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The aim of this study is the evaluation of the effect of chemical treatment of jute fibres on their perme-
ability with polyester resin and determination of optimal treatment parameters. Unmodified jute fabric by
LENTEX, Poland and polyester resin ESTROMAL 14 were used in the experiments. NaOH and KOH
water solutions (various concentration — from 1 to 15% - and treatment duration — from 0.5 to 6h),
vinyl acetate, methanol, toluene diizocyanate were used for the treatment. Determination of the effect
of the chemical treatment on fiber-resin interaction was made in: infiltration of resin into reinforcement
structure tests and fabric absorbability tests. Three criteria: time of penetration of resin into the reinforcing
fabric, fabric absorbability and the area of a part of the specimen cross-section penetrated with the resin were
taken into account. The fabrics treated with 1-5% — long-time and 15% short-time NaOH and KOH
water solutions showed the best results within the tested criteria. These results do not correspondent
directly with the mechanical properties of cured composites manufactured on the base of the treated
fabrics. Alkali- and organic treatments significantly improve the mechanical performance of natural fibres
reinforced composites, but organic treatments (methanol, toluene diisocyanate) gives better improvement
in mechanical properties in comparison with the alkali-treatments. The measurement methods applied in
the study may be generally useful in the evaluation of the effect of chemical treatment of natural fibres
on their wettability with the liquid matrix.
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INTRODUCTION

Currently, the vital application of vegetable natural fi-
bres consists in using them as the reinforcing components
in polymer-matrix composite materials. Replacement of
the mineral fibres (glass, carbon) with natural fibres in
certain uses gives saving (up to 30%) in the production
cost and in product weight'=.

The main problems of natural fibres concerning com-
posite materials technology are: low adhesion between
the fibre and liquid polymer, low dimensional stability,
low thermal resistance, high higroscopicity and high
flammability. Improvement in these properties may be
achieved by fibre surface treatment using physical or
chemical methods®™. The physical methods, which con-
tain among others: positioning by stretching, calendering,
crown discharges treatment do not change the chemical
structure of the fibre and consist mainly in the produc-
tion of increase in free surface energy on the fibre-liquid
interface. On the other hand, chemical methods consist
most often in the production of new chemical compounds
in the near-surface area, acting as the coupling agents
between the fibres and liquid matrix. Chemical treat-
ment processes may also lead to the transformation of
original cellulose into type II cellulose and to decrease
in average twist angle of microfibrils due to internal
structural stresses arisen during chemical reactions>®.
The chemical methods include among others graft copo-
lymerization (methyl methacrylate, vinyl acetate, styrene,
acrylonitrile) and application of the end-use finishes as
silanes or toluene diizocyanate™®.

Basing on literature analysis it was found that natural
fibres, due to their specific properties, may become a
substitute of the mineral fibres in some application areas
if the problem of their low wettability with the liquid
polymer matrix is resolved. The aim of this study is the

evaluation of the effect of chemical treatment of jute
fibres on their permeability with polyester resin and
determination of treatment process parameters and
therefore — obtain the jute fibre showing good wettabil-
ity with a resin.

EXPERIMENTAL

Materials

Unmodified plain-weave jute fabric produced by Lentex
Pabianice, Poland, was used in the experiments. Areal
weight of the fabric is 350 g/m® Avaerage yarn density
within the fabric is 288 tex.

According to previous literature information*>, the
following substances have been selected for accomplish-
ing the treatment: NaOH and KOH water solutions
(various concentration and treatment duration), vinyl
acetate, methanol, toluene diizocyanate. Concentration of
the NaOH and KOH solutions was: 1, 3, 5, 15%. The
treatment duration was: 0.5, 1, 2, 4, 6h. The treatment
processes were carried out at room temperature.

After alkali-treatment the fabric sheets were washed
in distilled water, neutralized in 1% HCI water solution,
and secondary washed. Next to this procedure the sheets
were exsiccated in 40°C by 24 h.

Treatment with the use of methanol and vinyl acetate
included 30-min long immersion and following exsicca-
tion in 30°C by 24h. Treatment with toluene diizocyanate
included 30-min long immersion with next exsiccation
in 25°C by 24h. Such treatment process was to help
in the determination of optimal parameters, assuring
possibly the best coupling properties in the fibre-resin
interface. The investigations were carried out with the
use of ESTROMAL 14-LM 03 polyester resin by ERG
Pustkow, Poland. Luperox (solution of methylethylketone
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peroxide in dibutyl phthalate) was used as a catalyst in
the amount of 1.5% by weight.

Measurements

Determination of the effect of chemical treatment on
fiber-resin interaction was made in: infiltration of resin
into reinforcement structure tests and fabric absorbability
tests. The tests were conducted using the individually
designed work-stands (Fig.1).

Evaluation of the area penetrated with the resin was
carried out on the specimens being “stacks” of 20 50
x 50 mm fabric sheet layers laid up one by one. They
were put between two steel plates (“mold”). The upper
plate had a hole being an outlet of special “stack”, filled
with the exact amount (3 cm?) of the resin with an ad-
dition of the curing agent (Fig.1a). Such geometry (the
round cross-section of the column of the resin) warrants
uniform propagation of the liquid, without any privileged
directions. The test consisted in the measurement of the
time in which all the resin (3 cm?) penetrates the stack
of fabric sheet layers. Pressure in the layers between
two plates is constant — it is determined only by weight
of the upper plate and is uniform for all the tested
specimens. After curing of the resin and removal of the
sheets from the “mold”, the number of the layers wetted
by the penetrating resin was evaluated. Afterwards, the
specimens were cut along the longest diameter of the
elliptic saturated “spot” on the upper (first) layer. The
area of part of the cross-section penetrated with resin

a) resin column
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20 layers of the fabric

_— precise electronic
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Figure 1. A scheme of the research work-stands used within
the study: a) infiltration of resin into the reinforce-
ment structure tests stand — cross-section, b) fabric
absorbability tests stand

was measured.

In order to determine the fabric (yarn) absorbability,
the 35 x 100 mm strip specimens were cut. The specimens
were preliminarily weighed and loaded with pieces of lead
strip — it gave stable conditions of immersion in a highly
viscous resin. Subsequently, the specimens were fixed to
the special grips and completely immersed in the resin
(Fig.1b). They remained immersed for 10 s and taken
out. After taking the wet specimens from the resin they
were secondarily weighed (the measure point was the
moment the continuous stream of dripping resin lost its
continuity by the first time). The measure of the fabric
(yarn) absorbability is the difference in mass - after and
before the immersion.

RESULTS AND DISCUSSION

An evaluation of the effect of the applied chemical
treatments on the fiber-resin interaction was made on a
base of three criteria (basic criteria of infiltration quality)
concerning technological aspects of composite materials
manufacturing process: time of a penetration of the resin
into the reinforcing fabric, fabric absorbability and the
part of the area of the specimen cross-section penetrated
with the resin. The criteria allow to evaluate the way of
spreading of the liquid matrix inside the reinforcement
structure during an infiltration process. The results of
the infiltration tests and fabric absorbability tests are
given in Figs.2 and 3.

Concerning the analysis of the penetration time of
the resin into the reinforcing fabric, the area of the
penetrated part of specimen’s cross section and the mass
of the resin absorbed in the fabric specimen, treatment
conditions which have the most advantageous effect on
the basic criteria of infiltration quality such as: the short-
est penetration time, the biggest area of saturated part
of specimen’s cross section and the biggest mass of resin
absorbed on specimen, have been indicated. Within the
indicated range (Figs.2 and 3) mainly alkali-treatments
of relatively long-duration and low concentration seem
to be optimal. The applied treatments cause shortening
of the penetration time and increase in the mass of the
absorbed resin.

It was observed that treatment in NaOH solution and
KOH solution as well causes increase in the mass of the
absorbed resin, in comparison with the untreated fabric
(average increase by 30%). As regards the obtained
results (Fig.2) it is obvious that the penetration time
of the resin into the fabric is two times longer for the
untreated fabric than for the treated ones. Numerous
previous studies have shown that as a consequence of
NaOH or KOH solutions, activity purification and sur-
face development of fibres take place, mainly through
the removal of some structural components — mainly a
lignin and hemicellulose™*”®. Some authors found among
other things that the decrease in thermal decomposition
temperature of the cellulose went down from 365.26°C
for raw jute fibre to 360.62°C for jute after 8 h of alkali
treatment (5% NaOH solution) is due to the removal
of hemicellulose and lignin from the structure’. After
the structural changes cellulose (jute) fibres show bet-
ter chemical activity and they easier interact with liquid
resin'?. AFM adhesion force measurements on natural
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Figure 2. The effect of various chemical treatment on the penetration time of a resin into the reinforcing fabric and the mass of
absorbed resin. The results promising for further processing marked: 1 — 15%KOH 0.5h, 2 — 3% NaOH 2h, 3 - 5%KOH
1h, 4 - 5%NaOH 2h, 5 - 1%KOH 4h, 6 — 3% KOH 1h, 7 — 1%NaOH 6h
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Figure 3. The effect of various chemical treatment on the area of the penetrated area of specimen’s cross section and the mass
of absorbed resin (key of the marks is available in the Fig.2). The results promising for further processing marked: 1 —
methanol, 2 - 1%NaOH 4h, 3 — 3%KOH 1h, 4 - 5%KOH 1h, 5 - 15%KOH 0.5h, 6 — 5%NaOH 2h, 7 — 1%NaOH 6h

fibre samples have also revealed that alkali-treatment
causes a significant increase in their polarity’. The
shortest penetration time and the biggest mass of the
absorbed resin were obtained after the treatment in
alkali-solutions of low concentration (1, 3, 5%) by the
relatively low treatment duration. Similar effects may be
obtained using the 15% KOH water solution by short
treatment duration.

The best results in the penetration time and the mass
of the absorbed resin were obtained for the fabric sheets
after: 1% NaOH 6h, 5% NaOH 2h, 5% KOH 1h and
15% KOH 0.5h. Chemical treatment in the solutions of
NaOH and KOH gives the improvement in the infiltration

of a resin into the fabric. Shortening of the penetration
time and increase in the area of the penetrated part of
specimen’s cross section after the treatment for most
of the applied substances was observed. Analysis of the
results (Fig.3) allows to claim that application of the
low-concentrated solutions (1, 3, 5%) contributes to the
increase in the area of the penetrated part of specimen’s
cross section in comparison with the untreated jute (the
penetrated cross-section area = 1.1cm?), however, only
by long treatment duration.

In Fig.4 the exemplary results of the area of the pen-
etrated part of specimen’s cross section, the penetration
time and the number of layers wetted by penetrating
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Figure 4. Change of the area of the penetrated part of speci-
men’s cross section, the penetration time and the
number of layers wetted by the penetrating resin

for various treatment duration in: a) 5% NaOH, b)
5% KOH

resin for various treatment duration in: a) 5% NaOH,
b) 5% KOH, are presented.

The results indicate that KOH solution has a stronger
affect on the fabric in comparison with the NaOH - after
KOH treatment comparable absorbability (m = 5.39g)
was obtained after shorter duration in comparison with
the NaOH one (5% KOH 1h < 5% NaOH 2h). The
low-concentrated treatments do not cause a significant
degradation in the fabric structure and mechanical
properties, what has already been revealed in previous
researches*”1°,

The effect of concentration of NaOH and KOH water
solutions on treatment duration ensuring the biggest mass
of the absorbed resin (absorbability) on the mass of the
absorbed resin itself is presented in Fig.5.

During the treatment process the duration for which
the fabric shows the biggest absorbability may be estab-
lished. It was observed that the higher concentration of
the solution the shorter treatment duration necessary for
obtaining the best absorbability. Fig.6 presents the results
of the effect of treatment in the organic compounds:
vinyl acetate, methanol, toluene diizocyanate on the area
of the penetrated part of specimen’s cross section, the
penetration time, number of layers wetted by penetrat-
ing resin and the mass of absorbed resin (absorbability).

Treatment in the organic compounds gives improvement
in the infiltration of the resin into fabric structure. The
best results were obtained for methanol. The improve-
ment in the absorbability of the fibres was probably the
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Figure 5. The effect of the concentration of NaOH (a) and
KOH (b) water solutions on the mass of the absorbed
resin (absorbability)

result of change in a cellulose structure throughout reac-
tion of methyl groups with OH- groups belonging to the
cellulose chains'. Application of toluene diizocyanate
and vinyl acetate significantly shortens the penetration
time in comparison with untreated fibres. However, it
does not give satisfactory absorbability. After treatment
in vinyl acetate it increases only by 1,76%, while toluene
diizocyanate simply causes a decrease in the jute fibres
absorbability with the polyester resin.

Application of the chemical treatment causes 20-50%
increase in the area of the penetrated part of the speci-
men’s cross section. For instance, for the treatment in
5% KOH 1h the saturated area increased by about 50%
when compared with the untreated jute. The change
of the mechanism of resin penetration into the fabric
stack was also observed. For the untreated jute fabric
the resin penetrates in the direction perpendicularly to
the upper surface of the stack, resulting during the test
in a bigger number of the wetted layers (Fig.7a). After
the treatment in 5% KOH the number of the wetted
layers was lesser, but the resin propagated along the
layers (Fig.7b).

Other authors recommend the duration as the main
criteria of the treatment as a rule'*'?. The type and
concentration of the acting chemicals are usually estab-
lished beforehand on the base of initial considerations.
In some cases the process temperature is taken as the
criteria but in most cases it is the precisely established
process parameter or it tends to reduce due to technol-
ogy economics. However, all the process parameters
affect directly or indirectly the treatment processes
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Figure 6. Change of the area of the penetrated part of specimen’s cross section, the penetration time and the number of layers
wetted by the penetrating resin (a) and the mass of the absorbed resin (absorbability) in the organic treatments (b)

Figure 7. The contour (c) of the penetrated area of specimen’s cross section: a) untreated jute fabric, b) jute fabric after the

treatment with 5% KOH 1h

effectiveness™.

The solution concentration and the treatment time
were taken as the alkali-treatment criteria within the
study. Depending on these parameters different changes
in fibres structure occurred. For instance, depending on
the concentration, removal of the lignin (lower concentra-
tion) or hemicellulose (higher concentration — 5% and
more) from the fibre structure may occur'. It results
in bonds loosening'® and microfibrils rearrangement'>!S,
Simultaneously, transformation of primary cellulose into
type II cellulose may proceed with additional structure
arrangement in fibrils near-surface areas'. In former
researches the authors found that the modifications of
the cellulose structure with alkalis and some organic
substances as well cause improvement in its compat-
ibility with other chemical substances as polyester and
epoxy resins or even natural-origin compounds having
cellulose-like structure®".

Depending on the treatment time, some processes
may increase their intensity and some may be activated
only after longer treatment duration®. The instance of

treatment time affecting the treatment effects may be the
researches in which jute fibres were chemically treated
with 5% solution of NaOH for 2, 4 and 8 h. The chemical
analysis, FT-IR studies and SEM observations revealed
that hemicellulose and lignin removed after alkali treat-
ment and rough surface morphology of treated fibre
occured. Additionally, SAXS analysis results suggest the
swelling behaviour of the cellulose in the fibre. Swelling
is found maximum at 2 h alkali treatment. This may be
due to the heavy dissolution of the hemicelluloses at this
treatment time. The microstructure analysis of fibre by
XRD revealed that the degree of crystallinity increased
significantly after alkali treatment longer than 2 hours.
This could be due to the removal of noncrystalline
structural components out of the cell wall of the fibre,
leading to the closer packing of cellulose chain resulting
improved mechanical strength®.

An example of researches concerning a wide spectrum
of treatment process conditions on its effectiveness may
be the chemical modification of cellulosic fibers with a
fatty acid coupling agents. Within the researches oleoyl
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chloride has been used as a coupling agent to turn the
hydrophilic surface of jute fibers into hydrophobic, leav-
ing an olefinic residue able to react with the matrix. The
esterification of hydroxyl groups during the modification
reaction has been evidenced by FTIR spectroscopy, which
established the development of ester bonds between hy-
droxyl groups of cellulose fiber and the coupling agent.
The results confirmed higher modification degrees using
pyridine as a solvent medium (accessibility of hydroxyl
groups was improved). It was assessed that the efficiency
of the reaction depends on the solvent polarity and his
catalytic capacity, which are two factors governing the
extension of the modification reaction. Other factors
such as temperature, treatment time, the amount of the
coupling agent, volume ratio and catalyst contribute to
the increase in the modification degree®.

Comparing the results obtained for the treatment with
the organic substances and the treatment with NaOH
and KOH water solutions, it was found that the alkali-
treatment has much more advantageous effect on resin
— jute fabric infiltration processes. Among the organic
compounds, methanol showed the best results, but they
were worse in comparison with those of alkali-solutions.
Specimens of the jute fabric treated with NaOH and
KOH solutions reveal better absorbability and bigger
saturated part of specimen’s cross section (average in-
crease by 40%) when compared with the fabric treated
with methanol. It may contribute to shortening and
facilitating the composite manufacturing process.

The initial mechanical tests (static tensile, static bend-
ing, Charpy’s impact resistance) made on equivalent
specimens of the composites manufactured on the base
of untreated jute fabric and jute fabric after various
treatments showed that alkali- and organic treatments
significantly improve their mechanical performance
(Table 1).

Table 1. Analytically measured parameters of biowaste (aver-
age values)

Treatment Improvement Improvement Improvsan)ent in

type in tensile in flexural Char_py s impact
strength, % strength, % resistance, %

1% NaOH 6h 28 29 64

1% KOH 4h 8 7 50

5% KOH 1h -5 -6 33

15% KOH

0.5h -41 -21 -48

methanol 89 78 129

toluene 34 38 117

diisocyanate

The obtained mechanical results do not correspond
strictly with adhesive behavior investigated within the
study: the organic treatments (methanol, toluene diiso-
cyanate) give better improvement in mechanical prop-
erties in comparison with the alkali-treatments (which
revealed better ability to be wetted by the resin). Some
additional deterioration (stiffening, making more brit-
tle) of the fibre structure may be a probable reason.
However, the relation between the fibres structure and
mechanical properties of the composites is a subject of
further studies.

CONCLUSIONS

The conducted investigations on the effect of chemi-
cal treatment of jute fabric on its wetting with polyester
resin showed that it is possible to determine the type
and parameters of the treatment, giving improvement
in technological properties of the fabric.

Regarding the assumed criteria (basic criteria of infil-
tration quality): time of penetration of the resin into the
reinforcing fabric, fabric absorbability and the part of the
area of the specimen cross-section penetrated with the resin
treatment conditions providing the best resin absorption
(the biggest mass of absorbed resin) were determined.
In the required conditions the best results were shown
by the fabrics treated with 1-5% by long-time, 15%
by short-time NaOH and KOH water solutions. Good
effects were also obtained after the treatment with
methanol, but absorption parameters were worse in
comparison with the alkali-treatment. These results do
not correspond directly with the mechanical properties
of the cured composites manufactured on the base
of the treated fabrics. Alkali- and organic treatments
significantly improve the mechanical performance of
natural fibres reinforced composites. However, organic
treatment (methanol, toluene disocyanate) gave better
improvement in the mechanical properties in comparison
with alkali-treatments.

Measurement methods applied within a framework
of the study may be generally useful in an evaluation
of the effect of chemical treatment of natural fibres on
their wettability with liquid matrix.
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