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Abstract: This research presents the alkali treatment effect on three types of agricultural residues:
sweet clover (SCS), buckwheat (BS), and rapeseed straws (RS). The aim of the study was to find the
optimal treatment conditions for each straw type, and to assess the potential of sweet clover straw
as reinforcement for polymer composites in comparison to buckwheat and rapeseed. The straws
were ground and treated for 15, 30, and 60 min using NaOH at concentrations of 2, 5, and 10%. To
investigate the treatment results on the SCS, BS, and RS fibers, Fourier transform infrared spectroscopy,
scanning electron microscopy, optical microscope, X-ray diffraction, and thermogravimetric analysis
were used. Results indicate that the optimal room-temperature alkaline-treatment conditions of SCS
fibers were the same as those for RS treated with 2% NaOH solution for 30 min. These conditions
were milder in comparison to those used for the treatment of BS: 60 min in a 5% NaOH solution.
During the treatment, noncellulosic substances were largely removed, and the aspect ratio of the fibers
was increased, and the destruction temperature, crystallinity, and morphology were also affected.
Consequently, SCS has promising potential for use in polymer composites.

Keywords: sweet clover fibers; rapeseed fibers; buckwheat fibers; alkali treatment; lignocellulosic
biomass

1. Introduction

Researchers with different backgrounds and objectives have spent decades studying
the valorization of lignocellulosic biomass waste. One of the fields where this renewable
material source still has growing interest is the development of polymer composites. A
fiber obtained from lignocellulosic biomass has several advantages, for example, low
cost, biodegradability, availability, and relatively high specific strength, which allow for
its use for the replacement of synthetic fibers. Various plants have been investigated
for the production of natural fibers considering aspects such as global production, local
availability, and chemical composition because higher cellulose content could provide
better strength properties. However, there are only few investigations related to use of
agricultural residues, such as rapeseed (RS), buckwheat (BS), and especially sweet clover
(SCS) straws, for the production of fibers for bulk polymer composites. Fewer studies
related to SCS evidently connected production amounts with it. For example, in Latvia,
sown areas of rapeseed alone reach 117.4 tons per hectare (t/ha), 20.3 t/ha for buckwheat,
and only 1.5 t/ha for sweet clover [1]. Furthermore, because of the transformation of the
linear economy into a circular one, it is necessary to identify all locally available renewable
resources [2]. Apart from the primary use of rapeseed for oil production, buckwheat as a
food nutrient, and sweet clover as a high-value nectar plant, residues of these crops are
without high added value, and may be utilized as solid fuel, green manure, and fodder, to
a limited extent because of their low feeding value and potential toxicity [3]. Especially
problematic are residues from sweet clover due to the high content of coumarin, which
is converted into dicoumarol by mold in hay and becomes dangerous for livestock [4].
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Therefore, the search for alternative ways for the high added-value utilization of these
agricultural residues is highly important.

The chemical composition of the fibers obtained from the mentioned agricultural
residues differs to certain extent: RS contains approx. 33–42% cellulose, 29% lignin, and
hemicellulose up to 25% [5]; SCS contains approx. 55% cellulose, 14% lignin, and 18% hemi-
cellulose [4]; and BS contains approx. 42% cellulose, 17% lignin, and 9% hemicellulose [6].
By considering the reinforcing properties of cellulose, fibers from the selected agricultural
residues have potential to be used in polymer composites.

Nevertheless, before the development of fiber-reinforced composites, fiber treatment
should be performed. According to the review by Hasan et al., lignocellulosic fiber is
characterized by high hydrophilicity due to noncellulose constituents that provide swelling,
water absorption, and, at the composite development limit, interfacial adhesion with a
hydrophobic polymer matrix. Researchers have investigated various physical and chemical
treatment procedures to reduce or remove hemicellulose, lignin, pectin, wax, and other
low-molecular-weight fractions for increasing the compatibility with polymers. There are
several chemical treatment methods, including mercerization, acetylation, silane treatment,
peroxide treatment, and benzoylation [7]. A comparison between different treatment
methods is complicated; each process has its advantages, as was reported by Sanjay et al.
For example, isocyanate treatment significantly improves the mechanical properties of
fiber, silane treatment improves the physicochemical properties, and acetic acid treatment
improves the tensile properties and thermal stability [8].

One of the most frequently used methods is alkali treatment (mercerization), which
helps in removing unwanted substances by reducing the hydroxyl group concentration
on the fiber surface, decreasing the fiber diameter, increasing the aspect ratio and surface
roughness, providing better interlocking with the matrix, and ensuring cost efficiency in
comparison to other fiber treatment methods. During mercerization, fibers swell, and in this
process, part of the hydrogen bonds are destroyed, and a new Na-cellulose lattice is formed.
In the consequent washing stage, Na ions and surface impurities are removed. Treatment
efficiency is generally determined via temperature, time, and alkali concentration [7,8].
According to the review by Hasan et.al., it follows that a too-high alkali concentration
or temperature could lead to a significant decrement in fiber properties due to excessive
delignification [7].

By considering the previously mentioned, this research focused on evaluating the
valorization potential of RS, BSF, and especially SCS biomass for reinforcement in polymer
composites. The study aims to find the optimal alkali solution concentration and process
time for the treatment of each straw type (RS, BSF, SCS). Experiments were conducted
to evaluate the effect of mercerization on the structure, chemical composition, and ther-
mal properties of the fibers for the potential use of the treated fibers as reinforcement in
polymer composites.

2. Materials and Methods
2.1. Materials

Winter rapeseed straw (RS), buckwheat straw (BS), and sweet clover straw (SCS)
were collected as biomass waste from local farms Braslin, i, Pasiles, and Susuri. Sodium
hydroxide pellets EMSURE were supplied by Sigma Aldrich. Straws were ground with a
Retsch SM300 rotary grinder at a speed of 700 rpm using a 0.25 mm sieve. The fibers were
dried in an oven for 24 h at 60 ◦C.

2.2. Fiber Alkali Treatment (Mercerization)

A certain amount (50 g) of the ground RS, BS, and SCS fibers was immersed in
3 different aqueous solutions with NaOH concentrations of 2%, 5%, and 10%, and each
obtained suspension was mixed for 15, 30, and 60 min. At the end of mercerization, the
fibers were washed several times using distilled water until neutral reaction. The treated
fibers were dried in an oven at 60 ◦C for about 24 h.
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2.3. Fiber Characterization
2.3.1. Optical Microscopy (OM)

The length and diameter of the fibers were examined with optical microscope Leica
DMRM. The images were processed with Fiji image analysis software. The mean diameter
and mean length of RS, BS, and SCS fibers were determined from 50 measurements. The
aspect ratio was correspondingly calculated.

2.3.2. Scanning Electron Microscopy (SEM)

The surface morphologies of the fibers were analyzed with a Tescan Mira/LMU
scanning electron microscope operated at 5 kV and 3000× magnification. The samples
before morphology analysis were coated with gold layer using plasma sputtering apparatus
Emitech/Quorum sputter coater K550X.

2.3.3. X-ray Diffractometer (XRD)

X-ray diffraction patterns were recorded with a Panalytical Aeris Benchtop X-ray
diffractometer at 2θ range from 5◦ to 40◦ with a step size of 0.0434◦ and a step time of 240 s.
The crystallinity index (CI) of the fibers was calculated by using Segal’s equation:

CI(%) =
I200 − Iam

I200
× 100 (1)

where I200 is an intensity of the (200) peak of crystalline cellulose (at a 2θ angle value
between 20.0◦ and 22.3◦), and Iam is the intensity of the amorphous cellulose fraction (at
2θ~18◦).

2.3.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained with a Thermo Fisher Scientific Nicolet 6700 spectrometer
via the attenuated total reflectance (ATR) technique. All spectra were recorded in the range
of 650 to 4000 cm−1 with a resolution of 4 cm−1.

2.3.5. Thermogravimetric Analysis (TGA)

Thermal properties were evaluated using thermogravimetric analyzer MettlerToledo
TGA1/SF. About 10 mg of the test sample was heated under an air flow atmosphere from
25 to 600 ◦C with a heating rate of 10 ◦C/min.

2.3.6. Chemical Composition Analysis

Untreated and treated straw characterization was carried out at the Latvian State
Institute of Wood Chemistry according to the method described elsewhere [9].

3. Results and Discussion
3.1. FTIR

Figure 1 shows the FTIR spectra of the untreated BS, RS, and SCS fibers. The spectra
were typical to lignocellulosic materials with slight differences due to variations in the
chemical composition (see Table 2). Lignocellulose material has a complicated structure
that is affected by cellulose, hemicellulose, and lignin, and other compounds such as wax
and pectin [8,10]. The maxima of the most significant FTIR peaks of the investigated SCS,
BS, and RS fibers are shown in Table 1.
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Figure 1. FTIR spectra of untreated BS, RS, and SCS fibers.

Table 1. FTIR peaks and corresponding functional groups of SCS, BS, and RS [11–13].

SCS
υ (cm−1)

BS
υ (cm−1)

RS
υ (cm−1) Peak Assignment References

3328 3283 3322 O–H stretching vibration in cellulose [11–13]

2912 2918 and 2855 2891 C–H stretching vibrations of methyl and methylene groups in
cellulose, hemicellulose, pectin, and fatty acids and lipids [11–13]

1733 1732 1732 Carboxyl/aldehyde group in hemicellulose;
carbonyl/carboxyl groups in lignin, pectin, or waxy fraction [11–13]

1652 1614 1598 C=C double bonds in aromatic moieties in lignin; may overlap
with OH bending of water [11,12]

1506 1506 1506 C=C stretching in lignin [5]
1418 1416 1418 CH2 bending in cellulose [13]
1373 1370 1372 C–H bending in cellulose and hemicellulose [11]
1319 1324 1319 CH2 wagging in crystalline cellulose [11]
1234 1241 1235 C–O stretching of hemicellulose or C–O–C of lignin [11–13]
1030 1018 1031 C–O stretching of cellulose and C–H deformation in lignin [11,12]

898 – 896 C–O–C and C–H out-of-plane bending or stretching in
amorphous cellulose; β-glyosidic linkages of cellulose [11–13]

Although the absorbance bands of different lignocellulose components overlap, after
alkali treatment, some common trends were observed for BS, RS and SCS. As shown in
Figure 2, the peak at 1730 cm−1 disappeared after increasing alkali treatment time due
to the removal of low-molecular-weight compounds [11]. Comparatively, the removal of
noncellulosic impurities was the slowest in the case of BS, i.e., the treatment with a 2% alkali
solution (Figure 2c) was not as efficient as the treatment with a higher concentration of alkali
(Figure 2d). At the same time, the disappearance of the peak was centered at 1240 cm−1,
and the reduction in the peaks within a broad region between 1652 and 1500 cm−1, and at
1100 cm−1 shows that there was decreasing lignin and hemicellulose content. Consequently,
FTIR results show that the chosen alkali treatment conditions (time, concentration) did not
completely remove all lignin and hemicellulose.



Fibers 2022, 10, 83 5 of 13

Fibers 2022, 10, x FOR PEER REVIEW 5 of 13 
 

Consequently, FTIR results show that the chosen alkali treatment conditions (time, con-

centration) did not completely remove all lignin and hemicellulose. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 2. FTIR spectra of untreated and treated (a) SCS, (b) RS, and (c–e) BS fibers. 

According to the spectra, the peak for the hydroxyl (–OH) groups at ∼3300 cm−1 

wavenumber was the highest in fibers treated for 30 min. This was expected due to some 

of the lignin being removed. After lignin had been removed, the exposure of hydroxyl 

groups in hemicellulose and cellulose increased. The intensity of the hydroxyl groups 

eventually decreased with longer alkali treatment times. Results show that the hydroxyl 

Figure 2. FTIR spectra of untreated and treated (a) SCS, (b) RS, and (c–e) BS fibers.

According to the spectra, the peak for the hydroxyl (–OH) groups at ∼3300 cm−1

wavenumber was the highest in fibers treated for 30 min. This was expected due to some
of the lignin being removed. After lignin had been removed, the exposure of hydroxyl
groups in hemicellulose and cellulose increased. The intensity of the hydroxyl groups
eventually decreased with longer alkali treatment times. Results show that the hydroxyl
stretching vibration continued to decrease as the treatment time increased to 16 h, which
was expected due to the increased degradation of hemicellulose. After 16 h of treatment,
very few changes were observed for the –OH peak. Since cellulose is fairly resistant to alkali
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solutions, the minimal activity taking place during this time was possibly an indication
that mostly cellulose was present on the surface.

3.2. Optical Microscopy

To determine the effect of alkali treatment on the length (L) and diameter (d) of the fiber,
optical microscopy was conducted. According to Gomes et al., the fiber diameter decreases
after treatment with NaOH because of the change in surface morphology. Analyzing SEM
images, they concluded that the raw fiber was a bundle of monofilaments bonded by lignin
and, because the alkali treatment removed a great amount of lignin, the fiber diameter was
reduced [14]. In the current research, all the fibers showed a decrease in diameter after
alkali treatment; Figure 3a shows where the highest decrement was observed for BS (48%),
followed by that for SCS (46%) and RS (43%). The mean value of the fiber diameter is
commonly reduced by increasing the concentration of the alkali solution and treatment time.
However, in the current research, such a decrease in fiber diameter was not unambiguously
observed. Such an observation could be explained by the surface relief development, and
intracrystalline and interfibrillar swelling [15]. At the same time, alkali treatment changes
and the aspect ratio can be seen in Figure 3b. The highest aspect ratio value for RS fibers
was 12, obtained after the treatment with a 2% NaOH solution for 30 min. For SCS fibers,
the highest aspect ratio was 5, obtained after treatment at different conditions. For BS fibers,
the highest aspect ratio of 9 was reached after treatment with a 5% NaOH solution for
60 min.
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In this research, the aspect ratio was considered to be one of the main indicators to
determine the optimal treatment conditions for the fibers. However, by considering that,
in the SCS fiber case, several treatments demonstrated almost identical results, thermal
analysis was performed to evaluate the change in the thermal stability of the fibers after
alkaline treatment.

3.3. Thermal Properties

TGA thermograms of SCS, RS and BS untreated and treated with 2%NaOH at different
times are reported in Supplementary Information S1–S3. Considering that, during treat-
ment with NaOH, the fiber surface was cleaned from noncellulose substances, this affected
the thermal properties of the fibers and the residue amount. As shown in Figure 4, all three
fibers showed a similar thermal degradation trend, demonstrating three thermal decom-
position steps, as was also stated in the literature [16,17]. The first thermal degradation
step, observed in the range from 25 to ~130 ◦C, demonstrates mass loss of 4.4%, 5.8%, and
6.3% for the untreated RS, SCS, and BS, respectively. The peak maxima were observed at
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73 ◦C for BS, 84 ◦C for RS, and 87 ◦C for SCS, primarily indicating the release of moisture,
although in this stage, the evaporation of low-molecular-weight compounds (extractives)
might also occur [16]. After the treatment decrement in mass loss had been observed, RS
and SCS fibers lost approximately 3.6% from their initial mass, and BS fiber negligibly
more, 4%, because the mercerization of fibers decreases water absorption [7]. Additionally,
the peak maximum changed within a couple of degrees (in the SCS and RS fiber cases) or
shifted towards higher temperature values (in the BS fiber case). For example, in the case
of BS fibers treated with 5% NaOH solution for 30 min, the peak occurred at 95 ◦C.
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Figure 4. DTA curves of untreated RS, BS, and SCS fibers.

In the second segment, the thermal destruction of hemicellulose and cellulose moieties
was observed. Hemicellulose degrades before cellulose due to its random amorphous
structure. In the current study, its degradation temperature could not be clearly determined
because of the overlap with cellulose degradation [17]; only in the SCS fiber case was
a hemicellulose shoulder at 289 ◦C observed. Meanwhile, the major degradation peak
of untreated BS, RS, and SCS fibers was observed at 290, 314, and 334 ◦C, respectively,
corresponding to mass losses of 60%, 61%, and 55%. Figure 5 shows main degradation
temperature (Td) within the second segment for all the investigated fibers. The highest
increment of Td was observed in the BS fiber case; Td changed from 290 to 310 ◦C, most
probably due to the more efficient removal of the hemicellulose fraction and extractives [17].
For SCS fibers, in contrast, a significant decrease in Td was observed, i.e., the Td of the
treated fibers decreased from 334 to 304–311 ◦C. This may be explained by the less efficient
removal of hemicellulose fraction and its possible effect on the structure of crystalline
cellulose during the treatment [17,18]. The highest value of Td (311 ◦C) corresponds to
the SCS fibers treated with a 2% NaOH solution for 30 min. For the treated RS fibers, Td
fluctuated in the range between 302 and 316 ◦C. Furthermore, by increasing the alkali
concentration, the Td value of RS fibers greatly decreased.
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The third mass-loss stage is mostly attributed to lignin destruction. Lignin destruction
occurs in a wide range from 250 to 600 ◦C [17]. Figure 4 demonstrates that, in the current
investigation, the decomposition of the lignin phase within RS and SCS took place in a
broader range than that in BS; this depends on the chemical structure of lignin, which is
different for each of the investigated plant species. Lignin has very complex structure, and
various oxygen functional groups or fractions have different thermal stability. According
to Ando et al., higher thermal stability is associated with the presence of condensed lignin
with a β-5 substructure [19].

Regarding residual mass (RM), untreated SCS fibers were characterized with the
lowest value (4.4%) out of the three fibers. Overall, RM at 600 ◦C was decreased after
alkaline treatment due to the removal of hemicellulose and lignin from the treated straw
biomass. For example, after treatment with a 5% NaOH solution for 60 min, RM decreased
from 4.4% to 3.4% for SCS, from 6.6% to 2.1% for RS, and from 6.2% to 3% for BS. The
higher RM values were most probably due to the higher remaining lignin content in the
fibers because of the more intense development of char [20].

From the results of TGA, optimal NaOH treatment conditions for the investigated
fibers could be suggested by considering that the highest Td and the lowest RM values were
reached. Consequently, treatment with a 2% alkali solution for 30 min is suggested for RS
and SCS fibers; for BS fibers, at least three different treatments options could be compared,
namely, treatment with a 2% alkali solution for 30 min, treatment with a 5% alkali solution
for 60 min, and treatment with a 10% alkali solution for 15 min. However, taking into
consideration the results of FTIR measurements and the aspect ratio, the treatment of BS
fibers with 5% NaOH for 60 min was suggested to be optimal.

3.4. Chemical Composition

Changes in the chemical composition of the untreated and the selected alkali-treated
fibers are demonstrated in Table 2. These results indicate that, after treatment, the cellulose
content insignificantly increased from 38 to 39% in BS, from 34 to 38% in SCS, and from
34 to 36% in RS. As it was expected, the selected treatment method mainly affected the
hemicellulose fraction. Hemicellulose content changed most significantly, especially in
the BS case, where it dropped about 33%, in comparison to 30% for RS, and 21% for
SCS. The acid-insoluble lignin fraction changed insignificantly. However, during chemical
composition analysis, not all compounds were identified. Among unidentified compounds,
there are waxes, extractives, pectin, and acid-soluble lignin [10]. This may influence the
total lignin content in the fibers before and after alkali treatment.

Table 2. Chemical compositions of untreated and treated BS, SCS, and RS fibers.

Compound Fiber Fiber after Optimal Treatment

Amount % from Dry Mass BS SCS RS BS_5%NaOH
_60 Min

SCS_2%NaOH
_30 Min

RS_2%NaOH
_30 Min

Glucose 42.43 37.48 37.67 43.58 42.52 39.70
Xylose 9.82 14.66 17.36 8.36 13.75 14.81

Galactose 2.42 1.34 1.68 1.26 1.18 1.30
Arabinose 0.51 0.83 1.36 0.79 0.56 0.72
Mannose 1.18 2.04 2.95 1.49 2.10 2.30

Acetic acid 3.94 4.18 3.94 0.00 0.28 0.18
Levulinic acid, formic acid, 5-HMF 1.43 0.98 1.43 1.02 1.17 1

Ash 0.05 3.02 0.06 0.02 3.41 0.02
Insoluble lignin 18.7 25.76 21.75 19.27 23.81 21.22
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3.5. Surface Morphology

Alkali treatment also influences the fiber morphology; some of the untreated and
treated fibers SEM images are presented in Figure 6. On the external surfaces of the
investigated fibers, different types of impurities, such as waxes, extractives and tyloses
(fatty deposits) were observed [16]. During mercerization (1), alkali reacts with fiber
hydroxyl groups, (2) lignin, hemicellulose, and other impurities are removed, (3) fiber
cell walls are affected, and (4) fiber bundles are broken, resulting in increased purity and
surface roughness (Figure 6b,d,f) [7,21]. After alkali treatment, the surface of SCS fibers
(Figure 6d) is characterized with expressed globular marks, which could show the presence
of tyloses; in comparison with BS and RS fibers, it looks rougher. SEM observation of the
fiber surfaces after alkali treatment showed regular, small pores or pits (with a diameter
of about 1 µm for RS, 1.2 µm for SCS, and 1.4 µm for BS fibers) that are channels for
transporting water and nutrients for the plant. Pits for untreated fibers are invisible due
to impurities and a layer of wax [16,22]. Consequently, the alkali treatment increased
the surface accessibility (via opening pores, cracks) of the investigated fibers, which is
important for obtaining polymer–fiber composites. This promotes better adhesion between
components and allows for polymer interlocking in the fiber through pores and cracks,
improving the mechanical bonding of fibers and polymers. Furthermore, by reducing the
content of impurities, it is possible to decrease the hydrophilic character of fibers, which
may also improve compatibility with a hydrophobic polymer matrix [23].

3.6. XRD

During alkali treatment, noncellulose substances are removed, and the cellulose crys-
talline structure is rearranged becayse cellulose hydrogen bonds and van der Waal‘s forces
are broken [24]. As a result, XRD patterns of the investigated fibers are changed. Typi-
cal crystallographic planes for cellulose I are at 2θ = 14.5–15.3◦ (1–10), 15.7–16.8◦ (110),
21.9–22.6◦ (200) and 34◦ (004), but at 2θ =18.3–18.4◦ [17,24,25] for the amorphous phase.
The XRD patterns (Figure 7) of the investigated untreated lignocellulosic fibers showed
peaks at 2θ = 16◦, 21.8◦, 26.1◦, 26.7◦ and 29.5◦ for RS, at 2θ = 14.5◦, 16.8◦, 21◦, 21.8◦, 26.7◦

and 32.4◦ for BS, and at 2θ =15.7◦, 20.9◦, 22◦ and 26.7◦ for SCS that were assigned to
crystallographic planes and the amorphous phase, respectively. The diffraction peaks of
all the treated fibers were more intense, especially at crystallographic plane 004. The main
diffraction peak (200) was shifted to 22.1◦ for BS, 22.3◦ for SCS, and 22.1◦ for RS; in the
SCS and BS cases, double peaks disappeared, and a single main peak was observed. At
2θ = ~16◦, a broad peak was observed; therefore, it was impossible to determine cellulose
I crystalline forms (triclinic and monoclinic) due to the peaks overlapping. Furthermore,
after alkaline treatment, the crystallinity index of the fibers increased from 43% to 48% for
RS, from 37% to 47% for BS, and from 38% to 57% for SCS, the highest extent. However,
crystallinity determined from XRD by using the Segal method (Equation (1)) represents
partial crystallinity because it only considers the main peak of the 200 plane [17].

XRD can also indicate the conversion of cellulose I into cellulose II, which is a well-
known transformation during mercerization. In the current research, results are not un-
ambiguous because lignin and hemicellulose remained within the treated fibers and may
have affected diffraction peaks due to their scattering halos overlapping with cellulose
diffraction in the investigated range [26].
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4. Conclusions

This research showed that locally obtained agricultural residue biomass from BS, RS,
and SCS is promising for the reinforcement of polymer composites. The intrinsic incom-
patibility of BS, RS, and SCS fibers with hydrophobic polymer matrices was successfully
reduced via the mercerization process with the partial removal of noncellulose substances,
confirmed via microscopy, FTIR, XRD, and TGA measurements. The increased crystallinity
and improved thermal stability of the alkali-treated fibers, as determined by XRD and TGA,
respectively, were considered to be additional factors determining the suitability of BS, RS,
and SCS biomass as a potential alternative source for the production of reinforcing fibers
for polymer composites. Optimal alkali treatment conditions (solution concentration and
process time) at room temperature for each of the investigated fiber types were also found.
In particular, the highest aspect ratio of RS (12) and SCS (5) fibers was found after room
temperature treatment with a 2% NaOH solution for 30 min., whereas the highest aspect
ratio for the BS (9) fiber was found at somewhat greater alkali concentrations (5%) and a
longer treatment time (60 min).
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