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Abstract

Polymer nanocomposites have attracted great interest during current years. Cellulose micro-fibrils may be
function as biodegradable Nano fibrils in high performance composites. The production of Nano-scale cellulose
fibers and their application in composite materials has gained increasing attention due to their high strength and
stiffness combined with low weight, biodegradability and renewability. Adding small amounts of cellulose-based
fillers to thermoplastic matrix polymers usually enhances the mechanical properties. However, the development of
fully biodegradable nanocomposites is still a challenging area. Many researchers investigated production of micro
cellulose microfibers through various methods. The most important and widely used methods for cellulose Nano
fibers isolation are Chemical method (CM), Mechanical methods, Physical methods, Using microwave, Biological
and High-pressure homogenizer. CM process is easier than milling process (MM) by which material is reduced from
a large size to a smaller size ‘top-down’. In this work, a motor driven mechanical rotary microtome sheering device
was used to produce microfibrillated cellulose (MFC) particles from different types of cotton fibers and cotton waste,
as well as flax. The morphological properties of the cellulose particles were investigated by means of scanning
electron microscopy. Final length distribution of cellulose particles was determined. It was found that the maximum
number of fibers was observed in the range from 0.5 to 2 microns with average aspect ratio 1.6. Depending on the

source of the fibers, the particles with a diameter of 20 — 500 nm were observed.

Keywords:  Fiber plastic = composites; Fiber-engineering
thermoplastic; Mechanical milling; Cellulose nano-particles; Micro-
fibrillated Cellulose (MFC); Polymer—Matrix composites

Introduction

Cellulose is the most valued natural biopolymer, which is renewable,
as well as biodegradable. As a renewable material, cellulose and its
derivatives have been widely studied, focusing on their biological,
chemical, as well as mechanical properties.

The production of nano-scale cellulose fibers and their application
in composite materials has gained increasing attention due to their high
strength and stiffness combined with low weight, biodegradability and
renewability [1-7].

The nanotechnology has drawn much attention since the beginning
of this century as the critical technology to advance industrial outputs.
Developing commercial applications of nanotechnology, the Nano-
sized particles play a significant role because of their unique functional
properties. The nanoparticle technology is expected to further develop
rapidly in all the industries handling fine particles in the near future
[8-12]. Cellulose nanofibers have many advantages comparing with
the inorganic fibers, some of the most relevant being the following: low
density, renewable sources, biodegradability.

The main reason in using cellulose nanofibers in composite
materials is due to the potentially high stiffness of the cellulose fibers
for reinforcement. This property can be achieved with the reducing
amount of amorphous material by breaking the structure of the plant in
individualized nanofibers with high crystallinity [12].

Growing interest has been focused on biodegradable polymers
based materials cellulose microfiber. In the recent years, there has been
much interest in the development composite materials fiber—plastic
for various applications. One reason is the potential for significant
improvements in mechanical properties of fiber-plastic composites
(FPC) for use as new materials due to the abundance, low cost, and its
processability. One of the famous applications is the use of wood as
filler, wood flour, with a low length to-diameter (L/D) ratio 3.3 to 4.5.

Fiber length and distribution play important role in the processing
and mechanical performance of fiber-based composites [13]. Julson et
al. [14] studied the mechanical properties of wood-plastic composites
made with different loads and sizes of pine flour in a HDPE matrix
using an injection-molding process. Compared to fiber proportion,
size of screened particles showed no significant impact on mechanical
properties of the composite materials. In terms of processing, Yam
et al. [15] suggested that mechanical properties and fiber length are
sensitive to extrusion parameters such as screw configuration and
compounding temperature. Short fibers resulted in better mechanical
properties than long fibers, water absorption and volumetric swelling
increased with fiber length. Increasing fiber length had beneficial
effects on tensile, flexural modulus of elasticity and toughness of wood-
plastic composites. A decrease in the MOR was observed with the
addition of wood fibers into the thermoplastic, but this effect could be
minimized by using long fibers. Migneault et al. [16] studied the effect
of fiber length of basalt fiber on mechanical properties of the fabricated
composites. The length of reinforced fibers plays a significant impact on
some mechanical properties, modulus of elasticity, breaking elongation
and the impact strength of fiber reinforced composites. Several studies
emphasize the effect of fiber length and fiber orientation [17-19] on
mechanical properties of the fabricated composites. The development
of starch composite materials filled with nano/microsized rigid particles
has attracted both scientific and industrial interest, in case of the rice
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starch (RS) films reinforced with microcrystalline cellulose from palm
pressed fiber (MCPF). The incorporation of MCPF into rice starch films
provided an improvement of water resistance for the rice starch films. In
bio-composite films, rice starch film/MCPF increased tensile strength
from 5.16 MPa for pure rice starch film to 44.23 MPa, but decreased in
elongation at the break of composites [20].

Qiuju Wu [21] study emphasizes on strong nanofibril-polyurethane
interaction at the interface, and corresponding effects on physical
network structure, the present nanocomposites have large strain-
to-failure. At high strains, cellulose nanofibrils, as well as polymer
molecules, become strongly reoriented in the loading direction,
providing additional stiffening.

The poly-lactic acid is a versatile, natural based plastic which has
got its potential in many applications, such as medical, drug delivery,
textiles or packaging applications [22]. However, PLA is too brittle for
many applications, softens at relatively low temperatures, around 50-
60°C, has worse water vapour and gas barrier properties compared to
commercial polymers. To extend the application field, the improvement
of its properties (barrier, thermal, mechanical) is required. =~ One of
the promising materials to improve these properties of the PLA can be
addition of the cellulose particles.

The review of the literature shows that the need of nano/micro
particles with the particular size depends on the final applications;
hence it plays a decisive role on composite properties.

The production of Nano-scale cellulose fibers and their application
in composite materials has gained increasing attention due to their
high strength and stiffness combined with low weight, biodegradability
and renewability [1,23,24]. The most important and widely used
methods for cellulose Nano fibers isolation are Chemical method
(CM), Mechanical methods, Physical methods, Using microwave,
Biological and High-pressure homogenizer. CM process is easier than
milling process (MM) by which material is reduced from a large size
to a smaller size ‘top-down. Milling may involve breaking up material.
Milling is generally done by mechanical means, including attrition,
compression, and impact. Impact mills include the ball mill, which
has media that tumble and fracture the material. Shaft impactor causes
particle-to-particle attrition and compression [4]. Furthermore, this
method needs long time and several passes.

The production of MFC by fibrillation of cellulose fibers into Nano-
scale elements requires intensive mechanical treatment. However,
depending upon the raw material and the degree of processing,
chemical treatments may be applied prior to mechanical fibrillation.
These chemical processes are aimed to produce purified cellulose, such
as bleached cellulose pulp, which can then be further processed. There
are also examples with reduced energy demand in which the isolation
of cellulose micro-fibrils involves enzymatic pre-treatment followed by
mechanical treatments [2].

Mechanical processes, such as high-pressure homogenizers,
grinders/refiners cryo-crushing, high intensity ultrasonic treatments,
and micro-fluidization have been used to extract cellulose fibrils from
WE, PE MCG, tunicate, algae, and bacterial source materials. In general,
these processes produce high shear that causes transverse cleavage along
the longitudinal axis of the cellulose micro-fibrillar structure, resulting
in the extraction of long cellulose fibrils, termed micro-fibrillated
cellulose (MFC). Typically, cellulose materials are run through the
mechanical treatment several times (i.e., number of passes). After each
pass, the particles are generally smaller, more uniform in diameter,
but have increased mechanical damage to the crystalline cellulose.

A filtration step is included to remove the larger unfibrillated and
partially fibrillated fractions. In addition, these mechanical processes
can be followed by chemical treatments to either remove amorphous
material or chemically functionalize the particle surface [6]. Cellulose
Nano-fibers would be prepared from microcrystalline cellulose (MCC)
by application of a high pressure homogenizer (137.89 MPa) and
treatment consisting of different passes (0, 1, 2, 5, 10, 15 and 20) [11].

The potential of cellulose Nano-fibrils as reinforcement provides a
new direction for the development of value-added novel composites.
These cellulose Nano-fibrils have been extracted from cell walls by a
chemical [2,7,8] or mechanical treatment [9,24] and combination of
these treatments [6]. Cellulose whiskers from cellulosic materials were
prepared by hydrochloric acid and sulfuric acid hydrolysis, and web-
like cellulose Nano-fibrils were obtained by refining and homogenizing
action. Cellulose Nano-fibrils with diameters below 100 nm were
isolated by a chemical or mechanical treatment. Mechanical treatment
with acid hydrolysis results in even finer cellulose Nano-fibril structures
with diameters below 50 nm. Microcrystal cellulose (MCC) was used as
raw material for the preparation of nanofibers, starting with MCC of
about 20 um.

A fundamental mechanism of the high-pressure homogenizer is to
bombard a fluid stream against itself within interaction chambers of
fixed geometry at very high energy, resulting directly in the breakup
and dispersion of the slurry. High pressure, high velocity and a variety
of forces on the fluid stream are capable of generating shear rates within
the product stream, reducing particles to Nano-scale. A pass through
the homogenizer was performed through the interaction chambers of
120 and 87 um 20,000 psi for about 1 min. In order to fibrillate MCC,
pass numbers were 0, 1, 2, 5, 10, 15 and 20 [11].

The MCC fibrils have approximately the particle sizes of 10 um
length and 2 mm diameter (aspect ratio of around 5). After further
treatment to 20 passes, these small bundles were additionally split into
thinner fiber bundles.

In this work, a motor driven mechanical rotary shearing microtome
device is used to slice thin layers of fibers aggregating to produce micro-
fibril cellulose (MFC). Samples of different types of cotton fibers and its
waste, as well as flax, have been tested. The morphology of the micro-
cellulose particles and its length distribution were investigated.

Material and Methods
Material

Four samples of raw cotton and cotton waste (carding flat stripes,
under taker in waste, ginning waste, cotton wool) were cleaned by
processing through the carding machine to produce web, which further
was laid in several layers to form a sheet of weight 200 g/m?. The cotton
wool samples are commercial product. Flax fibers were also hand laid
to form a sheet with the same areal density.

In order to prepare a sheet of fibers which can be sheared easily, it
is essential to solidify the fibers structure to form the uniform sheet of
randomly arranged fibers.

Cotton sheet is pressed, after soaking in water based natural glue, to
remove the excess liquid and dried in oven at 110°C till it forms a solid
sheet suitable to be sliced on cutting machine. Figure 1 demonstrates
photo of the sheet that points toward the random arrangement of the
fibers.
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Figure 1: cotton sheet.
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Figure 2: Mechanical rotary microtome.

Mechanical slicing method

Mechanical slicing method is simpler than milling process (MM)
by which material is reduced from a large size to a smaller size ‘top-
down. Milling may involve breaking up material. Milling is generally
done by mechanical means, including attrition, compression, and
impact. Impact mills include the ball mill, which has media that tumble
and fracture the material.

In this work, a mechanical rotary microtome device was used
to produce microfibrillated cellulose (MFC) nanoparticle. Cutting
sections are obtained in different thickness by mechanically operated
crank through a knurled knob in front of the instrument. The knurled
knob is graduated in microns for feed setting and ready reference.
A detent click action ensures positive adjustments in one micron
increment. The microtome is modified to be motor driven to insure the
continuous cutting of the fiber. Figure 2 shows the parts of mechanical
rotary microtome used. To remove the larger unfibrillated and partially
fibrillated fractions, the sliced fibers were filtrated using sieving

machines with the fine mesh vibratory sieves, screening down to 5-20
microns.

Results and Discussions

Relation between cuter displacement and particle length

Here a question arises; what is the best length of the fibers suitable
to get the shortest fiber length? The mechanical cutter can be adjusted
to the range of one micron. Can the arrangement of the fibers result in
less fiber length?

Figure 3 illustrates the different categories of fiber arrangement in
the compressed sheets. During cutting of the layers with the cutting
distance dI, the cut fiber length dI, will vary according to the fiber
configuration.

The probability of getting more particles of length dh, less than
cutting length dlis higher in the case of the entangled fiber arrangement
in the fibrous assembly. The shorter the fiber is the higher will be
probability to get more nanoparticles. However, the layout of the fibers
is lying in three dimensions, as shown in Figure 4, consequently the
length of the particles will be longer than cutting length Ah _depending
on the packing density.

The packing density of different fibrous assemblies, given by Necker

No. | Tracer Fiber Class of | Probability of
Configuration Fiber Nanoparticle
Less than Al

1 —————— —— — | Straight |[LOW

2 Hooked MEDIUM
eyt | (Trailing)
3 | = | Hooked ['MEDIUM
(Trailing)
T T Hooked HIGH
(Both)
4 — W— Looped HIGH

5 — == we_—o== | Entangled | VERY HIGH

Figure 3: Classification of fiber in fibrous assembly.
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Figure 4: Fiber segment in an elementary section of fibrous assembly.
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Figure 5: Sliced cellulosic particles shapes.
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Figure 6: Morphology of fiber particles observed with a scanning electron
microscope (SEM) before and after sieving.

and Ibrahim [25], varied between 0.03 for sliver to 0.6 for combed
yarns. Figure 4 shows that, if the cutting increment is (dl), then the cut
fiber length can be determined from the following equation;

dhf =dh*(Sf/Sl)/[p—rj (1)
P

Where, p* limited packing density (0.907), p, fiber density (cotton
1520 Kg/m’),

Sftotal sectional area of all fibers in the cross-section area (ab), and
Sl total the cross-section area (ab).

The above equation does not take into consideration fiber

orientation inside the element; so the fiber of length L will have a
number of particles of length dh,, (L/ dh, + residual length less than dh
). If the fiber is not straight, the number of particles of length less than
dh, is increased. Residual length Al has maximum length dh, , that is;

0=A, <dh, (2)

To increase the residual lengths which are less than dh, fibers of
shorter length should be used. Moreover, the orientation coefficient of
the fibers should be less than one as possible, hence random orientation
is recommended.

Depending on the above analysis to increase the probability of
getting nanoparticles, the sliced sample should consists of multi-
compressed layers of as small thickness as possible, made of short
entangled fibers.

Characterization of sliced cellulosic particles

Figure 5 illustrates the nature of the particles attained by the slicing
process. It is obvious that particle shape takes different shapes which
can be classified as; rounded irregular, elongated elliptical irregular,
triangle irregular in cross section.

Analysis of the cellulosic particles size using SEM: The
morphology of fiber particles was observed with a scanning electron
microscope SEM which displayed nano-scaled particles, marked by
red circle, as well as micro scaled ones. Most of the particles are micro
fibers, although some aggregates of nano particles are still visible, and
the shape of the particle is not regular but with small aspect ratio. The
sieving results in more filtration of the particles from large scale fibers.
Figures 6a and 6b shows SEM micrographs of some tested samples.

Evaluation of the particles size: In order to determine the particle
dimensions, edge detection is used to trace the edges of the particles
cross section in the photo, which projected on the computer monitor
screen. Once the edges are completely outlined, the next step is to
use scan lines interactions to determine the horizontal and vertical
diameters. Knowing the picture resolution, we can determine the
particle diameter.

Figure 7 illustrates the histogram of a sample of 700 particles. The
value of cutting length Ah, is 2 micron. The analysis of the histogram
of the sample particles length in micron evidences that 48% of the
particles have a length less than 2 micron which is the sum of residual
length of the fibers with a tendency be skewed to the right. The mean
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Figure 7: Histogram of the cellulose particles distribution.
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Figure 8: Histogram distribution of the cellulose particles of size equal to
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Figure 9c: Cotton wool.
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Figure 9a: Carding Flat stripe.
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Figure 9b: Under Taker in waste.

value of particle length is 2437 nm and CV 2.87% with probability of

nano-particles presence, with law aspect ratio of 1.6 in average.

The analysis of the histogram of particle size equal to or less than
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] Fiber Av.erag(.e P(.ercentage of
Material type length partlc!e size o, particle .Iength< (M)
(u)micron micron

Cotton 32 2.64 2.87 38%
Cotton (flats stripes waste)| 10 1.99 8.9 50%
Cotton (taker-in waste) 18 2.53 6.43 32%
Cotton wool 12.5 241 8.92 40%
Cotton Ginning waste 1 2.27 7.546 35%
Flax 25 2.53 6.436 32%

Table 1: Particle length frequency distribution for different samples.
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Figure 10: Average particle diameter versus the fiber length.

500 nm indicates that the average particle size is equal to 297 nm and
CV 5%, as given in Figure 8.

Several samples of various types of cotton waste, prepared and sliced
by the above described method, were analyzed for particle morphology.

Figures 9a-9e represents histogram distribution of the cellulose
particles size of the different fibers waste and also of the flax fibers. Table
1 denotes the length of the different fibers cotton samples as well as the
dimensions of the particles in each case, categorizing that the smallest
particle size was obtained when flat stripes or cotton wool were used,
hence more than 50% of the particles had size less than one micron.

Figure 10 illustrates the effect of the fiber length in the different
samples on the diameter of the particles produced, which coincides
with the conclusions of the theoretical work by the recommendation to
start with as short fibers as possible to produce fine particles.

Conclusion

This work provides a simple method for production of micro-
cellulosic particles. The use of fiber slicing method turns to be more
productive than the other mechanical methods and capable to complete
fibrillation of the bulk fibers at nano/micro sized rigid particles. To
increase the probability of getting nanoparticles, the sample should
consist of compressed layers of as small thickness as possible made of
short entangled fibers. The experimental work confirmed that cotton
wool and flat stripes samples gave the best results concerning the size
of the particles.
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