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ABSTRACT

Lignocellulosic fibers extracted from sugarcane bagasse were treated with NaOH
solutions of different concentration (0-40 wt%) to study the effect of alkali treatment on
the composition, structure and properties of the fibers. Composition was determined by
the van Soest method, structure was characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM), while mechanical properties by tensile testing.
Hemicellulose and lignin content decrease, while cellulose content goes through a
maximum as a function of alkali concentration. Crystallinity changes only slightly and
microfibril angle (MFA) remains constant thus structural effects and especially MFA are
not the primary reasons for changing properties. The stiffness of the fibers shows a slight
maximum at around 2-4 wt% NaOH content, while strength goes through a much more
pronounced one at around 5-8 wt%. Direct correlation between structure and mechanical
properties was not found indicating that composition is more important in the
determination of properties than structure. Regression analysis proved that the
combination of several compositional variables determines mechanical properties in a
non-linear manner. The improvement in fiber properties was explained with the

dissolution of weak amorphous fractions and the relative increase of cellulose content.
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1. INTRODUCTION

Because of the continuous search for new materials and the increasing
environmental awareness of the industry as well as the public, the interest in materials
from renewable resources increases continuously '. Biopolymers are synthesized from
natural raw materials 2° and starch 4, cellulose *° and lignin 7 are used in increasing

0 in order to

quantities in all arcas of life. Plastics are often reinforced with fibers
increase their stiffness and strength, and traditional fibers are replaced with wood or
natural fibers in larger and larger extent. Many products are prepared with natural
reinforcement including wood plastic composites (WPC) or various automotive parts '
13 However, besides their advantages, natural reinforcements have several drawbacks
like sensitivity to heat during processing, limited dimensional stability due to water
adsorption, poor adhesion between the matrix polymer and the reinforcement, as well as
small transverse strength '*. In order to overcome these deficiencies, attempts are made
to improve properties by surface modification, coupling or the treatment of the fibers .

One of the approaches to improve the inherent properties of natural
reinforcements and thus those of their composites is the alkali treatment of the fibers.
Mercerization is a commercial technology developed a long time ago which consists of
the treatment of the fibers with a sodium hydroxide solution of 20-27 wt% under tension
16 The treatment results in increased strength, improved sheen and easier dyeing. Today,
all kinds of alkali treatment are called mercerization !”. The improvement of strength is
the main reason and goal of using this approach for the treatment of fibers applied as
reinforcements in plastics.

The effect of alkali treatment on the structure and properties of fibers was studied

by numerous groups and the increase of stiffness and strength was observed quite often.
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However, the explanation for the improvement of mechanical properties is rather
controversial in many cases. The concentration of sodium hydroxide and the time of
treatment varies in a very wide range from 0.03 wt% to 40 % and from a few minutes to
48 hours '8 It is generally accepted that the composition of the fibers changes as the
result of the treatment; the amorphous parts are dissolved thus the hemicellulose, lignin
and wax content of the fibers decrease, although Taha et al. >* claimed that lignin content
remains constant. The groups agree much less about the reasons of the improvement in
strength. Although structural changes are thought to result in these changes in most cases,
the opinions about the main factors differ widely. Crystallinity is one of these factors, but

2124282 .
21,24,28,29 as a function

it was shown to increase "2, decrease >’ or go through a maximum
of NaOH concentration and time. Mechanical properties are often plotted against

crystallinity but the correlations are rarely convincing. Another factor might be a change

17.1930 31 0

in the microfibril angle or crystal modification **, i.e. the transformation from the

2832 Alkali treatment

cellulose I to the cellulose II form as the result of the treatment
removes waxes and amorphous components from the surface of the fibers thus changing
surface roughness “****> which was claimed to improve interfacial adhesion **. On the
other hand, Gassan and Bledzki '® think that changing surface quality does not modify
composite properties. Unfortunately, the statements are not very often supported with
sufficient experimental evidence and the controversies are difficult to resolve.
Nevertheless, it is a fact that under certain conditions the stiffness and strength of
natural fibers are improved by alkali treatment, which results in an increase of composite
modulus and/or strength, as a consequence. Occasionally, an improvement or maximum

is observed in the strength of composites when a polymer is reinforced with treated fibers.

Van de Weyenberg et al. 2 reinforced epoxy resin with fibers modified by alkali treatment




0 -1 & N Wb

and found considerable increase in the transverse strength of the composites. They
explained the improvement with a change in interfacial adhesion, which was contradicted
by Gassan and Bledzki '®.

In spite of the contradictions published, the beneficial effect of alkali treatment
for fiber characteristics is clear and it often results in better composite properties as well.
Considering the contradictions mentioned above, the goal of our study was to treat
sugarcane bagasse fibers with sodium hydroxide and then thoroughly characterize their
composition, structure and properties including strength and stiffness. Sugarcane bagasse
was selected, because it is a cheap, natural raw material, which can be obtained from local
sources in Indonesia. Bagasse fiber form a waste and its value added application would
be beneficial for the country. In a part of the study, flax fibers were used as reference
material in order to extend the validity of our conclusions. An attempt was made to
correlate the measured variables and find a plausible explanation for the increase of fiber
strength with alkali treatment. The consequence for practice is also mentioned in the final

section of the paper.

2. EXPERIMENTAL
2.1. Materials

The bagasse fibers were obtained directly from the sugar mill. They were washed
with ethanol, dried, cut up and sieved. Before cutting, longer individual fibers were
separated for mechanical characterization, tensile testing. A solution containing 40 wt%
sodium hydroxide was prepared from NaOH flakes (Molar Chemicals, Hungary). The

solution was diluted to obtain solutions with 1,2, 4, 8, 15,20 and 40 wt% alkali content.

After treatment the fibers were neutralized with an acetic acid (Molar Chemicals,
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Hungary) solution of 10 wt% concentration prepared from concentrated acetic acid

(96 wt%).

2.2, Fiber treatment and sample preparation

Sieved fibers were placed into a beaker and sodium hydroxide solutions of various
concentration were poured on them. The suspension was stirred occasionally during the
1 hour of the treatment. Subsequently the fibers were neutralized with acetic acid and
then they were washed several times until the pH of the washing water was 7. The fibers
were dried at 105 °C in an air circulation oven for 48 hours. Fibers were prepared in a
similar way for tensile testing with the only difference that fibers of 15-20 cm length were
separated first and then dried under tension to avoid curling. All treatments were done at
ambient temperature.

Fibers had to be milled for X-ray diffraction and FTIR measurements. Two grams

of the fibers were placed into a Retsch MM 400 ball mill (Retsch GmbH ., Germany) and

the fibers were ground for 2.5 min at 30 s™ frequency.

3.3. Characterization, measurements

The chemical composition of the fibers was determined by the van Soest method.
The detailed description of the method can be found in the paper of van Soest *°.
According to the method, hemicellulose content is determined after treatment with an
acidic detergent solution, the amount of cellulose by treating the fibers with sulfuric acid
of 72 wt% concentration and lignin by burning the sample in an oven. Composition was

analyzed also by Fourier transform infrared spectroscopy (FTIR). Spectra were recorded

on KBr pastilles using a Bruker Tensor 27A (Bruker, Massachusetts, US) apparatus. Two
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mg fiber was mixed with 248 mg KBr for the preparation of the samples. Spectra were
recorded from 4000 to 400 cm™ at 2 cmr'! resolution with 32 scans. Absorbances appearing
at 1428 and 1372 cm™ were assigned to cellulose, those detected at 1730, 1249 and 1040
cm’' to hemicellulose and the one observed at 1514 cm™ to lignin. The crystalline
structure of the fibers was characterized by X-ray diffraction (XRD). The traces were
recorded on powder samples using a Philips PW 1830/PW 1050 (Philips, Netherlands)
apparatus with CuKe radiation at 40 kV and 35 mA anode excitation in the 20 range
between 4 and 40° with 0.04° steps. Crystallinity and microfibril angle (MFA) were
determined from the reflection of the cellulose detected at 22.8° according to the method
described by Yamamoto ¥/,

The mechanical properties of the fibers were characterized by tensile testing.
Fibers were fixed onto paper frames for the measurements. An Instron 5566 tensile testing
machine (Instron, Massachusetts, US) was used for the tests at the gauge length of 20 mm
and crosshead speed of 0.5 mm/min. Ten parallel measurements were carried out for each
sample. Scanning electron microscopy (SEM) was used for the characterization of the
morphology of the neat and treated fibers. The equipment used was a Jeol JSM 6380 LA
(Jeol, Japan) apparatus. Before the recording of the images, the samples were sputtered

with gold.

3. RESULTS AND DISCUSSION

The results of the experiments are presented in several sections. First, the effect
of chemical treatment on the composition of the fibers is discussed, followed by the
presentation of changes in their structure. Properties are analyzed next and then

correlations between composition and properties are shown in the last section together
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with relevance for practice.

3.1. Composition

The analysis of results published in the literature clearly showed that one of the
consequences of the alkali treatment of fibers is a change in their composition.
Amorphous parts of the fibers, mainly hemicellulose, lignin and waxes, are dissolved in
different extents. At larger concentrations of NaOH and at longer times, also cellulose
crystals disintegrate and dissolve. The change of chemical composition inevitably leads
to the modification of properties as well. Accordingly, the effect of treatment on
composition was followed by two methods, chemical analysis and FTIR spectroscopy.

The cellulose and lignin content of the fibers are plotted against the concentration
of the treating solution in Figure 1. The cellulose content is large, exceeds 50-60 wt%,
while the amount of lignin is below 20 wt%, as expected for such fibers. In accordance
with most literature references, lignin content decreases continuously with increasing
NaOH concentration. On the other hand, cellulose content shows a maximum. The
maximum results from the fact that the dissolution of amorphous components is
considerably faster than that of the cellulose crystals, but the latter also degrades at very
large alkali concentrations. The observed increase in cellulose content may result in the
improvement of mechanical propertics as reported many times in the literature 1%,
Hemicellulose content also decreases with increasing NaOH concentration, while the
amount of ash remains constant '%-20-28:34.35.38.39

As mentioned above, compositional changes were followed also by FTIR
spectroscopy. The spectra of the fibers after selected NaOH contents are presented in

Figure 2. The quantitative analysis of peaks assigned to the various components of the
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fiber yielded the same results as chemical analysis. The inset of Figure 2 shows the
decrease of hemicellulose (1730 cm™) and lignin (1514 ¢cm™) content with increasing
NaOH concentration. Both chemical analysis and FTIR spectroscopy confirmed the
expectations that the chemical composition of the fibers changes during treatment and the
changes must result in modified structure and properties.

The chemical composition of the fibers changes because some of the components
are dissolved during treatment. The rate of dissolution is different for the various
components, but all lead to the decrease of the weight of the sample. Weight loss is plotted
against the NaOH concentration of the treating solution in Figure 3. According to the
figure, the decrease of weight is very substantial at large NaOH contents, the fibers start
to lose their integrity. Considering the large change in weight, we may conclude that
treatments with solutions above 15 wt% NaOH deteriorate the fibers, at least in the time

frame (1 hour) used in these experiments.

3.2, Structure

Cellulose has various crystal forms. In plants, it crystallizes in the cellulose 1 form,
which may transform into the cellulose II modification as the result of alkali treatment
2832 Treatment loosens up structure and the sodium ions as well as the water present make
possible the transformation. Interesting to note that such transformation was rarely
reported during the alkali treatment of fibers used as reinforcements in plastics. Parallel
to the change in crystal modification, crystallinity may be also modified during treatment.
XRD traces recorded on fibers treated with NaOH solutions of different concentration are

plotted in Figure 4. According to the traces, crystal form does not change in our case

even at the largest alkali concentration. On the other hand, crystallinity and order change
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quite considerably as NaOH concentration increases. Cellulose crystals retain their
integrity up to 8 wt% NaOH content, but the regularity of the crystals decreases
considerably above that concentration. The quantitative analysis of the results shows that
crystallinity increases from about 58 % to 63 % at 5 wt% NaOH content of the solution,
but decreases steeply above this alkali concentration down to around 40 %, confirming
the conclusions drawn by the visual observation of the traces presented in Figure 4.

The improvement of the mechanical properties of the fibers is often explained
with the change of the microfibril angle (MFA) during alkali treatment *, Decreasing
MFA results in better alignment of the fibrils to the direction of the load and thus larger
stiffness and strength *2. MFA can be determined from XRD traces using the approach
proposed by Yamamoto *'. MFA values are plotted against the NaOH content of the
treating solution in Figure 5. MFA did not change at all for the sugarcane bagasse fibers
used in this study, and we detected only very slight changes for flax fibers used as
reference. According to these results the change in microfibril angle cannot explain the
improvement or changes in the mechanical properties of the fibers, if there is any.

For polymers reinforced with natural fibers, the changes in properties are often
assigned to the modification of the surface of the fibers. The removal of waxes and
increased surface roughness are claimed to improve interfacial adhesion and thus stitfness

and strength 263333

of composites reinforced with natural fibers. The surface morphology
of the fibers is demonstrated by the SEM micrographs presented in Figure 6. The surface
of the neat fiber is relatively smooth and even (Figure 6a), but sharper contours appear
already after the treatment with 4 wt% NaOH solution (Figure 6b). Deep groves (Figure

6c) and even larger holes (Figure 6d) appear after the treatment with solutions of larger

concentrations, and the fibers start to lose their integrity as indicated also by the XRD

10
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traces. Several authors claim that changing surface morphology improves interfacial
adhesion and fiber or composite properties ***°*! but Gassan and Bledzki '® question this

claim and relate property changes to the shrinkage of the fibers.

3.3. Properties

The effect of alkali treatment on the stiffness of the fibers is presented in Figure
7Ta. Flax is used as reference in the figure. The modulus of flax is considerably larger than
that of the bagasse fibers. The difference might be caused by the dissimilar microfibril
angle, which is around 25° for the bagasse and 18° for the flax fibers. In both cases a
maximum appears in stiffness at around 3-5 wt% NaOH content of the treating solution.
The maximum is more pronounced for flax, but it can be clearly observed also in the case
of bagasse. The location of the maximum on the NaOH concentration axis differs from
the one determined for cellulose content, which raises some doubt about the exclusive
role of this latter factor in the changes of mechanical properties. On the other hand, the
maximum determined in crystallinity is much closer to this value.

The tensile strength of the fibers is plotted against NaOH content in Figure 7b.
The strength of bagasse fibers is larger than that of the flax fibers indicating that instead
of microfibril angle other factors determine fiber strength. A maximum is observed in this
case too, it appears at around 5-8 wt% for bagasse and closer to 5 wt% for the flax fibers.
The maximum is clear, fiber strength increases considerably as an effect of the treatment,
and then it decreases at larger alkali concentrations. The increase in fiber strength justifies
the increase observed in the strength of composites prepared with various fibers treated
with NaOH 22442 The decrease in strength, to very small values in the case of flax, at

larger NaOH content is in accordance with earlier conclusions drawn from the XRD and

11




0 -1 & N Wb

SEM studies. We might mention here also the deformability of the fibers and the effect
of alkali treatment on them. The elongation-at-break of the bagasse fibers is larger, it is
around 5 %, while that of the flax fibers is approximately 3 % in the average, and it does
not change much upon treatment. Although we confirmed the beneficial effect of alkali
treatment on the properties of natural fibers and proved that it results from the change of
composition and structure, we do not have an unambiguous explanation for the

improvement and do not know the determining factor either.

34. Correlations

The results presented above indicate clearly that composition and structure
determines properties as well as that alkali treatment modifies both factors. In
publications, mechanical properties are very often related to the crystallinity of the fibers
212 The Young's modulus and strength of the fibers are plotted against crystallinity in
Figure 8. Strength apparently increases with increasing crystallinity, while a maximum
seems to exist for modulus. We must call the attention here, though, that the standard
deviation of the measurements is large and the correlations are rather loose. Crystallinity
must influence mechanical properties, but it is not the determining factor, others must
play a role as well.

The unambiguous determination of the dominating factor is very difficult, because
probably more than one influence properties and their weight might be similar. Moreover,
various factors are related to each other, they either change simultaneously or even
depend on each other, thus the identification of the dominating one is very difficult or
even impossible. Since the correlation between mechanical properties and crystallinity is

weak, we decided to analyze the combined effect of various compositional factors on

12
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properties. We carried out various multiple regression analyses and identified the
significant factors. We arrived to the conclusion that a non-linear model taking into
account first-order compositional variables and their interactions describes property
change quite well. The following model:

o = —36.7[C] + 39.1[HC] — 340.5[L] + 8.3[C][L] (1)
where ¢ is the tensile strength of the fiber, while [C], [HC] and [L] is its cellulose,
hemicellulose and lignin content, respectively, was obtained in the analysis. The model
takes into account the fact that the sum of the components must be 100 %. The two
dimensional surface plot of the model is presented in Figure 9. The ash content of the
fibers was fixed at 2 %. Measured values are also shown in the figure as red symbols
together with the corresponding value. Although deviations can be observed between the
predicted and measured values, the agreement is reasonable, the determination
coefficient, i.e. the goodness of the fit is 0.9110.

Figure 9 proves that the combination of several compositional variables
determine the mechanical properties of the fibers. The overall effect is not linear and the
interaction of the variables (see the factor [C][L]) further complicates evaluation. In order
to see the predictive power and validity of the approach, we plotted the calculated fiber
strength against the measured values. The correlation is presented in Figure 10.
Considering the uncertainty of the measurement and the large standard deviation of the
measured values (see Figure 7b), the correlation is excellent, thus we can state that the
changes in composition during alkali treatment unambiguously determine mechanical
properties.

Although the correlation shown in Figure 10 is unambiguous, one might object

that the structure of the fibers must determine properties. This might be true, but MFA

13
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did not change at all and the relationship between mechanical properties and crystallinity
was very weak (Figure 8). On the other hand, if we consider that the cellulose crystals
are much stiffer and stronger than the amorphous components of the fiber, one can easily
accept that the dissolution of a part of the amorphous phase results in an improvement of
mechanical properties. The maximum in strength was observed at around 5 wt% NaOH
content of the treating solution and both hemicellulose and even the lignin content are
still considerable even after the treatment. Obviously, the weakest fraction is dissolved
during treatment resulting in the improvements of properties. We can expect, as a result,
that fibers treated with NaOH solution of 5 wt% concentration will reinforce polymers
more than neat fibers and composite properties will improve in accordance with published

2
results 28434,

4. CONCLUSIONS

The results on the alkali treatment of sugarcane bagasse fibers proved that the
treatment modifies the composition, structure and properties of the fibers. Hemicellulose
and lignin content decrease, while cellulose content goes through a maximum as a
function of the alkali content of the treating solution. Crystallinity changes only slightly
and microfibril angle remains constant, does not change with NaOH content thus
structural effects and especially MFA are not the primary reasons for changing properties,
contrary to many reports published in the literature. The stiffness of the fibers shows a
slight maximum at around 2-4 wt% NaOH content, while strength a much more
pronounced one at around 5-8 wt%. The increase of fiber strength is quite considerable.

Direct correlation between structure and mechanical properties were not found indicating

that composition is more important in the determination of properties than structure.

14
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Regression analysis proved that the combination of several compositional variables
determines mechanical properties in a non-linear manner. The improvement in fiber
properties was explained with the dissolution of a weak amorphous fraction and with the
increase of cellulose content. The optimum concentration of the treating solution is
around 5 wt% NaOH content if the time of treatment is fixed at 1 hour. The increase of

fiber strength is expected to result in the improvement of composite properties.
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Figure legends

Fig. | Effect of the NaOH concentration of the treating solution on the composition of
sugarcane bagasse fibers. Treatment time: 1 h. Symbols: (O) cellulose, ((1) lignin

content.

Fig. 2 FTIR spectra of neat bagasse fibers and of those treated with NaOH solutions of
various concentrations. The inset shows the decrease of hemicellulose (1730 cm-1)

and lignin (1514 cm-1) content with increasing alkali concentration.

Fig.3 Weight loss during the alkali treatment of sugarcane bagasse fibers. Treatment

time: 1 h.

Fig. 4 XRD traces of the neat bagasse fiber and of those treated with alkali solutions of

various concentration. Changes in the crystalline structure of the fibers.

Fig. 5 Independence of the microfibril angle (MFA) of bagasse fibers of the NaOH

concentration of the treating solution.

Fig. 6 SEM micrographs recorded on the neat fibers and on fibers treated with NaOH
solutions of various concentration; a) neat fiber, b) 4 wt%. ¢) 8 wt%, d) 30 wt%

NaOH content.

Fig. 7 Effect of the concentration of the NaOH solution used for treatment on the
stiffness (a) and tensile strength (b) of sugarcane bagasse fibers. Flax is used as

reference. Symbols: (O) bagasse, ([J) flax.

Fig. 8 Weak correlation between the mechanical properties of bagasse fibers and

crystallinity. Symbols: (O) Young's modulus, ((J) tensile strength.
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Fig. 9 Simultaneous effect of cellulose and lignin content on the tensile strength of
sugarcane bagasse fibers. The solid lines were determined by regression analysis.

The red symbols indicate measured values.

Fig. 10 Correlation between the measured strength of sugarcane bagasse fibers and values

calculated by regression analysis from compositional variables using Eq. 1.
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