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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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pressurized reactor. The primary salf, NayCOs, and secondary ionic. salt, CaCl,, were
impregnated into micropores of the pulp fiber cell wall consecutively to obtain
nanopatticles (< 100 nm). The nanoparticale sizes were controlled by the reaction time and
molar fraction of ionic salts. The chemical reaction is described as follows:

CaCl, - H,0 + Na,CO,—2— CaCO, + 2NaCl + 2H,0

Stage 1. Micropore Opening and Conditions

Southern Pine

EH ZREs-§  Wet Pulp Fiber

Bleached KraftPulp | %
Stage 3. Stage 2. Pressurized Autoclave
] T
Characteyizing | || Particle Sources 1%t Tonic Solution
Impregnation i ' and
and ' Loading Process _*
Data Avalysis { ] = ' Remove Excess Sohuion

[ o T
Frozen Dry % Remove Excess Solid | €= 2% Tonic Solution
It '

Fig 1. Inorganic Nanoparticle Impregnation using two steps of the ionic salt treatment under heated and
pressurized chamber conditions, :

Reaction " Molar Ratios ! Moisture Reaction
Temp./Pressure  CaCl,iNa,cO, Content Time
5] T e— U '
+25°C (0.0 bar} «{.5 «20% - v 3 Misnutes
« 50 °C (N/A) .l $30% « 15 Miines
= 100 °C (4.3 bar) «1.5 <40 % )
+120°C (S.6bar} - ) 50% * 30 Minutes
* 160 °C (6.9 bar) % _ +100%  » 60 Minntes
[ ' E
ﬁ Ash Content : ; Particle Size Analyzer 5 : FESEM:EDX

A} " Size Changes of Regenerated Hgg » Beconstrieted Navoparticles
» Nanoparticle Nanoparticles l;' on Surface and in Cell Wall

: ]
Retenti e i . .
oo et Naneparticle Distribution !iig + Chenrcal Mapping

1
i

Fig. 2. Experimental variables for the inorg,

anic nanoparticle impregnation into the cell wall structure of wood
puip fibers . :
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For this study, parameters (Fig. 2) were selected to optimize inorganic nanoparticle
loading into the porous structures of pulp fibers. The parameters investigated include
reaction temperature, molar ratios of two ionic salis, moisture content (MC) of fibers, and
reaction time. The experimental process was to optimize process to get the best
impregnation conditions. The moisture contents (MC = oven-dry weight basis; ODB: 20, 30,
40, 50, 100%) with Molar Ratio (=1) to see the effect of MC. From the result, 20 and 30%
of MC were selected. Molar Ratios (= 0.5, 1, 1.5, 2, and 3) with the two MC were
evaluated by Ash contents of pulp fibers impregnated with CaCOs. After previous steps,
reaction temperaturé and time factors were preceded without kraft pulp with primary
(N2,C0s) and secondary ionic salt (CaCly). Temperatures (25, 50, 100, 120 and 160 °C)
were evaluated with a fixed molar ratio (=1) and MC (30%). The effect was evaluated with
particle size analysis and SEM to address how the temperatures influence the nanoparticle
formation and sizes. Two molar ratios (= 0.5 and 1), a MC (30%) and a temperature (25°C)
were selected to evaluated reaction times (5, 15, 30 and 60 minutes) between primary and
secondary ionic salts after primary ionic salt was diluted for 15 minutes. The sclected
parameters such as molar ratio (=1), a MC (30%), a temperature (25 and 160°C) and a
reaction time (15 minute) were directly applied to impregnate nanoparticles into the cell
wall structure of kenaf fibers. SEM-EDX was used to evaluate the Cat+-+ ion mapping and
Chemical element analysis.

A 1-L pressurized reactor (Parr Instrumental Co.) with Model 4843 controller was
employed to inorganic nanoparticle impregnation process. In a typical experiment,
bleached commercial pulp fibers (0.5% ash content, 91% moisture content (ODB)) were
introduced into the pressure vessel along with the primary ionic solution. The vessel was
sealed and pressurized to the level shown in Fig. 2 for the reaction temperature used. The
solution was constantly stirred at 100 rpm. Pressure was maintained- for 15 minutes
~ followed by venting to atmosphenc pressure and removal of the reacted fiber. After
washing out the excess primary solution, the fiber was reintroduced into the reaction vessel
with the secondary ionic salt and the process repeated. The inorganic nanoparticle
impregnated fibers were dried and evaluated in terms of nanoparticle size distribution,
surface morphology, and chemical loading of the inner cell wall structure of the natural
fibers. The treated fibers were freeze-dried under vacuum for 12 hours and stored in a
vacuum desiccator. A muffle furnace was used to measure ash contents (TAPPI 1993) for
each treatment condition.

A Particle Size Analyzer (Microtrac UPA 250) with Microtrac V.9.1.17 software was
used to determine inorganic nanoparticle growth and distribution. The micro to nano scales
of particles were detected by dynamic light scattering detector (0.003 to 6.541 micron
capability) for 180 seconds. Nanoparticle samples were treated with sonic waves for three
minutes to increase the detector sensitivity. Deionized water was used as a carrier. The
morphology and chemical mapping analysis using field emission scanning electron
microscopy (FESEM: JSM-6500F and EDX: Oxford Instruments INCA Energy with X-ray
Elemental Analysis) were used to investigate the inorganic nanoparticle distribution in the
cell wall and surface morphology. Mounted fibers were coated with an approximately 13-
nm thin gold layer using an ion sputter. Images were generated at 5 kV and 10, 000x.
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Results and Discussion

Effect of Reaction Temperature

Fig. 3 shows the effect of reaction temperature on the inorganic nanoparticle formation
and growth in the reaction chamber. The nanoparticle sizes were from 138 nm to 2,000 nm.
The crystal size was decreased with an increased reaction time. Also, the longer the
reaction time, the more uniform for the particle size distribution. Nano-scale crystal
formation on the surface of micro-scale inorganic particles was observed at a relatively
lower temperature under 50 °C. When the reaction temperature reached 160 °C, the
reaction chamber pressure was 6.9 bar, of which might play a role of inorganic nanoparticle
formation and growth during the reaction of two ionic salts. Optimum reaction time was 15
minutes after the secondary ionic salt was introduced into the reaction chamber. The
reaction time was evaluated at a temperature of 25 °C with two types of molar ratios of
sodium carbonate and calcium chloride. The longer reaction time contributed to the growth
of CaCOj crystal structures. The molar ratios of CaCly/NayCOs (= 1 and 2) provided
relatively low average particle size. The ratio (= 2) showed a wide distribution from 45 nm
to 6um, while the ratio (= 1) showed a relatlvely umform distribution.

Moisture Content of Kraft Pulp

Fig. 4 shows the effect of fiber MC on the na:nopartlcle loadmg for the fiber cell wall
impregnation. It shows that the fiber saturation point (FSP) of the bleached kraft fibers is a
critical point to impregnate the fillers into their cell wall structure. Due to the MC changes

@ T (e)

Fig. 3. Inorganic nanoparticle formation and growth of consecutively reacted ionic salts with reaction time
applied in the reaction chamber at 2000 x. (a) 25 °C, (b} 50 °C, (c) 100 °C, (d) 120 °C, and (&) 160 °C

below FSP, cellular structures of natural fiber cell wall may play an important role. It also
influences the dispersing characteristics of ionic salts into porous structure of the cell wall.
Below FSP, the microfibrils are closer, and fewer micropores are available to be
impregnated with inorganic fillers (Choi 1995, Kocman and Bruno 1996). It should also be
noted that the dry fibers are not compatible with the impregnation of inorganic compounds
due to the collapsing cellular structure of fiber cell walls. It is difficult to recover their
structure with swelling agents (Allan 1992, Choi 1995). In this impregnation study, we
targeted 10 to 15 % inorganic nanoparticle loading in order to keep both the fiber strength
properties and the void filling requirement. Since the inorganic nanoparticle loading is
higher than the target (10 to 15%), all of the wet fiber conditions can be acceptable for the
nanoparticle loading except that the MC remains below FSP.
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Fig. 6. Surface nanoparticles formed by e)icessive jonic salts. (&) Before ionic treatment and (b) After ionic
treatment. .

Effect of Molar Ratios of Ionic Salts

Fig. 5 shows that a higher concentration of calcium chloride™ (CaCly) and a greater
molar ratio (calcium chloride to sodium carbonate =CaCly/N a,C0;3) are required to achieve
a higher precipitation level of calcium carbonate (CaCOs). Additional findings suggest that
longer reaction times and higher ionic salt ratios will result in a large CaCOs crystal
structure (up to > 1 pm in diameter). The desirable particle sizes for the nanoparticle
impregnation are in the range of 10 nm up to 200 nm. “This can be achieved by controlling
the reaction time and calcium chloride contents in the ionic salt ratio. The effect of molar
ratios (CaCly/NapCO; =1) of ionic salts addressed 16 % to 17% cell wall loading capability.
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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, '

. u] 1 2 . <] 4 =
E ull Seale 67688 cts Cursor: 2. 087 (BDE ot3) e
@ — (b)

'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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