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ABSTRACT

The aim of this study was to evaluate the effect of the alkalization with different concentrations and time combination in
the modification of lignin, hemicellulose and cellulose in pine fibers and determine the best combination aiming the
incorporation in plant-based composites. The alkalization process was conducted with 5 concentrations (5, 10, 15, 20, and
30%) and 2 exposure times (2 and 24 hours). Chemical analysis was performed, and cellulose crystallinity, thermal
stability, and surface modification were analyzed for the treated fibers. The results showed that there was a reduction in
crystallinity with cellulose I — 11 transformation. Thereafter, the thermal stability and surface characteristics were
increased with the increase of the NaOH concentration. Although all treatments altered the fiber properties, the condition
that resulted in technical gain was the condition with 5% concentration and 2 hours of alkalization. Thus, we can
conclude that this condition changes the macromolecular structure of the wood fibers, change the surface and the treat
fiber could be used as filler to plant-base composite.
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1. INTRODUCAO

Lignocellulosic fibers are incorporated into several manufactured products, e.g., furniture, automotive parts, sports
equipment, plant-based composites, due to their low cost, biodegradability, high quality, and physical properties [1].

Several fibrous species can be technically used as plant-based composites, such as jute, sisal, pineapple leaf, and
wood fibers. Among the main advantages of hybrid composites are the reduction in the density of the product, lower cost,
and greater flexibility, and the product is eco-friendly [2].

The main negative effect of plant-based composites production is the incompatibility between the fibers (hydrophilic)
and the polymer matrix (hydrophobic), which affects the adhesion between both components [3, 4]. This interaction can
be modified with superficial or structural fiber treatment, such as acetylation, bleaching, and alkalization, which may
influence the moisture content, the tensile strength of the fibers and can change the chemical composition of fibers,
change the polarity and the thermal properties [5-8].

Alkaline treatment is a low-cost method of fiber modification, increasing the compatibility fibers and matrix [9]. This
treatment is called mercerization or alkalization and consists of immersing fibers in some alkaline solution, usually
sodium hydroxide.

Alkalization conducted in room temperature have many advantages such as low cost of application, simplicity and the
treatment can be easily carried out in large scale compared with the high temperature treatment [36].

As a result, alkalization changes the fiber polarity, eliminates surface impurities, decreasing the aggregation of the
fibers, remove considerably removes the amount of lignin and less hemicellulose and causes transformation of the
cellulose crystallinity [12]. Consequently, alkalization allows for a better response to chemical modification, such as
acetylation [9].

Alkalization has long been used as a method of lignocellulosic fiber chemical modification to reinforce plant-based
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composites and it has been the subject of many researchers in many species. Authors have studied alkalization in various
species, such as sisal [13], Luffa fiber [14], pineapple leaf fibers [15], hemp [10], jute [2], cashew tree wood flour [16],
and bamboo fiber [17], with different NaOH concentrations, times, and exposure temperatures.

It was proven that alkalization was very effective in improving the characteristics of fiber adhesion in composites by
removing the hydrophilic constituents in the fiber, allowing for better matrix bonding, leading to better mechanical
properties [18, 19].

In this research, Pinus fibers were subjected to alkalization in 5 concentrations of NaOH and two times. The objective
was to evaluate the best concentration and time combination, through qualitative analysis, aiming for later use in the
manufacture of plant-based composites.

2. MATERIALS AND METHODS

2.1 Materials

Pinus fibers from the panels industry were used for alkalization with NaOH (Analytical Product). KBr is used in Infrared
spectroscopy analyses.

2.2 Chemical Treatment

Fibers were dried in an oven at 60 °C for 48 hours. They were immersed in a sodium hydroxide solution of the following

different concentrations: 5, 10, 15, 20, and 30%. The fibers were alkalized for 2 and 24 hours, as shown in Table 1.

Table 1: Components and condition of treatment of the fibers.

TREATMENT TIME OF EXPOSURE (h) CONCENTRATION OF NaOH (%)
Control 0 0
2h5% 2 5
2h10% 2 10
2h15% 2 15
2h20% 2 20
2h30% 2 30
24h5% 24 5
24h10% 24 10
24h15% 24 15
24h20% 24 20
24h30% 24 30

Then, the fibers were washed several times with tap water to clean the fibers and eliminated the NaOH on the surface.
Then, the fibers were dried in an oven (60 °C) to remove free water.

2.3 Wide-Angle X-Ray Diffraction
For these analyses is used the SHIMADZU XRD-7000 X-ray diffraction equipment

WAXRD tests were performed to study the cellulose crystallinity index of the fibers. Both treated and untreated
fibers were milled and then tested, using 40 kV with 20 mA and angular variation from 5 °<20<35 °. The velocity was
1°/min using Cu—Ka radiation.

The cellulose crystallinity was determined by the Segal method [20], which was obtained from the difference
between the maximum diffraction intensity (crystalline region) and the minimum diffraction intensity (amorphous
region), through equation 1.

i¢ = {eon—toon) , 4 2)

Ioo2)

2.4 Thermogravimetric Analysis (TGA)
For TGA analyses is used the Setaram Setsys Evolution TGA-DTA/DSC 1500 equipment.
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TGA was carried out to characterize the weight loss of the fibers (treated and untreated) with respect to temperature
and to determine the thermal stability of the fibers. TGA was conducted with the following conditions: alumina crucibles,
temperature constant at 30 °C for 10 min, heating from 30 to 650 °C at a rate of 15 °C/min, and cooling from 650 to 30 °C

at a rate of 30 °C/min, with an argon flux of 20 mL/min.

2.5 Fourier Transform Infrared Spectroscopy (FTIR)
For FTIR analyses is used the BRUKER Vertex 70 equipment.
Infrared spectroscopy was carried out to identify the type of bonding and the components present in the fibers.

The fibers (treated and untreated) were milled and mixed with KBr (potassium bromide) and a thin pellet was made
with a mechanical press. Scanning was performed by transmittance using a wavelength range from 400 at 4000 cm™ at a
resolution of 2 cm™, and the spectrum was captured at a rate of 32 scans per minute.

2.6 Scanning Electron Microscopy
To obtain the SEM images we used JEOL JSM 6360-LV equipment.

Scanning electron microscopy (SEM) was used to evaluate the morphological characteristics, such as surfaces
change, through the NaOH concentration and exposure time. Before SEM evaluation, the samples were coated with a thin
layer of gold (Au) via sputtering for 90 s with 30 mA current.

3. RESULTS AND DISCUSSION

3.1 Wide-Angle X-Ray Diffraction

The X-ray diffractograms of treated and untreated fibers are shown in Figure 1. Two accentuated peaks were found in
some treatments, while in others the peaks were slightly accentuated. The first peak was found to range from 15.36 ° to
15.68 ° in treatment 24h15% and 2h30%, respectively, and the second was found at 21.38 © in treatment 2h30% and 23.04
°in treatment 24h5%. The peak at about 16° is usually attributed to the accumulation of the (0 0 1) plane of amorphous
constituents, and the second peak at about 22° (0 0 2) is usually attributed to the presence of the crystalline region of
cellulose.

By analyzing Figure 1, it was noted that there was transformation of Cellulose-I to Cellulose-Il, but not a complete
transformation. This happened because the cellulose structure did not swell enough, and the structure remained in the
Cellulose-I form [21]. The higher concentration treatment caused a decrease in crystallinity, consistent with the reduction
of the crystallinity peak (0 0 2), probably due to the amorphization of the fiber [22].
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Figure 1: X-ray diffraction of treated and untreated fiber.

The crystallinity index (CI) obtained by equation (2) is presented in the Table 2. An increase in the CI for treated
fibers, in less concentration of NaOH for both time, was observed in relation to the control due to the removal of excess
amorphous regions on the fibers, such as lignin, hemicelluloses, and the amorphous region of cellulose, however, the
excessive concentration of NaOH and time caused a decrease in the Cl, indicating that the occurs the deterioration of the
exposed cellulose, causing the decrease of the crystallinity [23]. Treatment 24h5% showed the highest result for the Cl,
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with a value of 69.73% and this can be explained by the fact that the exposure time influences the elimination of lignin
and hemicellulose.

Table 2: Crystallinity Index of treat and untreated fibers.

TREATMENT INTENSITY (00 2) INTENSITY (00 1) CRYSTALLINITY (%)
Control 665 266 60,00
2h5% 984 324 67,07
2h10% 982 346 64,77
2h15% 606 293 51,65
2h20% 614 335 45,44
2h30% 716 395 44,83
24h5% 978 296 69,73
24h10% 954 299 68,66
24h15% 666 219 67,12
24h20% 648 259 60,03
24h30% 778 416 46,53

According to Mwaikambo and Ansell [10], high crystallinity is likely to result in stiff, strong fibers, which is
interesting in the formation of lignocellulosic fiber composites. However, at higher NaOH concentrations the crystallinity
decreases in relation of the lower concentrations, indicating that a low concentration of NaOH has a positive effect on
fiber crystallinity due to the elimination of waxes, lignin, and hemicelluloses, contributing in the interfacial compatibility
between the fiber and the matrix.

The greater crystallinity in the 24h exposure time, can be explained due to the leaching of more and more
hemicellulose and lignin occurs during the alkalization time, which causes a greater crystallinity of the cellulose. This
does not happen in the 2h period, since the alkali action time is short to cause a great deterioration of the cementing
agents and with this there is less crystallinity.

The same characteristic found in this research, it found for other researchers for wood, cotton, Agave americana L.
and Tridax procumbens [12, 24-26].

3.2 Thermogravimetric Analyzes

Thermal stability is one of the most important properties because the interfacial thermal resistance between the matrix
and the fibers can influence the processing and service life performance of the composites [27, 28].

TGA was carried out on treated and untreated fibers, and the results can be seen in Figure 2. The thermal
decomposition of the fibers (treated and untreated) occurred in two stages, which is reflected by the two peaks in the
DTG curve. The first peak occurred between 30 and 120 °C, which was due to the loss of water present in the fibers, and
it is responsible for the slight loss of fiber mass. The second step started at 150 °C and finished at around 450°C and was
due to the decomposition of the lignocellulosic material. This step can be divided in three stages: first, the hemicelluloses,
waxes, and extractives degrade (150 to 300 °C); then, the cellulose (300 to 350°C). Lignin has a slow and long thermal
degradation occurring throughout the degradation process of lignocellulosic compounds, starts with the first compounds
and end before the cellulose degradation [29].

From Table 3, it is seen that the percentage of residues varied from 32.21 to 36.90%, which can be explained by the
difference in the amount of volatile materials and ash present in the treated fibers [30].

The onset temperature increased in relation to the control. This can be explained by the reduction of the concentration
of the extractive and lignin, which was caused by the alkali treatment. The extractives include pectin, waxes, and natural
resins, which are compounds that have degradation temperatures lower than cellulose. Alkali treatment increases the
average size of the fibers, decreasing the superficial area. Therefore, higher specific energy is needed to degrade the
fibers [16]. We can infer that the treatment tends to degrade the segments less molecular and with that the just the major
structure still in the fibers.

By analyzing the DTG curves, we can infer that the maximum temperature of degradation decreases with the NaOH
concentration increases, which is consistent with the results obtained in the XRD analyses where the crystallinity
decreases with the concentration. This is probably due to the decrease in the amorphous parts of fibers and the low degree
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of polymerization components of the fiber, such as lignin, hemicelluloses, and specific regions of the cellulose.

In Table 3, it can be observed that the higher onset temperature was reached in the treatment 2h5%. This is a good
technical result because this treatment was proven to be the most thermally stable, even when using the lowest
concentration of reagent, thus decreasing the cost and improving the environmental question on the alkalization, therefore
we can infer that these treatment has the best cost benefit.

The improved thermal stability of the treated fibers is likely to be due to thermally unstable compounds
(hemicellulose and pectin) being removed after the alkalization [36], with more removal occurring in lower concentration
compared to higher alkali concentration as supported by FTIR analysis.

When we analyze the exposure time in thermal stability, it is possible to see that the 24 hours of exposure tends to
present lower endset temperature, this occurs because the longer exposure time removes more hemicellulose, pectin and
lignin causing a negative influence on thermal stability, which corroborates the result found in XRD.

Table 3: Summary of main thermal properties of treated and untreated Pinus fibers.

TREATMENT % RESIDUES T °C ONSET T °C ENDSET
Control 33,92 270,7 386,8
2h5% 36,51 283,9 380,0
2h10% 33,00 280,8 381,0
2h15% 33,46 279,1 3779
2h20% 33,33 276,1 375,3
2h30% 32,21 275,8 374,5
24h5% 34,86 279,1 377,8
24h10% 34,25 281,0 286,2
24h15% 32,68 274,1 380,0
24h20% 34,60 278,3 371,2
24h30% 36,90 280,1 374,3
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Figure 2: TGA and DTG curves of treated and untreated fibers.

3.3 Fourier Transform Infrared Spectroscopy
Figure 3 shows the FTIR spectrums of treated and untreated fibers, with the different peaks between treatment evident.

The stretch around the 3300 cm™ is characteristic to the presence of the a-cellulose, and can be seen in all the
treatments, including the control. Is was noted that the peak changes with the concentration/time increase, demonstrating
the positive feature of the alkali treatment.

The characteristic peak at round 1734 cm™, 1600 cm™ and 1200 cm! relates to the presence of a carbonyl group
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(C=0) and is attributed to the presence of hemicelluloses and lignin [29]. After observing Figure 3, it can be noted that
this peak is only seen in the control. This explain that the alkali treatment remove the hemicelluloses and lignin from the
fiber surface with alkali treatment [30]. This observation is striking with the result found in the XRD, which confirms the
degradation of lignin and hemicellulose, causing an increase in crystallinity with the concentration.

It can be noted that in the peak 1600 cm™ and 1200 cm! still remains a little sharp peak, it can be explained by the
fact that there is a partial removal of the lignin, still maintaining an amount that can be seen in these peaks even after the
fibers have been treated, but the peak is very smaller that the untreated fibers, it confirmed that the lignin was removed
with the alkali treat.

The wavenumber around the 1640 cm™ was associated with the absorbed water in the crystalline cellulose, and
observing the Figure 3, can note that the peak is more intense in the treated fiber than the untreated, this can be explained
by the fact that the treatment exposes the cellulose and thus absorbs water with the increase in the concentration of alkali
[34]. These effect on the peak 1640 cm* is similar to time exposure and concentration under the same condition [35]

With the increase in water absorption by the exposed cellulose, it can be inferred that there will be a better
compatibility between matrix and filler in the use of these treated fibers in comparison with the untreated fibers.

The effect of treatment time on the peak of 1640 cm-1 under room and elevated temperatures treatment was
approximately like the effect of concentration under the same treatment condition

The stretching at 1012 cm™® and 1017 cm™, which was due to the presence of alkoxy group C=0, attributes the
hydroxyl and esther groups in cellulose [12].

The second different peak observed in Figure 3 can be seen at around 811 cm™ in all treated fibers. This peak is
related to the presence of sodium (Na) in the surface fibers and can be attributed to the presence of a Na—O group. This
can explain the presence only in the treated fibers [31, 32].

The peak that appears in the 811 cm™ might be eliminated with a several wash with water and a little hydrochloric acid.
In this work, it was only washed with tap water, which may have caused this sharp spike in the treated fibers.
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Figure 3: FTIR spectrum of untreated and treated fiber, highlighting the difference between the treatments.

3.4 Scanning Electron Microscopy
Although it is a very punctual analysis, SEM can be useful for analyzing the surface of the fibers, as well as impurities,
and it can show behavioral tendencies of these with the composite.

Figure 4A shows the untreated fiber. A lot of impurities can be seen on the surface, as well as a waxy appearance due
to the presence of wax on the fiber surface.

After alkalization (Figure 4B-K), less impurities on the surface are seen due to leaching. The impurities decrease
with increasing the NaOH concentration (Figure 4B-F, Figure 4G-K), which demonstrates that impurity removal occurs,
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as well as reduction of wax, which can benefit to the interaction between matrix and fibers.

Alkalization caused an increase on the roughness in the surface, inducing better capillary action of the fibers,
improving their hygroscopicity and air permeability and increasing the surface area, which can improve the interfacial
compatibility between fiber and matrix [12, 33].

Figure 4: SEM of untreated and treated fibers.
Untreated and (B to K) Treated fibers

4. CONCLUSION

It has been found that alkaline treatment modifies Pinus fibers, thus proving that alkalinization treatment, change the
crystallinity, the thermal degradation and a slight transformation to cellulose I into cellulose Il. Because of this, alkali
treatment can be used by a method of chemical modification of lignin, hemicelluloses and cellulose in wood fibers for
applications as fillers in plant-based composites.

Regarding the DRX analyses, we can conclude that the crystallinity increases in the higher concentration of alkali
treatment. The higher crystallinity is found on the treatment 1, due the most reduction of lignin, hemicellulose and
impurities of fibers, which can be conclude such as the better treatment for fillers in plant-based composites.

The FTIR verified that there was modification in all treatments, and in the treatment that used NaOH, the
characteristic elongation of hemicellulose disappeared and in the higher concentration treatment can be seen the spectrum
relation with the transformation of cellulose | into cellulose Il. In relation to the surface, it can be concluded that the
alkaline treatment decreased the waxy aspect, increased the roughness and decreased the impurities present on the
surface, based on SEM images.

The thermal analyzes proved that alkalization using lower concentration and time of exposure, increases the
temperature onset, being the treatment 2h5% more stable in relation to the others.

Lastly, we can conclude that the treatment 2h5% has a higher value for crystallinity and thermal stability in relation
to the other and is the most technically feasible alkalization condition for wood fibers modification aiming most various
utilization.
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