanoparticle loading was at FSP. Under the optimum conditions, Ca++ ion
values were observed in the cell wall of the fiber cross section. Through the developed
impregnation process, the inorganic nanoparticles are observed in the micropore structure
of the cell wall. These nanoparticles may serve as void fillers in the micropores of the
natural fibers. Also, the nanoparticles may potentially provide nuclear sites for the semi-
crystalline polymers.
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