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Abstract
Lignocellulose fiber obtained from high-altitude plant species Daphne bholua and Daphne papyracea, locally named Lokta 
bushes, is used in Asian regions to fabricate high-quality handmade paper sheets, packaging materials, composites, and paper 
bills. A systematic study on the material properties of the fiber to explain the performance of Lokta fiber–based materials has 
not been reported yet. In this study, the physio-chemical properties of untreated and 1%, 3%, 6%, and 9% NaOH (w/v)-treated 
Lokta fiber were systematically investigated at ambient temperature. The retting efficiency and cellulose content increased 
with alkali concentration followed by a decrease in lignin, hemicellulose, and extractives. This observation was consistent 
with the reduction of lignin and hemicellulose characteristics peaks in the FTIR, a reduction of effective fiber bundle width, 
and an increase in fiber density. High-resolution scanning electron microscope (SEM) images showed that alkali treatment 
results in significant loss of cementing materials and separation of fiber bundles. Alkali retting also increased the crystallinity 
index, tensile strength, and thermal stability. The degradation temperature for untreated, 6% NaOH treated, and 9% NaOH 
treated samples was found to be 325 °C, 343 °C, and 347 °C; respectively. The findings of this study will be important to 
optimize the end properties of the Lokta fiber–based paper and composite materials.
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1  Introduction

In recent decades, lignocellulose fibrous biomass obtained 
from different natural sources has been explored as an alter-
native material to synthetic fibers. As compared to synthetic 
fibrous materials, the biomass-based materials offer unique 
advantages such as lightweight, high specific strength, flex-
ibility, biodegradability, and abundance. Because of these 
advantages, the natural fiber–reinforced materials are being 
explored as an alternative material in several sectors, such 
as health care, textiles, agro-products, and the automobile 
industry [1–10].

The fibrous biomass can be obtained from various parts 
of plants, such as roots, bark, leaf, and fruit. The major 
chemical components in natural fiber are cellulose, hemi-
cellulose, lignin, and pectin. These chemical constituents are 
found in the primary cell walls of plants. In plant cell walls, 
semi-crystalline cellulose microfibrils are embedded in a 
hemicellulose-lignin matrix of varying composition [11–13]. 
Therefore, raw fiber is considered a composite material.

The quality of the fiber not only depends on the source 
but also on the processing parameters such as nature of ret-
ting agent and concentration, temperature and treatment 
time, etc. The size of microfibrils, microfibrils angles or 
orientation, degree of crystallinity, and the chemical com-
position are the major parameters that determine the over-
all quality of the fiber bundle [14–16]. On alkali treatment, 
the cementing materials such as lignin and hemicellulose 
are removed from the fiber resulting in partial or complete 
separation of fiber bundles, reduction of width, and increase 
in aspect ratio. This makes pulping easier for the intended 
materials such as papers, cardboards, and composites. Under 
optimized processing conditions, the end properties of fiber 
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such as water resistance, thermal and mechanical strength 
are significantly improved. For example, increase in ten-
sile strength and thermal stability on alkali treatment was 
reported in Neuropeltis acuminatas liana fiber [17], Meg-
aphrynium macrostachyum fiber [18], Kenaf fiber [19], Alfa 
fiber [20], and banana fiber [21]. If natural fiber is intended 
for cellulose-polymer composite, alkalization or merceriza-
tion leads to the formation of mercerized cellulose structure 
(for example, fiber-OH to fiber-ONa+) so that bonding with 
polymer increases [3].

Natural fiber obtained from different plant species and 
bacteria is actively investigated by several researchers 
throughout the world [5, 12, 22–29]. Most of the studies are 
focused on extraction, physicochemical, physicomechani-
cal, and thermomechanical characterization. Applications 
of these fibers in the fabrication of green composite materi-
als are also being explored [2, 11, 30–33]. From a material 
point perspective, the natural fiber obtained from Daphne 
bholua and Daphne papyracea, locally named Lokta bushes, 
is one of the least studied plant species. The Lokta bushes 
are distributed in different districts of Nepal and other Asian 
countries at an altitude of 1600 to 4000 m. In Nepal, bast 
fiber obtained from Lokta bushes is being used to make hand-
made Lokta paper, packaging materials, and gifts. Handmade 
paper is being used in religious books and documents, official 
documents, packaging, stationary, greeting cards, decorative 
products, etc. [24, 34–36]. To understand the end applica-
tions of materials made from Lokta fiber, it is important to 
explore fiber properties processed under different conditions. 
The motivation of this study was to explore several materi-
als properties of raw and alkali-treated Lokta fiber down to 
microscopic level and explain the observed differences in 
water absorptivity, thermal, and mechanical properties.

In this study, raw fibrous biomass obtained from Lokta 
bushes was treated with 1–9% NaOH solution. The change in 
chemical composition and weight loss was systematically meas-
ured. Several important material properties of the untreated 
and alkali treated samples such as effective fiber bundle width, 
crystallinity, and thermal stability were explored using optical 
microscopic, XRD, SEM, and TGA techniques. Finally, varia-
tion on end properties such as water absorptivity, thermal stabil-
ity, and tensile strength with change in alkali concentration were 
systematically explored and compared with other fiber types.

2 � Materials and methods

2.1 � Extraction and alkaline treatment of fibers

Fully matured stems (~ 45 cm long and 1.5 cm diameter) were 
cut from Lokta bushes from Annapurna municipality, Myagdi, 
Nepal (Fig. 1A and B). The stems were brought to the lab and 
soaked in distilled water for 60 min. The bark region of the 
stem (area b, Fig. 1C) was mechanically peeled, and the outer 

cuticular layer (area a, Fig. 1C) was removed with a stainless 
steel knife. The fiber bundles were washed with distilled water 
to remove the surface impurities and sun dried to remove the 
moisture (Fig. 1D).

The extracted raw Lokta fiber (4–5 cm long and 0.5–1.5 mm 
wide) was treated with 1%, 3%, 6%, and 9% (w/v) sodium 
hydroxide solution at room temperature (24 ± 1 °C) for 1 h. 
The biomass after treatment was washed with tap water 2–3 
times, washed with 0.1N HCl to neutralize residual NaOH on 
the surface of the fibers [37, 38], rinsed 4–5 times with dis-
tilled water, and oven-dried (90 ± 2 °C) for 24 h. The % weight 
loss or retting efficiency (ε) was calculated as:

where, W1 and W2 are the initial and final mass of the fiber, 
respectively.

2.2 � Determination of biomass composition 
and water absorption

The percentage of extractives, cellulose, hemicellulose, lignin, 
and ash content both in untreated and retted and alkali-treated 
fiber samples was determined following the literature reported 
gravimetric methods [12, 37, 39, 40]. The % composition (χ) 
of each component was calculated as:

where, a and b are initial and final dry weights of the fibrous 
biomass, respectively.

Three independent measurements were made for each compo-
nent, and mean and standard deviation (mean ± SD) were reported.

2.2.1 � Determination of extractives

The 2.000 g of oven dried raw fiber along with 200 mL 
of 190 proof ethyl alcohol (95%) was added to a Soxhlet 
extraction apparatus. The content was refluxed for 6 h. The 
extracted solid was filtered through filter paper, dried, and 
weighed. The initial and final weights of fiber were used 
extractive content using Eq. 2.

2.2.2 � Determination of cellulose

To determine cellulose, 1.000 g of extractive-free fiber was 
oven-dried at ~ 90 ± 2 °C for 4 h and cooled in non-hygro-
scopic desiccator, and the sample was treated with 5% NaOH 
(w/v) for 5 h while keeping fiber mass to alkali solution ratio 
of 1:30 (w/v). The content was cooled and neutralized with 
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10% H2SO4. The residual biomass was washed several times 
with distilled water and then dried at 90 ± 2 °C until constant 
weight was obtained. The final and initial weights were used 
to calculate the cellulose content using Eq. (2).

2.2.3 � Determination of hemicellulose

To determine the hemicellulose, 1.000 g of extractive free 
and oven dried sample was boiled in 0.5 M NaOH for 4 h. 
The content was neutralized after several washings with dis-
tilled water, and dried at 90 ± 2 °C till constant weight was 
obtained. The final and initial weights were used to calculate 
hemicellulose content.

2.2.4 � Determination of lignin

Acid insoluble lignin (Klason lignin) was determined follow-
ing literature reported method [12, 37, 39, 40]. To determine 
the lignin, 1.000 g of extractive free and oven dried sample 
(40–50 micron mesh size) was taken in a flask and digested 
with 15 mL of 72% H2SO4. The content was carefully stirred 

3 h at room temperature, and then around 200 mL of dis-
tilled water added and boiled 2 h. The content was cooled to 
room temperature, and the residue was carefully transferred 
to a crucible. The residue was washed several times till it 
becomes acid free (checked with litmus paper). The residue 
was oven dried at 105 °C till a constant weight was achieved. 
The fiber and residue were used to get % lignin content.

2.2.5 � Determination of equilibrium moisture content

To measure the moisture content at ambient condition, 2.000 g 
of fiber sample was conditioned was oven dried at 90 ± 2 °C 
for 24 h. The sample was cooled in a non-hygroscopic desic-
cator and weighed. The difference in the weights before and 
after drying was used to calculate the moisture content in the 
fiber. Three independent measurements were made for each 
sample.

2.2.6 � Determination of water absorptivity

Fixed weight of fiber bundle was submerged in 50 mL dis-
tilled water at room temperature (24 ± 1 °C). The fiber was 

a b
c

Chemical analysis

Retting efficiency 

Density and fiber width

FTIR

SEM imaging

XRD

Water absorptivity

Mechanical strength

FiberStem cross sec�onStemPlant

Ch
ar

ac
te

riz
a�

on

A B C D

E

HF G

Fig. 1   Experimental flow chart and mechanical strength testing setup. 
A Lokta plant; B freshly cut stem; C stem cross section taken with 
a stereomicroscope: a = cuticular layer, b = bark region, c = woody 
region; D untreated fiber; E alkali-treated fiber; F A thin fiber bun-

dle ready to mount in Pressley jaw; G fiber mounted in Pressley jaw; 
H front view of fiber bundle strength tester showing the load (upper) 
and % elongation (lower) scales
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taken out at certain time period and weighed. The process 
was repeated for the intended time period (0–12 days), and 
% weight gain was calculated from the weight difference 
[41, 42].

2.2.7 � Determination of fiber density and width

The density of cellulose fiber was measured gravimetrically 
following liquid pyknometer method [43, 44]. Fibers were 
cut to ~ 5 mm length and dried for 48 h in a non-hygroscopic 
desiccator (CaCl2 as a desiccant) and impregnated in toluene 
for around 2 h to remove any microbubbles. The density was 
then calculated as [43, 44]:

where, ρT is the density of toluene and m1, m2, m3, and m4 
are the weight (in grams) of the empty pyknometer, pyknom-
eter with fibers, pyknometer filled with toluene, and pyk-
nometer filled with fiber and toluene solution, respectively.

To determine the fiber width, the fiber bundles were 
imaged with an optical microscope at magnification of 
40 × (Olympus, SZ61, USA). The field of view was cali-
brated using a high- precision linear calibration grid hav-
ing least count of 10 μm. The pixel size was converted to 
a micrometer using image analysis software (ImageJ, NIH, 
USA) to get fiber width information. Data were reported 
as the mean values obtained from thirty independent 
measurements.

2.3 � Determination of fiber strength

The Lokta fiber samples were preconditioned at 65% RH at 
23 ± 2 °C for 24 h following the ASTM test method [45]. 
To ensure the control measurement condition, fiber bundle 
obtained from the same region of stem having uniform width 
(300–350 μm; as examined under microscope) was mounted 
to the Pressley Jaw assembly gauge length 15 mm (Fig. 1F 
and G), loaded to the fiber bundle strength tester (Fig. 1H) 
(TSI instruments, max load 7 kg) and pulled at a constant 
loading speed of 1 kg/s. The load at which the fiber bundle 
breaks and the corresponding % elongation was noted. From 
measured values for breaking load and broken bundle weight 
(measured at nearest accuracy of 0.0001 g), breaking tenac-
ity (cN/tex) was calculated. The tenacity was converted to 
ultimate tensile strength or stress using Eq. (4) [46]. Data 
were reported as the mean values obtained from fifteen inde-
pendent measurements.

here, S is the tensile strength (MPa), d is the material density 
in g cm−3, and T is the tenacity (cN/tex).
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2.4 � FTIR, XRD, SEM, and TGA measurements

XRD data were measured in the range of 5–50° at the step 
size of 0.02° and scan rate of 0.25°/s using an X-ray diffrac-
tometer (Rigaku, UK). The X-ray source originating from 
Cu Kα line (λ = 1.540A°) was used in the measurement.

Scanning electron microscopic images were measured 
at different magnifications using JEOL JSM-6510LV scan-
ning electron microscope (SEM). The samples were sputter 
coated with gold (thickness ~ 5 nm) before doing SEM.

The IR spectra were measured in attenuated total 
reflection (ATR) mode using a Fourier transform infra-
red spectrometer (ABB Bomen, MB100, Canada). The 
scan range, spectral resolution, and number of scans were 
4000–400 cm−1, 4 cm−1, and 100, respectively.

The thermo gravimetric analysis (TGA) data were col-
lected using a TG/DTA simultaneous measuring instrument 
(Shimadzu DTG-60 series) under a nitrogen atmosphere. 
The sample weight was ~ 10 mg, and fiber size was ~ 3 mm 
long and 500 μm wide. The temperature range, heating rate, 
temperature precision, and balance accuracy were 25 to 
600 °C, 10 °C/min, ± 2 °C, and 0.1 μg, respectively.

2.5 � Statistical analysis

The as-measured data were entered and analyzed in Excel 
spreadsheet to get descriptive statistical parameters such as 
mean and standard deviation. To find if the mean difference 
in the mechanical properties is significant, a paired t test at 
95% confidence interval was performed and p value was 
calculated. The level of correlation between two variables 
was determined from Pearson correlation coefficient (r).

3 � Results and discussion

3.1 � Weight loss and chemical composition

The % weight loss is a measure of retting efficiency from 
the lignocellulose biomass on alkali treatment. It depends 
on the nature of biomass and retting conditions such as con-
centration of alkali, treatment time, and temperature [12, 
19, 47]. As expected, % weight loss increases with alkali 
concentration (Fig. 2A). Indeed, a strong positive correlation 
between alkali concentration and % weight loss was found, 
as indicated by the Pearson correlation coefficient r =  + 0.93. 
A maximum weight loss of 27.0 ± 1.6% was achieved on 9% 
alkali treatment.

The weight loss on alkali treatment results from the 
removal of non-cellulosic and cementing materials from 
the biomass. To explore this extractive, Klason lignin, 
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hemicellulose, and cellulose were measured in dry or mois-
ture free samples.

A significant loss in extractive content was observed in 
alkali-treated samples (Fig. 2B). For example, in a 9% alkali-
treated sample ~ 65% extractive loss was found (8.9 ± 0.1 
to 3.1 ± 0.0%). Loss of lignin and hemicellulose was also 
observed in the alkali-treated samples (Fig. 2B and C). In 
9% alkali-treated sample, ~ 51.2% lignin loss (14.3 to 7.0%) 
and 32% hemicellulose loss (44 to 30%) were observed. The 
cellulose content in untreated, 1%, 3%, 6%, and 9% treated 
samples was found to be 36.8 ± 1.0, 49.0 ± 1.0, 53.7 ± 1.0, 

61.0 ± 1.0, and 61.0 ± 1.0, respectively, suggesting a sig-
nificant increase in cellulose content on alkali treatment 
(Fig. 2C). The net increase in cellulose content is due to 
collective loss of extractive, lignin, and hemicellulose.

Loss of lignin and hemicellulose with increased alkali 
concentration and the corresponding increase in cellulose 
content was also reported in Alfa stem fiber [20], M. oleif-
era fruit fibers [48], Carica papaya bark fibers [49], and 
water hyacinth fiber [50], and Sterculia fiber [12]. The loss 
of lignin and hemicellulose could be due to the disruption 
of specific bonds, for example, hydrogen bonding between 
cellulose, hemicellulose, and lignin, resulting in partial solu-
bility and washing of the components [51].

3.2 � Moisture content, density, fiber width, 
and water absorptivity

Another change in alkali treatment is the decrease in equilib-
rium moisture content with the increase on alkali concentra-
tion (Table 1). For example, in 9% NaOH-treated fiber the 
equilibrium moisture content decreased by ~ 25% (13.3 to 
9.8%). The decreased moisture content could be due to the 
loss of more hydrophilic components such as extractives and 

Fig. 2   The weight loss and chemical composition. A Weight loss (%) 
as a function of alkali concentration. B Extractive and lignin con-
tent measured as function and alkali concentration. C Cellulose and 

hemicellulose content measured as function and alkali concentration. 
The error bars in all figures, represent the standard deviation obtained 
from three independent fiber samples (n = 3)

Table 1   Moisture content, density, and fiber width

Sample type Moisture content (%) Density (g cm−3) % decrease in 
fiber width

Untreated 13.3 ± 0.2 1.11 ± 0.00 -
1% treated 11.2 ± 0.1 1.17 ± 0.01 18.6 ± 3.9
3% treated 10.9 ± 0.6 1.20 ± 0.01 22.7 ± 6.2
6% treated 10.4 ± 0.4 1.23 ± 0.01 25.8 ± 5.2
9% treated 9.8 ± 0.5 1.38 ± 0.01 30.6 ± 5.9
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lignin from the fiber bundle. Significant decrease in moisture 
content on alkali treatment is also reported in other stud-
ies; for example, 16.4% decrease (13.4 to 11.2%) is reported 
for banana fiber treated for 3 h in 10% NaOH [21], ~ 40% 
decrease (9.7 to 5.8%) in Carica papaya bark fibers treated 
1 in 5% NaOH [49].

A small but gradual increment in density was observed 
with an increase in alkali concentration. In fact, density 
showed strong positive correlation (r =  + 0.96) with alkali 
concentration. In the 9% alkali-treated sample, a ~ 24% 
increase in density (1.11 to 1.38 g cm−3) was observed 
(Table 1). In literature studies, depending on alkali con-
centration and fiber type, density is reported to increase 
or decrease. An increase in density (by ~ 2.5%) was 
reported for Kenaf and Hemp fiber treated at or below 
10% (w/v), whereas the decrease in density was observed 

at concentration > 10% [19, 52, 53]. In banana fiber, an 
increase in density (~ 7–9%) was observed in fiber treated 
to 10 and 15% alkali [21]. The density increase can be 
due to the loss of low-density non-cellulosic components 
or cell wall densification, whereas density decrease could 
originate due to the cell wall rupture leading to de-polym-
erization of cellulose chains [19, 21]. In this study, rela-
tively high increase in fiber density could be due to a 
significant loss of non-cellulosic components from the 
Lokta fiber.

Another change reported on alkali treatment is a signifi-
cant decrease in effective fiber bundle width [12, 19, 21]. This 
is mainly attributed to the loss of non-cellulosic components 
from the bundle surface. In Lokta fiber, a significant reduc-
tion in fiber width was observed in alkali-treated samples 
(Table 1). The reduction in fiber width on 1%, 3%, 6%, and 9% 
NaOH treated samples at 95% confidence interval was found 
to be 18.6 ± 3.9%, 22.7 ± 6.2%, 25.8 ± 5.2%, and 30.6 ± 5.9%; 
respectively.

The water absroptivity measured in terms of % weight 
gain in untreated, and 1%, 3%, 6%, and 9% NaOH-
treated fiber was found to be 506.2 ± 64.1, 380.8 ± 32.8, 
338.7 ± 25.4, 296.0 ± 20.5, and 295.7 ± 42.9%; respectively 
(Fig. 3A). If cellulose fiber is soaked in water, the hydrogen 
bond between the fiber chain breaks and new hydrogen bond 
is formed between fiber-OH groups and water molecules 
leading to significant weight gain. On alkali treatment, the 
more hydrophilic components are removed resulting in 
increased water resistance or decreased water absorptiv-
ity [3]. Interestingly, the % weight loss (Fig. 2A) and % 
weight gain data (Fig. 3A) strongly negatively correlate 
(r =  − 0.98).

For completeness, the water uptake kinetics curves are 
also reported for selected samples (Fig. 3B). A typical water 
absorption kinetic curve, as observed for natural fibers [41, 
42, 54], consisting of fast (at short immersion time) and slow 
water uptake (at longer immersion time) regimes is observed 
in all the samples.

Fig. 3   Equilibrium water 
absorption. A % weight gain 
for different samples measured 
after 12 days. The error bar rep-
resents the standard deviation 
obtained from three independ-
ent samples. B A typical water 
absorption kinetics plot for 
untreated, 3% and 9% NaOH-
treated samples
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Literature studies have reported that the water absorption 
(as measured by % weight gain) depends on the origin (plant 
source and fiber location) or chemical composition of fiber, 

treatment condition, and water composition. In majority of 
studies, alkali-treated sample is reported to have improved 
water resistance or decreased weight gain [41, 42, 54, 55]. 
For examples, 1.4 times decrease in % weight gain (from 200 
to 140%) was observed in 10% NaOH-treated abaca fiber 
[55], 2.5 times decrease (from 160 to 65%) was observed 
in 5% treated Sterculia fiber [41], and 1.3 times decrease 
(from ~ 850 to 630%) in 6% NaOH-treated Areca fiber [56]. 
Interestingly, increased water absorption is also reported 
in alkali-treated fiber. For examples, in 6% NaOH-treated 
cotton ~ 23 times increase (50% in untreated to 1160% 
in treated) and 1.5 increase in pineapple fiber (200% in 
untreated to 300% in treated) is reported. It is reasoned that 
alkali treatment removes hydrophobic waxy layer resulting 
increase in water uptake [56].

3.3 � FTIR study

The FTIR spectra of the fiber samples are very similar with 
a small difference in peak intensity, peak position, and shape 
of some specific bands (Fig. 4). A broad peak in the range 
of 3000–3600 cm−1 is assigned to the O–H stretching fre-
quency of hydrogen-bonded networks in cellulose and hemi-
cellulose [47, 57]. In alkali-treated samples, the shape of the 
band becomes more symmetric and narrower. This could be 
due to the disruption of hydrogen bonding between O–H 
groups of hemicellulose and cellulose resulting from partial 
loss of hemicellulose.

Fig. 5   SEM images and histogram showing the width of fiber. A, B, 
C, and D Representative SEM images for untreated, 3%, 6%, and 9% 
treated fiber samples, respectively. A scale bar of 50  μm shown in 

A also applies for B, C, and D. E A histogram plot (n = 150 and bin 
size 2 μm) with a normal distribution fit (solid line) to show the fiber 
width distribution in %
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A weak peak at 1730 cm−1 is attributed to ester or acetyl 
-C = O groups of (non-conjugated) hemicellulose or lignin 
[26, 29]. A characteristic peak at ~ 1260 cm−1 is attributed to 
the C-O stretching of acetyl groups of hemicellulose and cel-
lulose [57]. These peaks are weaker in alkali-treated samples 
indicating removal of hemicellulose and lignin. These spec-
tral changes are consistent with the weight loss data reported 
in Sect. 3.1. A characteristic peak ~ 1430 cm−1 attributed to 
-CH2 bending vibration remains unchanged in the alkali-
treated sample. This intact cellulose could help to preserve 
mechanical strength in the alkali-treated fiber [47, 58].

3.4 � SEM imaging

The fiber surface of the untreated sample contains addi-
tional materials deposited on the surface (Fig. 5A). The 
additional mass could be non-cellulosic materials such 
as pectin, wax, inorganic minerals, hemicellulose, and 
lignin. Interestingly, in the alkali-treated samples surface 
impurities are removed and the fiber bundles separate into 
individual fibers. This observation is also consistent with 
the weight loss in the retting study, reduction of effective 
fiber bundle width, and weakening of hemicellulose and 
lignin-specific peaks in FTIR spectra reported in Sect. 3.1. 

Similar changes were reported in alkali-retted hemp [59], 
Sterculia [12], Bauhinia [41], kenaf [60], M. oleifera fruit 
fibers [48], Carica papaya bark fibers (5% NaOH [49], and 
water hyacinth plant fiber [50]. The single elementary fiber 
mean width and the width range (n = 150) measured from 
the 9% treated sample were found to be 15.4 ± 6 μm and 
4.8–31.5 μm, respectively. A histogram plot showing the 
fiber width distribution is provided in Fig. 5E.

3.5 � XRD study

The shape of the XRD profile for all the fiber samples 
resembles to that of a typical lignocellulose fiber (Fig. 6). 
Cellulose fiber in its natural form contains crystalline and 
amorphous domains [15, 61, 62]. The diffraction peaks at 2θ 
value at ~ 13° and ~ 16° originate from the crystalline planes 
(1–10) and (110), respectively. The strongest peak at ~ 22.5° 
originates from the (200) plane and a weak peak at ~ 35° 
from (004) planes of crystalline cellulose phase I, respec-
tively [15, 61, 62]. To get a piece of preliminary information 
on crystallinity change on alkali retting, Segal’s crystallinity 
index (CI) was calculated using Eq. (5).

where I200 and Iam are the intensities of major crystalline 
peak and amorphous profile measured at 2θ values of ~ 22.5° 
and ~ 18.2°, respectively. The Segal’s crystallinity index (CI) 
in untreated, 3%, 6%, and 9% alkali-treated samples was 
found to be 73%, 76.2%, 78.5%, and 75.2%, respectively. It is 
suggested that the removal of amorphous components such 
as hemicellulose and lignin mainly from the inter-fibrillar 
region can lead to the reorganization of cellulose chains and 
the increase in crystallinity index [12, 15, 37, 37, 47]. The 
same reasoning can explain the CI increase in alkali-treated 
samples. Increase in CI with alkali treatment is also reported 
in several other fiber types, for example, M. oleifera fruit 
fibers [48], Carica papaya bark fibers [49], water hyacinth 
fiber [50], and Sterculia fiber [12].

The full width at half maximum parameter (β, in radians) 
corresponding to the most intense peak corresponding to 
(200) plane was used to get crystallite size (D, nm) using 
the Scherrer equation [63].

The κ factor of 0.94 and λ of 0.154 nm were used in the 
calculation. It is found that crystallite size increased by 
approximately 22% in both 3% and 6% alkali-treated sam-
ples and by 14% in the 9% alkali-treated sample (Table 2). 
The XRD data were further analyzed to get information on 
inter-planar spacing (d200) (Eq. 7).

(5)CI = 100

(

I
200

I
200

+ I
am

)

(6)D =
��

� cos �

Table 2   XRD parameters for the fiber samples

Sample type CI (%) 2ϴ (o) d200 (nm) β (o) D (nm)

Untreated 73 22.8 0.390 3.3 2.45
3% treated 76.2 22.3 0.398 2.7 3.00
6% treated 78.5 22.4 0.396 2.7 3.00
9% treated 75.25 22.5 0.395 2.9 2.79
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Fig. 7   Tensile strength data for the fiber samples. For easy compari-
son, mean, inter-quartile range and median values along with a few 
outliers (n = 15) are shown as a box and Whisker plot
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In the calculation, n = 1 (first order diffraction), λ of 
0.154 nm was used and θ was obtained from peak position of 
d200 (from XRD data). A small increase in inter-planar spac-
ing (d200) in alkali-treated samples could be due to micro-
strains present on the crystallite surface [57, 64].

3.6 � Mechanical strength

The tensile strength (MPa) data for the fiber samples is pro-
vided as a Box and Whisker plot (Fig. 7). The tensile strength 
for untreated, 3%, 6%, and 9% treated samples was found to 
be 219.9 ± 24.2 MPa, 305.5 ± 44.0 MPa, 227.3 ± 23.3 MPa, 
and 249.3 ± 32.2 MPa, respectively. The corresponding % 
elongation was found to be 8.5 ± 1.4, 7.0 ± 1.0, 8.0 ± 1.0, 
and 8.0 ± 1.1, respectively. This showed that tensile strength 
increases significantly on alkali treatment (p < 0.01). Litera-
ture studies report that tensile strength in alkali-treated sam-
ples, depending on treatment parameters and fiber type, is 
increased or decreased on retained [3, 19, 47, 59]. It is sug-
gested that the removal of lignin and hemicellulose mainly 
from inter-fibrillar region decreases the internal constraint 
within cellulose chains and facilitates better organization. 
This could increase the tensile strength. The same reasoning 
could help to explain the tensile strength increase in Lokta 
fiber reported here. A small decrease in tensile strength at 
high alkali concentrations could be due to the formation of 
fiber surface defects.

The mechanical properties of natural fiber depend on 
fiber type and treatment conditions. Not all studies report 
the measurement parameters such as gauge length, testing 
speed, fiber diameter or width, and temperature and humid-
ity. A comparison with few selected studies, which report 
very similar treatment conditions as this study, is provided 
in Table 3.

It is suggested that % elongation increases with micro-
fibril angle (MFA) [65, 68]. For natural fiber, MFA ranges 
from 3 to 50°. Cotton is reported to have MFA of 20–30°, so 

(7)n� = 2d
200

sin � it has higher % elongation (6–8%) than flax fiber (% elonga-
tion ~ 3%, MFA 10°). Lokta fiber has very similar % elonga-
tion as cotton fiber, and the MFA could be similar. It is found 
that fiber having low MFA and higher cellulose content can 
have high ultimate tensile strength [69]. The intermediate 
tensile strength of Lokta fiber could be due to high cellu-
lose content and high MFA. Experimental measurement of 
microfibril angle, stress–strain curve, and SEM image of 
fiber surface at different levels of stress could provide more 
insight to the mechanical properties of the fibers.

3.7 � Thermal analysis

The TGA and DTG data for selected fiber samples are 
reported in Fig. 8 and the insets, respectively. The TGA 
data for all samples show three distinct weight loss regions 
viz. T < 100 °C, 175–400 °C, and > 400 °C, as reported for 

Table 3   Comparison of 
mechanical properties

Fiber Treatment conditions Tensile strength (MPa) Elongation (%)

Lokta fiber (this study) 9% NaOH, RT, 1 h 249.3 ± 32.2 6–9
Jute fiber [47] 8% NaOH, RT, 1 h 350 ± 32.2 1–4
Carica papaya bark fibers [49] 5% NaOH, RT, 1 h 548 ± 14.6 1.83 ± 0.04
Borassus fruit fiber [37] 10% NaOH, RT, 0.5 h 160 34
Prosopis juliflora bark fiber [65] Raw fiber 558 ± 13.4 1.77 ± 0.04
Cotton fiber [66] Variable 200–400 6–8
Coir [66] Variable 95–175 13.7–41
Flax [66] - 500–1500 2.7–3.2
Bamboo fiber [67] 5% NaOH, RT, 24 h 222 ± 14.6 15.2 ± 0.04
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Fig. 8   Thermal analysis data. The main frame shows the TGA data 
for untreated, 6%, and 9% NaOH-treated samples. The inset shows 
the corresponding DTG data
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typical lignocellulose biomass [48–50, 70]. For easy com-
parison, the % weight loss in different temperature windows 
is also provided in Table 4. In all samples, the initial weight 
at T < 100 °C is due to loss of volatile impurities and mois-
ture. A small difference in weight loss in this region can be 
due to crystallinity change, differences in chemical composi-
tion, and the equilibrium moisture content.

The weight loss in the range of 200–300 °C is mainly 
due to the degradation of hemicellulose [70]. This region 
is more pronounced in DTG as a shoulder ~ 260 °C (Fig. 8 
inset). Interestingly, the shoulder is stronger in the untreated 
sample suggesting higher hemicellulose content. This obser-
vation is consistent with chemical analysis, FTIR, and SEM 
data reported in earlier sections. The degradation of hemi-
cellulose at lower temperatures than cellulose is linked to 
its amorphous nature and ease of de-polymerization [71].

The weight loss in the temperature range of 300–400 °C is 
mainly attributed to the cleavage of glycosidic linkage in cel-
lulose [71]. This region appears as a sharp peak in DTG. The 
higher thermal stability of cellulose is due to well-organized 
long polymeric units. The maximum degradation temperature 
(Tmax) for untreated, 6% treated, and 9% NaOH-treated sam-
ples was found to be 325 °C, 343 °C, and 347 °C, respectively 
(Table 4). This suggested that thermal stability is increased 
on alkali treatment. The increased thermal stability on alkali 
treatment could be linked to increased crystallinity and grain 
size. Increase in thermal stability on alkali treatment is also 
reported in other studies, for example increase from 321.1 to 
346.6° in Carica papaya 5% NaOH-treated (1 h, RT) bark 
fibers [49] and 321 to 332° in 5% NaOH-treated (4 h, 80 °C) 
Sterculia fiber [12]. These results also indicate that alkali-
treated sample has high thermal stability and can be used in 
the composite materials. Lignin degradation is reported to 
take place at a broad temperature range from 200 to 600 °C. 
This is attributed to high molecular mass having cross-linked 
structure [72]. The higher weight loss in the temperature 
ranges from 475 to 600 in the untreated sample could be due 
to higher lignin content.

A small difference is residual mass left could be due 
to difference in chemical composition and other impuri-
ties, for example inorganic minerals present. The residual 
mass ~ 600 °C is reported to increase or decrease [49] on 
alkali treatment. It is suggested that removal of hemicellu-
lose can form more stable lignin–cellulose complex, which 
can result in increased residual char in alkali-treated sample 
[73]. This could explain an increase in residual char from 
18.9% in untreated sample to 19.7% in 9% NaOH-treated 
sample. The residual mass around 600 °C is reported to be 
variable, for examples around 40% is reported in raw and 
alkali-treated Acacia planifrons bark fibers [74], 30–40% 
in raw and alkali-treated Carica papaya bark fibers [49], 
25–28% in Sterculia fiber [12], 15–22% in jute fibers [73], 
20–22% in Alfa stem fiber [20], 30–32% in water hyacinth 
fibers [50]. The low residual mass could suggest that Lokta 
fiber has low mineral impurities, and the biomass may 
be easy to process for making paper and biocomposite 
materials.

4 � Conclusions

To summarize, several material properties of the untreated 
and 1%, 3%, 6%, and 9% NaOH-treated (w/v) Lokta fiber 
samples were systematically explored. The alkali treatment 
resulted in significant loss of extractives, lignin, and hemi-
cellulose with increasing alkali concentration. This resulted 
in significant increase in cellulose content (from ~ 37 to 
61%) in 9% NaOH-treated sample. The equilibrium mois-
ture content and effective fiber width decreased significantly 
whereas fiber density, crystallinity index, and thermal sta-
bility increased on alkali treatment. These changes are due 
to the loss of lignin and hemicellulose from the fiber bun-
dle, as shown by the evidence obtained from FTIR data and 
SEM images. The tensile strength for untreated, 3%, 6%, and 
9% NaOH-treated fiber was found to be 219.9 ± 24.2 MPa, 
305.5 ± 44.0 MPa, 227.3 ± 23.3 MPa, and 249.3 ± 32.2 MPa; 

Table 4   A summary of TGA 
data

Sample type ΔT, °C Mass loss, % Maximum degradation 
temperature (Tmax), °C

Residual mass or 
char at 600 °C, %

Untreated 26–100
100–275
275–375
375–650

11
20
40
11.3

325 18.9

6% treated 26–100
100–275
275–375
375–650

10
12.6
47.5
10.7

343 18.0

9% treated 26–100
100–275
275–375
375–650

8
9.5
50.2
9.8

347 19.7
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respectively. This showed that tensile strength increased sig-
nificantly on alkali treatment (p < 0.01). The maximum deg-
radation temperature (Tmax) for untreated, 6% treated, and 
9% NaOH-treated samples was found to be 325 °C, 343 °C, 
and 347 °C; respectively. This suggested that thermal stabil-
ity is increased on alkali treatment. These findings will be 
important to optimize and understand the end properties of 
the Lokta fiber–based paper and composite materials. Experi-
mental measurement of tensile curves and fracture analysis 
could provide more insight to the mechanical properties of 
the fibers. Additionally, a systematic study on material prop-
erties of Lokta fiber–derived paper and composite materials 
could be explored in future.
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