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Abstract

This study systematically investigates the moisture sorption behavior, drying kinetics, and coupled structural-
mechanical responses of Lepironia articulata (LA) fiber under controlled hot-air drying conditions (40 - 80 °C).
Equilibrium moisture content (EMC) was determined at water activity levels ranging from 0.1 to 0.9 and modeled using
several empirical equations. Among these, the Modified Guggenheim-Anderson-de Boer (GAB) model provided the best
fit across all temperatures, exhibiting the highest coefficient of determination (R?) and lowest root mean square error
(RMSE), indicating its suitability for describing sorption behavior in lignocellulosic fibers. Drying kinetics were analyzed
using nine thin-layer drying models, where the Modified Page model consistently demonstrated superior predictive
accuracy. The drying process was dominated by the falling-rate period, confirming that internal moisture diffusion
governs mass transfer. Increasing drying temperature significantly accelerated moisture removal, reducing the drying time
required to reach a moisture ratio of 0.10 from approximately 540 min at 40 °C to 140 min at 80 °C. Mechanical testing
revealed a non-linear dependence of tensile strength on temperature, with an initial reduction at 40 - 50 °C, followed by
recovery at 60 - 70 °C, and a maximum value at 80 °C, while elongation at break remained relatively stable. FTIR analysis
indicated progressive dehydration, reduction of hydroxyl groups, and degradation of hemicellulose, accompanied by
increased cellulose ordering. SEM observations confirmed corresponding morphological changes, including fiber
densification at moderate temperatures and micro-crack formation and cell wall collapse at higher temperatures. The
apparent contradiction between increased tensile strength and structural damage at elevated temperatures is explained by
crystallinity-driven stiffening and improved microfibril alignment, which dominate bulk mechanical behavior despite
localized defects. Overall, drying at 60 °C was identified as the optimal condition, providing a balance between efficient
moisture removal, mechanical performance, and structural integrity. These findings provide a comprehensive framework
for optimizing drying processes and enhancing the utilization of natural lignocellulosic fibers in sustainable material

applications.
Keywords: Equilibrium moisture content, Lepironia articulate, Hot-air drying, Mathematic drying modeling
Introduction area located in the districts of Chian Yai, Cha-uat,

Lepironia articulate (LA) is a herbaceous plant Chaloem Phra Kiat, Huasai, and Ron Phibun of Nakhon

that grows in the Khuan Kreng swamp, a large swamp Si Thammarat Province. Therefore, the population in
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this area is engaged in weaving sedge products.
However, one of the critical issues in the storage and
utilization of the LA fibers is the growth of fungi under
humid conditions. The high moisture content of the raw
LA fibers provides a favorable environment for
microbial contamination, leading to discoloration, odor
formation, and deterioration of mechanical strength [1].
Therefore, an appropriate drying process is essential not
only to reduce the moisture content but also to inhibit
fungal growth without damaging the physical integrity
of the fibers. Establishing the optimal drying conditions
based on moisture desorption behavior can effectively
minimize fungal contamination while maintaining the
desirable physical and structural properties of the LA
fibers. The mechanical strength and appearance of the
LA fibers are highly influenced by their moisture
content and drying conditions. An accurate
understanding of moisture desorption isotherms is
essential to optimize drying systems and prevent quality
degradation [2]. Moisture sorption isotherms and drying
kinetics are fundamental tools for understanding heat
and mass transfer during the drying of plant-based
materials and natural fibers. They describe both
equilibrium moisture behavior and the rate of moisture
removal under given thermal conditions [3].

Moisture  sorption isotherms describe the
relationship between equilibrium moisture content
(EMC) and water activity (ay) at constant temperature.
They provide crucial data for modeling drying kinetics
and designing industrial dryers. Several models, such as
BET, Halsey, and GAB, have been used to predict
sorption behavior; however, the modified GAB model
provides better accuracy across a wide range of water
activities and temperatures. The principle for
determining the equilibrium humidity of the LA fibers
involves exposing them to still air in a sealed container
that maintains constant relative humidity and air
temperature, until the humidity remains unchanged over
time. A saturated salt solution controls the relative
humidity of the air within the desired range, and a closed
oven controls the air temperature [4]. To describe the
relationship between equilibrium moisture content and
water activity, several empirical and semi-theoretical
models have been developed to fit moisture desorption
isotherms of agricultural and lignocellulosic materials.
Among these, the Modified Halsey, Modified Oswin,
Modified Chung and Pfost, Modified Henderson, and

Modified Guggenheim-Anderson-de Boer (GAB)
models are most widely applied due to their flexibility
and thermodynamic consistency. Each model provides
distinct mathematical representations that capture
sorption behavior under different temperature and
humidity conditions. For example, the Modified
Henderson model has been effectively used for cereal
grains and bamboo fibers, while the Modified Oswin
and Halsey models have been applied to describe
desorption characteristics of rice husk and sugarcane
bagasse [5]. The Modified GAB model, in particular, is
considered the most reliable over a wide range of water
activity (0.1 - 0.9) and temperature and has been
successfully used for natural fibers such as kenaf, coir,
and jute [6,7].

Drying kinetics and thin-layer drying models play
a crucial role in understanding and optimizing moisture
removal processes in lignocellulosic plant materials,
particularly for wetland plants and natural fibers within
the Cyperaceae family [8]. Drying kinetics describes the
rate of moisture transport and evaporation during
thermal treatment, while empirical and semi-theoretical
drying models—such as Newton, Page, Modified Page,
and Henderson and Pabis models—are widely applied
to predict moisture ratio evolution and quantify the
influence of drying temperature on mass transfer
behavior [9]. These models provide essential parameters
for evaluating drying efficiency, energy consumption,
and process control, enabling the identification of
optimal drying conditions that balance drying time with
material quality preservation. For plants structurally
similar to the LA fibers, inappropriate drying
temperatures have been reported to induce excessive
shrinkage, fiber collapse, and microstructural damage,
resulting in deterioration of mechanical performance
and long-term material stability [10,11].

Drying is an essential unit process in the treatment
of plant-based materials because it significantly impacts
moisture-related behavior, mechanical quality, and
structure of the final product. Hot air drying is widely
utilized because of its simplicity and cost-effectiveness;
however, the drying temperature significantly
influences the physical and chemical changes in plant
tissues. High drying temperatures can accelerate
moisture removal but may also cause negative changes
in microstructure and material strength, which can affect

product performance and use. The structural strength of
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plant cell walls and fiber components is directly related
to their mechanical properties, such as tensile strength,
elongation at break, and stiffness. Moisture loss during
drying modifies intermolecular interactions within the
cell wall matrix, especially among cellulose,
hemicellulose, and lignin, resulting in alterations in the
stiffness and brittleness of plant materials. Several
studies on natural fibers and agricultural products have
demonstrated that increasing drying temperature can
reduce mechanical strength due to structural collapse,
microcracking, or fiber shrinkage [12,13]. The impacts
are particularly significant in lignocellulosic plants,
where temperature exposure destroys hydrogen bonding
networks and damages load-bearing structures [14].
Spectroscopic  and  microscopic  methods,
including Fourier Transform Infrared Spectroscopy
(FTIR) and Scanning Electron Microscopy (SEM), are
often used for understanding these structural changes.
FTIR analysis enables the identification of chemical
functional groups and provides insights into
modifications of molecular bonds caused by thermal
treatment. Variations in characteristic absorption bands
associated with hydroxyl, carbonyl, and polysaccharide
groups have been reported following hot air drying,
indicating changes in chemical composition or bonding
environments within plant fibers [15]. Meanwhile, SEM
offers direct visualization of surface morphology and
internal microstructure, revealing phenomena such as
cell wall deformation, pore collapse, and fracture
formation that are often correlated with mechanical
degradation at elevated temperatures [16,17]. Previous
studies into plant materials, such as bamboo, jute, apple
tissues, and other fibrous crops, have shown a
significant correlation among drying temperature,
microstructural ~ development, and  mechanical
properties. For instance, higher drying temperatures
have been shown to cause significant shrinkage and

microcrack formation in plant fibers, resulting in

reduced tensile strength and flexibility [18]. These
results show the need of controlling drying conditions to
maintain both structural integrity and the functional
properties of plant materials.

Despite extensive studies on drying behavior of
various lignocellulosic materials, there is a lack of
systematic investigation on Lepironia articulata fibers,
particularly in terms of moisture desorption behavior,
drying kinetics, and coupled structural-mechanical
responses under controlled drying conditions.
Furthermore, most existing studies treat moisture
behavior, structural evolution, and mechanical
properties  separately, resulting in a limited
understanding of their interdependence.

Therefore, the novelty of this study lies in the
integrated investigation of moisture sorption isotherms,
drying kinetics, and multi-scale structural and
mechanical changes of LA fibers under hot-air drying
conditions. This work combines modeling, experimental
validation, and advanced characterization techniques
(SEM, FTIR, and tensile testing) to provide a
comprehensive understanding of drying-induced
transformations. The findings offer both scientific and
practical significance by enabling optimized drying
strategies, improving product quality, and supporting

sustainable utilization of natural fibers.

Materials and methods

Sample preparation

The LA fibers used in the experiment were from
Cha-uat District, Nakhon Si Thammarat Province. It had
been woven but had yet to undergo any decoration steps.
Samples were cut into 5x5 cm? pieces with an
1.6 £0.1 mm,

as shown in Figure 1. All samples were kept in sealed

average thickness of

polyethylene bags before testing to avoid moisture

variation.

Figure 1 The LA fiber sample for the experiment.
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Analyzing the moisture sorption isotherms of
the LA fiber

The equilibrium moisture content of the LA
sample was determined by placing 5 saturated salt
solutions, namely LiCl, MgCl.-6H.0, Mg(NOs)::6H-0,
NaCl, and KNOs3, into 3 sets of glass bottles each. In this
experiment, 5 saturated salt solutions were employed to
establish equilibrium moisture content. The resulting
ambient temperatures (40 - 60 °C) and water activity
levels (0.1 - 0.9, decimal) are presented in Table 1.
Then, weigh the LA sample using a high-precision
digital analytical balance with a resolution of 0.0001 g
(Sartorius, Germany). Put the LA sample into the

stainless-steel strainer inside the glass bottle, then close
the 1id tightly and place it in the oven at 40, 50, 60, 70,
and 80 °C to allow the LA sample’s humidity to reach
balance. When the LA sample’s weight remained
unchanged after 3 consecutive weight measurements,
the moisture content was determined following the
AOAC method [19]. The final moisture content of the
LA sample implies the EMC value, which occurred
among static surrounding conditions. Schematic
representation of the experimental methodology for
determining the EMC of LA fiber at temperatures
ranging from 40 to 80 °C, according to Figure 2.

Table 1 The water activity values (expressed in decimal form) corresponding to the saturated salt solutions at temperatures

of 40, 50, 60, 70, and 80 °C.

Salt solutions Temperature (°C)
40 50 60 70 80
LiCl 0.1121 0.1110 0.1095 0.1075 0.1051
MgClz-6H-0 0.3160 0.3054 0.2926 0.2777 0.2605
Mg(NO:s).-6H0 0.5060 0.4890 0.4730 0.4580 0.4415
NacCl 0.7468 0.7443 0.7450 0.7506 0.7629
KNOs 0.8903 0.8478 0.8110 0.7704 0.7308
Saturated salt solutions LA sample _

Water activity levels

Incubator
40-80 °C

Figure 2 The experimental setup used for moisture sorption isotherm analysis of LA fiber at different temperatures.

Mathematical models of sorption isotherms
The LA sample weight was evaluated by
triplication. Table 2 shows the conventional sorption

isotherm models chosen to predict the EMC values that
fit the experimental data in Eqgs. (1) - (5).
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Table 2 Mathematical model for prediction the equilibrium moisture content.

Name of model EMC equation model
- -(1/0)

Modified Halsey [20] EMC = [exp(1:f§r) 0

B . 1/c
Modified Oswin [21] EMC=(A+B-T)- [(:Z ) ?)
Modified Chung & Pfost [22] EMC =2 n[- Z2ng, | 3)

In(-ay) 1/c
Modified Henderson [23] EMC = [(HA-(%‘;)) )
C

| _ w(an

Modified GAB [24-26] EMC 5)

= (17B-aw)[lfB-aW+(¥)-B-aW]

Note: a,, is the water activity (decimal), EMC is the equilibrium moisture content (%dry basis), 7 is the temperature (K)

and A4, B and C are arbitrary coefficients of models.

The statistical principle for selecting the most
suitable equation to describe the EMC process is the
highest coefficient of determination value (R?), and the
lowest root mean square error (RMSE) value. The 2

statistic parameters can be calculated by Egs. (6) and (7),

respectively:
RZ — Z(MG_MU)Z (6)
T I MEEME
1 2
RMRE = |-3(M, — Mp) (7)

where M, is the predicted value of data, M, is the
experimental value of data, is the mean of the
experimental values, and N is the number of

experimental points.

To verify model robustness and avoid possible ove
r-fitting of the equation, a sensitivity analysis was perfor
med by altering each parameter (+ 5%) and recalculatin
g RMSE. Negligible RMSE change (< 1%) confirmed
model stability.

Determination of drying kinetics and drying
models

The initial moisture content (IMC) of the LA fiber
was evaluated using the AOAC standard method.
The fresh LA fibers in this experiment had an IMC of 78

+ 2% (wet basis). Maintaining similar IMC ensures that
observed differences in drying rate are attributable solel
y to temperature effects rather than starting moisture un

evenness. Drying studies were conducted with a
laboratory-scale hot air oven with forced air circulation.
The drying air temperatures were established at 40, 50,
60, 70, and 80 °C, respectively. The air velocity was
kept at 1.0 = 0.1 ms ™!, and ambient relative humidity
was 50 + 3%. Equal sample masses were used for
replicates (n = 3). Before adding the samples, the oven
was operated until the temperature settled. Each drying
iteration was done using approximately equivalent
initial sample weights, and all experimental procedures

were executed in triplicate.

_ M—M,
Mo—Me

MR (3

where M, is the moisture content at time t, M, is the
initial moisture content, and M, is the equilibrium

moisture content.

LA’s drying behavior was described by fitting
experimental MR-time data to thin-layer drying models,
whose mathematical formulas are in Table 3. Model
parameters were estimated using least-squares fitting in
nonlinear regression analysis. R and RMSE were used
to determine fit quality by Eqgs. (9) to (17).
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Table 3 Mathematical models for drying to predict the behavior of drying kinetics.

Drying kinetic model

Equation

Newton [27,28]

Page [29-31]

Modified Page [29-31]

Logistic [30]

Henderson and Pabis [30,32,33]
Logarithmic [28,30]

Two-term exponential [30,32,34]
Approximation of diffusion [28,30]
Verma et al. [30]

MR = exp(—kt)
MR = exp(—kt™)

MR = exp(—kt)"
B a
T (1 + exp(kt))

MR = aexp(—kt)

MR

MR = aexp(—kt)+c

MR = aexp(—kt) + (1 — a) exp(—kat)
MR = aexp(—kt) + (1 — a) exp(—kbt)
MR = aexp(—kt) + (1 — a) exp(—kgt)

©
(10)
)
(12)
(13)
(14)
(15)
(16)
(a7

Note: a, k and n are arbitrary constants of drying kinetic model, 7 is drying time (min).

The optimal drying time for each drying
temperature was defined based on a combined kinetic
and practical criterion. Specifically, the drying time
corresponding to a moisture ratio of MR = 0.10 was
selected as the target endpoint, as this level is widely
accepted as sufficient for dimensional stability and safe
storage of natural fiber materials.

The drying time required to reach MR = 0.10 was
determined from the best-fitting drying model for each
temperature. In addition, the total drying time required
to achieve a constant mass condition was recorded for

comparison.

Examination of mechanical properties and
structural alterations

The optimal drying time determined from previous
experiments was used as the drying time for the LA fiber
at different temperatures to study the effect of hot air
temperature on the mechanical properties and structural
changes of the LA fiber.

Mechanical properties

Tensile testing has been done on the LA fiber to
evaluate their mechanical properties. A tensile testing
machine (Zwick Roell, Germany) with a 1.0 kN load cell
and a test speed of 50 mm/min was used to test each
sample 5 times. Tensile strength (o) was calculated as
the maximum load sustained by the specimen divided by
the initial cross-sectional area. Elongation at break (g)
was determined from the ratio of the extension at
fracture to the original gauge length and expressed as a

percentage. At least 5 specimens were tested per drying

condition (n > 5). Results are reported as mean +
standard deviation. One-way ANOVA followed by
Tukey's HSD post-hoc test (p < 0.05) was applied to
assess the statistical significance of differences in tensile
strength and elongation at break among drying

temperatures.

FTIR analysis

The surface chemical bonding of the LA fiber was
analyzed using Attenuated Total Reflection-Fourier
Transform Infrared Spectroscopy (ATR-FTIR). This
investigation aimed at understanding the molecular
interactions occurring on the fiber surface. Infrared
spectra were obtained using an INVENIOS Bruker
spectrometer (Germany) fitted with a diamond ATR
crystal, over the wavenumber range of 4,000 - 500 cm™.

Scanning Electron Microscopy (SEM)

The microstructural characteristics of the dried LA
fiber were examined using Scanning Electron
Microscopy (Hitachi, Japan). Samples were mounted on
aluminum stubs using double-sided adhesive tape and
sputter-coated with gold-palladium. The observations
were conducted at an accelerating voltage of 5 kV with
magnifications of 250x, 2,000, and 5,000x%.

Results and discussion
The equilibrium moisture content (EMC)
From the experimental set up, the experimental
data of the EMC value of the LA fibers varieties were
determined by following the standard AOAC method
for a surrounding temperature ranging of 40, 50, 60, 70
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and 80 °C which correlated to the water activity ranging
of 0.1 - 0.9 (decimal). These experimental values were
statistically analyzed by non-linear regression methods.
The best fitted coefficients of the EMC equations were
simulated and shown in Table 4.

The results showed that the simulated results using the
Modified GAB model have a strong relationship to the
experimental results of both the LA fibers varieties (the
highest R? value and the lowest RMSE). From the
experimental results, the conclusion of the study of the
EMC value of the LA fibers states that at the constant
temperature the EMC value depends on the relative

humidity of air surrounding. When the surrounding

relative humidity decreases, the EMC value of the LA
fibers varieties decreases, respectively. This is because
the water vapor transfer between surrounding air and the
LA fiber is high at the low surrounding relative humidity
[5]. On the other hand, with constant relative humidity,
the EMC value is relatively dependent on the
surrounding temperature. This is because the heat
reduces the binding force in the water molecules. All of
the mechanisms for transferring water vapor between
the LA fibers and the surrounding air correspond to the
other previous works that reported on EMC values of

different samples [6,7].

Table 4 Arbitrary constant of EMC model for the LA fiber in water activity ranging of 0.1 - 0.9 (decimal).

Parameter

Temperature Model R? RMSE
A B C
Modified Halsey —225.2819 0.7323 1.5639 0.9770 2.0818
Modified Oswin 134.3464 -0.3767 1.9646 0.9939 1.0746
40 °C Modified Chung-Pfost 271.6316 —209.1357 0.0715 0.9884 1.4764
Modified Handerson 3.7858x107° 1.0010 1.1223 0.9978 0.4157
Modified GAB 13.8479 0.8112 1193.5225 0.9994 0.3325
Modified Halsey 2.3119 0.0037 1.5052 0.9831 1.5095
Modified Oswin 14.4875 —0.0026 1.8997 0.9966 0.6794
50°C Modified Chung-Pfost 264.8016 —220.6734 0.0843 0.9841 1.4617
Modified Handerson 9.7600x1073 1.1078 1.1631 0.9984 0.4564
Modified GAB 10.6373 0.8396 1391.6652 0.9997 0.2140
Modified Halsey 4.0473 —0.0027 1.4749 0.9802 1.3841
Modified Oswin 3.0757 0.0253 1.8712 0.9954 0.6683
60°C Modified Chung-Pfost 293.8841 —217.5559 0.0983 0.9869 1.1261
Modified Handerson 0.0001 1.2233 1.1557 0.9986 0.3672
Modified GAB 9.3646 0.8326 1295.5073 0.9997 0.1843
Modified Halsey 1.6431 0.0031 1.4109 0.9846 1.0606
Modified Oswin 12.0099 —0.0076 1.7872 0.9963 0.5231
70 °C Modified Chung-Pfost 239.0028 —246.1592 0.1145 0.9783 1.2574
Modified Handerson 0.0002 0.8873 1.0989 0.9953 0.5858
Modified GAB 6.9801 0.8703 1,506.1543 0.9993 0.3471
Modified 2.3725 —0.0003 1.4107 0.9814 0.9125
Halsey 12.7839 —0.0155 1.7946 0.9960 0.4210
80°C Modified 266.1174 —245.0084 0.1472 0.9858 0.7960
Oswin 0.0002 0.9404 1.1107 0.9987 0.2346
Modified 2.3725 —0.0003 1.4107 0.9814 0.9125
Figure 3 illustrates the experimental and predicted temperature-dependent behavior typical of

moisture sorption isotherms of the LA fibers at
temperatures of 40, 50, 60, 70, and 80 °C. The sorption
characteristics of the LA fibers exhibit the classical

lignocellulosic materials. The EMC decreases with
increasing temperature due to the weakening of

hydrogen bonds between water molecules and hydroxyl
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groups in lignin, hemicellulose, and cellulose. Increases
in heat energy cause a reduction in the binding affinity
of water and fiber components. This finding aligns with
previous research on kenaf, jute, and flax fibers, among
others, which showed reduced hygroscopicity when
subjected to elevated temperatures [35,36]. At higher a,,
values, the EMC increases exponentially, indicating
multilayer moisture  adsorption and capillary
condensation. This behavior is consistent with the GAB
isotherm commonly found in natural fibers and wetland
plants. The structure of the LA fibers, which has high
porosity and a well-developed capillary network, favors
this activity, which is similar to what has been observed
in wetland rush fibers [37].

The EMC of the LA fiber was examined at various
temperatures and water activities, using a modified
GAB model to suit experimental isotherms. The

predicted curves closely match the actual data at all

504

temperatures, which shows that the model is good at
predicting how lignocellulosic plant fibers absorb water.
Minimal differences between the observed and
computed EMC values show that the model is good for
both practical use and scientific study [38]. It is
important to note that the difference between the
prediction curves is bigger for high water activity levels
(aw>0.6), especially at 60 °C. This gap becoming bigger
illustrates that EMC's sensitivity to temperature goes up
when there is a lot of moisture. This is because
molecules may move around more easily, and the
energy needed to bond fibers and water goes down at
higher temperatures. These results are consistent with
known facts about various plant leaves and fibers, where
isotherm forms and their temperature variations are
essential for enhancing industrial drying and storage
[39].

®  40°C
J Prediction 40°C

4 50°C
=z 07 e Prediction S0°C
5 ;
= ] Y 60°C i
:j —_ ~ = Prediction 60°C
—- )
272 30 " o i
z 8 Y
g z |l === Prediction 70°C ‘ / ‘,I
=S 80°C ﬂ/ s p
s = 204 . - o - ‘
= Prediction 80°C 7/ 0
=) S s .1 /
_ 4 s
= 10

5

0 T T T 1
0 0.2 0.6 0.8 1

Water activity, decimal

Figure 3 Comparison of the experimental data (dot) and predicted data (line) of the equilibrium moisture content models

of the LA fibers variety among surrounding water activity and surrounding temperature of 0.1 - 0.9 (decimal) and of 40 -

80 °C, respectively.

A comprehensive understanding of desorption
behavior is crucial for optimizing hot-air drying
conditions to achieve efficient moisture removal while
preserving the mechanical strength and microstructural
integrity of the fibers. Accurate modeling of the EMC

minimizes risks of deterioration such as fungal

contamination and deformation, enabling the design of
temperature-specific drying strategies [40]. The
modified GAB model demonstrated a strong predictive
capability for the LA fiber and can potentially be applied
to other hydrophytic plant materials with similar

characteristics.
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The drying kinetics and drying models

To determine the optimal hot-air drying time for
LA fiber, drying kinetic models were employed to
describe the relationship between moisture ratio (MR)
and drying time (Figure 4). Thin-layer drying models
are widely used to characterize moisture removal
behavior and predict drying kinetics under controlled
thermal conditions [41]. The selected models represent
different

lignocellulosic materials. The Newton model describes

moisture  transport  mechanisms  in
simple exponential decay associated with external mass
transfer, whereas semi-empirical models such as Page,
Modified Page, and Logarithmic incorporate additional
parameters to account for internal diffusion and
structural heterogeneity. More complex models,
including the 2-term exponential, approximation of
diffusion, and Verma models, are capable of
representing multi-stage drying behavior [42,43]. Model
performance was evaluated by fitting MR-time data

using the coefficient of determination (R?) and root

mean square error (RMSE), with fitted parameters
summarized in Table 5.

Figure 4 shows that MR decreased continuously
with drying time at all temperatures (40 - 80 °C), with
higher temperatures significantly accelerating moisture
removal. The drying process was dominated by the
falling-rate period, indicating that internal diffusion
governs moisture transport. The time required to reach
MR = 0.10 decreased from approximately 540 min at 40
°C to 140 min at 80 °C, confirming the strong influence
of temperature on drying kinetics [41-44]. This
acceleration is attributed to increased vapor pressure
gradients and reduced water viscosity at clevated
temperatures, consistent with observations in other
agricultural materials such as turmeric and ginger
[45,46]. However, excessively high temperatures (70 -
80 °C) may induce structural damage, including
shrinkage and microcracking, which can affect material
properties [47,48].

* 40°C
A 50°C
60°C
70°C
* ’0°C

4

1 =
084 ,°®
.
v
*
o L ]
c A
4= 0.6 n
= v
o .
3 * A
= n
-z | .
= 04 . . A
v
.
. u
0.2 « | m
v
0’ v
0 T T T T
0 100 200

T T T T T T 1
300 400 500 600

Time

Figure 4 Comparison of the moisture ratio for the LA fiber drying at temperatures of 40, 50, 60, 70, and 80 °C.

The drying kinetics of LA fiber at different
temperatures (40—80°C) were evaluated using nine thin-
layer drying models, as presented in Table 5. Among all
models, the Modified Page model consistently provided
the best fit to the experimental data across all

temperatures, exhibiting the highest coefficient of

determination (R? = 0.994 - 0.996) and the lowest root
mean square error (RMSE = 0.016 - 0.021). This
superior performance can be attributed to its ability to
account for both external mass transfer and internal

moisture diffusion mechanisms, which are critical in
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lignocellulosic materials with heterogeneous structures
[49,50].

The drying rate constant (k) increased
significantly with temperature, ranging from 0.0012 at
40 °C to 0.0094 at 80 °C, indicating enhanced moisture
diffusivity at higher thermal conditions. This trend is
consistent with the Arrhenius-type behavior of effective
moisture diffusivity, where increased temperature
reduces water viscosity and promotes vapor diffusion
within the fiber matrix [51]. Similarly, the exponent (n)
in the Modified Page model increased slightly with
temperature, suggesting a greater contribution of
internal diffusion resistance and structural changes
during drying.

Notably, the lowest RMSE value was observed at
60 - 70 °C, indicating optimal model predictability and
stable drying behavior within this temperature range. In
contrast, at 80 °C, although the drying rate was highest,
a slight increase in RMSE was observed, which may be
associated with structural alterations such as fiber
shrinkage, collapse, and micro-crack formation. These
structural changes can disrupt moisture transport
pathways, leading to deviations from ideal drying
behavior [52].

Other models, such as Page, 2-term exponential,
and Verma, also showed good agreement with
experimental data (R* > 0.99), but their performance
was consistently inferior to the Modified Page model.
Simpler models like Newton, Henderson, and Pabis
exhibited lower accuracy, particularly at extreme
temperatures, due to their inability to capture complex
moisture migration mechanisms.

Thus, the results confirm that the Modified Page
model is the most suitable for describing the drying
kinetics of LA fiber over a wide temperature range and
can be effectively used for process optimization and
dryer design. The improved performance of Page-type
models is consistent with previous studies on plant
biomaterials. For example, the Page model effectively
described drying behavior in Pereskia leaf powders
[45], while both Page and 2-term models accurately
captured drying kinetics in turmeric across varying
temperatures [53]. These findings highlight the
importance of model selection in accurately
representing moisture transport in heterogeneous

biological matrices.

Table 5 Kinetic drying model parameters and statistical evaluation for LA fiber at different temperatures (40 - 80 °C).

Temperature  Drying kinetic model Arbitrary constants R? RMSE
Newton k=0.0010 0.975 0.055

Page k=0.0011,a=1.15 0.991 0.026

Modified Page k=0.0012,n=1.18 0.994 0.021

Logistic k=0.0013,a=1.05 0.989 0.029

40 °C Henderson and Pabis k=0.0011,a=1.02 0.985 0.034
Logarithmic k=0.0011,a=1.00,b=-0.010 0.990 0.027

Two-term exponential k=0.0013,a=10.52 0.992 0.024
Approximation of diffusion k=0.0012,a=0.55,b=0.0008 0.991 0.025

Verma k=0.0012, a=0.58, g =0.0009 0.992 0.024

Newton k=0.0020 0.978 0.048

Page k=0.0022,a=1.22 0.993 0.021

Modified Page k=0.0023,n =1.25 0.996 0.018

Logistic k=0.0025,a=1.08 0.991 0.024

50 °C Henderson and Pabis k=0.0021,a=1.04 0.987 0.029
Logarithmic k=0.0022,a=1.01,b=-0.012 0.992 0.022

Two-term exponential k=0.0024,a=0.55 0.994 0.020
Approximation of diffusion k=0.0023, a=0.58, b =0.0009 0.993 0.021

Verma k=0.0023,a=0.60, g=0.0010 0.994 0.020
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Temperature  Drying kinetic model Arbitrary constants R? RMSE
Newton k=0.0032 0.981 0.043

Page k=0.0036,a=1.28 0.995 0.018

Modified Page k =0.0038, n = 1.32 0.997 0.014

Logistic k=0.0041,a=1.12 0.992 0.022

60°C Henderson and Pabis k=0.0035,a=1.06 0.989 0.028
Logarithmic k=0.0036,a=1.02,b=-0.015 0.994 0.019

Two-term exponential k=0.0039,a=0.58 0.996 0.016
Approximation of diffusion k=0.0040,a=0.61,b=0.0011 0.995 0.018

Verma k=0.0037,a=0.64, g=0.0013 0.996 0.017

Newton k =0.0055 0.980 0.046

Page k=0.0058,a=1.35 0.994 0.019

Modified Page k =0.0061, n = 1.38 0.996 0.016

Logistic k=0.0063,a=1.15 0.992 0.022

70°C Henderson and Pabis k=0.0056,a=1.08 0.988 0.027
Logarithmic k=0.0058,a=1.03,b=-0.017 0.993 0.020

Two-term exponential k=0.0062, a=0.60 0.995 0.018
Approximation of diffusion k=0.0060,a=0.63,b=0.0012 0.994 0.019

Verma k=0.0060, a = 0.66, g=0.0014 0.995 0.018

Newton k =0.0085 0.978 0.050

Page k=0.0090, a=1.40 0.993 0.022

Modified Page k =0.0094, n = 1.42 0.995 0.019

Logistic k=0.0098,a=1.18 0.991 0.025

80°C Henderson and Pabis k=0.0087,a=1.10 0.987 0.030
Logarithmic k=0.0090, a=1.05,b=-0.020 0.992 0.023

Two-term exponential k =0.0096, a=0.63 0.994 0.021
Approximation of diffusion k=0.0093,a=0.66,b=0.0015 0.993 0.022

Verma k=0.0092,a=10.69, g=0.0016 0.994 0.021

Table 6 Modified Page model fitting parameters and statistical indicators for hot air drying of the LA fiber at different

temperatures.
Temperature (°C) k n R? RMSE
40 0.0012 1.18 0.994 0.021
50 0.0023 1.25 0.996 0.018
60 0.0038 1.32 0.997 0.014
70 0.0061 1.38 0.996 0.016
80 0.0094 1.42 0.995 0.019

The Modified Page model was further applied to
describe drying behavior across the temperature range
of 40 - 80 °C, with kinetic parameters (k and n) and

statistical indicators presented in Table 6. The drying
constant (k) increased with temperature, from 0.0012 at
40 °C to 0.0094 at 80 °C, indicating enhanced effective
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moisture diffusivity. Similarly, the exponent (n)
increased with temperature, reflecting stronger
nonlinearity in moisture removal behavior and
confirming the increasing dominance of internal
diffusion mechanisms at higher temperatures [54].
These trends are consistent with previous studies on
plant materials such as jackfruit slices and spinach
leaves, where increased drying temperatures resulted in
higher drying constants and improved model fitting
[55,56].

The Modified Page model exhibited excellent
agreement with experimental data across all
temperatures (R? > 0.994), with the lowest RMSE
observed at 60 °C (0.014). This suggests that moderate
drying conditions provide an optimal balance between
diffusion-driven moisture transport and structural
stability. Slight increases in RMSE at higher
temperatures (70 - 80 °C) may be attributed to structural
changes such as shrinkage and microcracking, which
introduce variability not fully captured by empirical
models [57].

The improved model accuracy at moderate
temperatures indicates that drying kinetics are more
predictable under conditions where diffusion dominates
without significant thermal damage. This observation is
consistent with previous studies reporting superior
performance of Page-type models in describing
nonlinear drying behavior in biomaterials, including
bird’s eye chili [58,59]. From a practical perspective,
increasing drying temperature enhances moisture
diffusivity and reduces drying time; however, excessive
temperatures may compromise product quality.
Therefore, accurate kinetic modeling is essential for
optimizing drying conditions and improving energy
efficiency. Empirical models such as the Modified Page
model are widely recognized for their robustness and
applicability across a range of plant materials and drying
conditions [60,61].

Overall, the consistent increase in k and n with
temperature, together with high R? values, confirms that
the Modified Page model provides a reliable framework
for describing the drying kinetics of LA fiber. Its strong
performance across all tested conditions supports its
application for predicting drying time and guiding

industrial drying process design. Furthermore, these
results emphasize that model evaluation should consider
performance across multiple temperatures to ensure
generalizability, rather than relying on single-condition

assessments [62].

Examine mechanical properties and structural
alterations

The LA fiber was dried in a hot air oven with a
controlled air temperature of 40, 50, 60, 70, and 80 °C
for 5 h at each temperature. The mechanical
characteristics and structural changes of the LA fiber

was investigated in relation to the hot air temperature.

Mechanical properties

The stress-strain curves of the LA fibers under
control and after hot air drying at 40, 50, 60, 70, and 80
°C are presented in Figure 5. The control samples
exhibit the highest overall mechanical performance,
characterized by greater ultimate stress and strain at
break, indicating superior load-bearing capacity and
flexibility. This behavior suggests that the native
moisture content plays a crucial role in maintaining
intermolecular bonding and structural integrity within
the lignocellulosic fiber matrix. At 40 °C, the stress-
strain response remains relatively comparable to the
control samples, with only a slight reduction in tensile
strength and elongation at break. This indicates that mild
drying removes free and loosely bound water without
causing significant disruption to the cell wall structure.
However, as the drying temperature increases to 50 and
60 °C, a noticeable decrease in maximum stress and
strain is observed. The fibers become stiffer and exhibit
a more brittle failure behavior, reflecting reduced plastic
deformation before fracture. At increased temperatures
of 70 and 80 °C, the stress-strain curves show a
significant reduction in tensile strength and elongation
at break. Although some samples demonstrate higher
initial stiffness (a steeper slope in the elastic region),
premature failure occurs at reduced strain values. This
indicates that excessive temperature exposure results in
structural damage, limiting the fiber's propensity to

distribute stress during deformation.
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Figure 5 Stress-Strain curves of the LA fiber control and drying at temperatures of 40, 50, 60, 70, and 80 °C.

The reduction in mechanical properties of LA
fibers at higher drying temperatures may be related to
moisture-induced structural and chemical changes
inside the lignocellulosic cell wall. Moisture functions
as a natural plasticizer, enhancing molecular mobility
and flexibility; therefore, its removal during drying
initially increases stiffness but progressively reduces
ductility [15]. At drying temperatures of 40 - 50 °C,
moisture loss is mainly associated with free and loosely
bound water, resulting in minimal reductions in tensile
strength and elongation at break, which is consistent
with observations in other natural plant fibers [63].
However, drying at higher temperatures promotes
excessive removal of bound water, leading to microfibril

shrinkage, cell wall collapse, and microcrack formation,

thereby limiting stress redistribution and causing
premature fracture, as reflected by the reduced strain at
break in the stress-strain [18]. Similar temperature-
dependent transitions from ductile to brittle behavior
have been widely reported in lignocellulosic fibers and
biocomposites subjected to thermal drying [64]. Recent
reviews also support these findings, emphasizing that
inappropriate drying conditions accelerate mechanical
degradation despite improved drying efficiency [13].

Tensile strength and elongation at break of LA
fibers at different temperatures are among the
mechanical property testing results presented in Table
7.
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Table 7 Mechanical properties results: tensile strength, and elongation at break of the LA fiber with different temperature.

LA samples Tensile strength (MPa) Elongation at break (%)
Control 85.14 +7.62% 2.64 £0.28%
40 °C 77.23 £3.97* 248 +0.15°
50°C 71.24 +7.68% 2.42+0.18°
60 °C 80.68 = 11.81% 2.51+0.15%
70 °C 79.74 £ 9.98% 2.34 £ 0.20%
80 °C 100.63 + 5.75° 2.57+0.39°

Note: Different superscript letters within the same column indicate significant differences (p < 0.05) according to Tukey’s

test.

The mechanical properties of LA fibers as a
function of drying temperature are summarized in Table
7. Tensile strength exhibited a non-linear response to
temperature, with a significant reduction at 40 - 50 °C
(77.23 - 71.24 MPa; Tukey group “a”) compared to the
control (85.14 MPa; “ab”), followed by partial recovery
at 60 - 70 °C (79.74 - 80.68 MPa; “ab”), and a
pronounced increase at 80 °C (100.63 MPa; “b”). This
statistical grouping confirms that only the highest drying
temperature induced a distinct mechanical response,
while intermediate temperatures remained statistically
comparable to the untreated fiber.

The initial reduction in tensile strength at 40 - 50
°C can be attributed to early-stage thermal softening and
partial degradation of hemicellulose, leading to
relaxation of amorphous regions and weakening of
intermolecular hydrogen bonding within the fiber cell
wall [64,65]. Similar behavior has been reported for
sedge- and grass-based fibers, where low-to-moderate
thermal exposure disrupts microfibril cohesion and
reduces load-bearing efficiency [66]. As the drying
temperature increased to 60 - 70 °C, the tensile strength
partially recovered, suggesting improved structural
consolidation due to more effective moisture removal
and reduced internal defects. This trend is consistent
with observations in kenaf and jute fibers, where
controlled drying enhances fiber packing and interfacial
interactions without inducing severe structural damage
[67].

At 80 °C, the significant increase in tensile
strength, despite SEM evidence of micro-cracks and
partial cell wall collapse, indicates the coexistence of

competing mechanisms. While microstructural defects
are generally associated with mechanical weakening,
the overall strengthening effect can be explained by
thermally induced densification and molecular
reorganization within the cellulose matrix. SEM
observations suggest that structural damage is localized
rather than uniformly distributed, allowing intact
regions of aligned cellulose microfibrils to dominate the
tensile response. Concurrently, FTIR analysis supports
this interpretation, showing a reduction in O-H
stretching intensity (3,200 - 3,600 cm™) and a decrease
in hemicellulose-associated C=0 peaks (~1,730 cm™),
indicating dehydration and partial removal of
amorphous components. These changes promote
increased relative crystallinity and improved microfibril
alignment, which enhance axial load transfer efficiency
[15,68]. Additionally, the persistence of lignin-related
peaks (~1,240 and 1,500 - 1,600 cm™) suggests a more
rigid and crosslinked matrix, further contributing to the
observed increase in tensile strength [69].

This apparent contradiction between SEM-
observed damage and enhanced tensile strength can
therefore be reconciled by considering the balance
between localized defects and bulk structural
reinforcement. Similar crystallinity-driven
strengthening has been reported in thermally treated
lignocellulosic fibers, where increased stiffness is
achieved despite partial microstructural degradation
[68].

In contrast, elongation at break showed minimal
variation across temperatures, with overlapping Tukey

groups indicating no significant differences (p > 0.05).
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This suggests that drying temperature primarily
influences strength rather than ductility. From a
practical standpoint, although 80 °C yields the highest
tensile strength, the associated structural damage may

compromise long-term durability. Therefore, drying at
60 - 70 °C is considered optimal, providing a balanced
combination of mechanical performance and structural

integrity.

Table 8 Comparative optimal drying temperatures and key fiber properties for LA fiber and selected natural fibers.

Fiber Optimal drying Tensile strength Botanical family Reference
temperature (°C) (MPa)

Lepironia articulata 60 80.68 = 11.81 Cyperaceae This study
Jute (Corchorus sp.) 60 - 80 393 - 800 Malvaceae [70]
Kenaf (Hibiscus cannabinus) 60 - 100 295 -930 Malvaceae [71]
Cyperus sp. (sedge) ~60 120 - 180 Cyperaceae [72]
Typha sp. (cattail) 60 - 70 80 - 150 Typhaceae [73]
Bamboo (Bambusa sp.) 80 -120 140 - 800 Poaceae [74]

The comparative analysis presented in Table 8
demonstrates that Lepironia articulata (LA) fiber
exhibits moderate tensile strength relative to other
lignocellulosic fibers, while sharing a similar optimal
drying temperature (~60 °C) with wetland fibers such as
Cyperus and Typha. The tensile strength of LA (~80
MPa) falls within the lower range of Cyperaceae-type
fibers but is substantially lower than that of bast fibers
such as jute and kenaf, which typically exhibit tensile
strengths in the range of 300 - 900 MPa. This difference
can be primarily attributed to variations in cellulose
content, crystallinity, and microfibril alignment, where
bast fibers possess more highly ordered and aligned
cellulose structures that enhance load-bearing efficiency
[70,71].

In contrast, wetland fibers such as LA, Cyperus,
and Typha generally exhibit a more heterogeneous cell
wall structure with higher proportions of amorphous
components, including hemicellulose and lignin, which
contribute to lower tensile strength but improved
flexibility and resilience [72,73]. The similarity in
optimal drying temperatures among these fibers
suggests that the critical balance between moisture

removal and structural preservation occurs within a

comparable thermal window (60 - 70 °C), where
sufficient dehydration promotes fiber consolidation
without inducing significant thermal degradation.
Although higher drying temperatures (e.g., > 80
°C) can enhance tensile strength through increased
cellulose crystallinity and densification, as observed in
high-performance fibers such as bamboo, excessive
thermal exposure may also induce microstructural
defects, including cell wall collapse and micro-cracking,
which can compromise long-term mechanical reliability
[74]. Therefore, the mechanical performance of LA
fiber should be interpreted within the context of its
ecological origin and structural characteristics,
positioning it as a sustainable, moderate-strength fiber
suitable for semi-structural applications where
flexibility and processability are advantageous over

maximum strength.

FTIR spectroscopy analysis

The FTIR spectra of the LA fibers exhibited
systematic changes in absorption band intensities as the
drying temperature increased, reflecting alterations in
chemical composition and bonding, as demonstrated in
Figure 6.
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Figure 6 FTIR spectra of the LA fibers under different drying conditions (Control, 40, 60, and 80 °C).

The FTIR spectra of LA fibers exhibited
systematic changes with increasing drying temperature,
reflecting  progressive chemical and structural
transformations within the lignocellulosic matrix. The
broad absorption band in the 3,200 - 3,600 cm™* range,
attributed to O—H stretching vibrations of adsorbed and
bound water, showed a clear reduction in intensity with
increasing temperature, indicating the removal of
moisture and disruption of hydrogen bonding within
amorphous regions [75]. Concurrently, the gradual
attenuation and eventual disappearance of the carbonyl
(C=0) peak around 1,730 cm™* confirms the thermal
degradation of hemicellulose, which is known to be
more thermally labile than crystalline cellulose [76].
These changes signify a reduction in the amorphous
fraction and a relative increase in cellulose ordering.

In the aromatic region (1,500 - 1,600 cm™),
associated with lignin skeletal vibrations (C=C), slight
shifts and intensity variations were observed, suggesting
thermally induced modification of lignin structures,
potentially through condensation reactions or ether
linkage cleavage [77]. The persistence of the C-O
stretching band in the range of 1,230 - 1,270 cm™ further
indicates that the

lignin framework is partially

preserved, although reduced intensity at higher

temperatures  reflects weakening intermolecular

interactions within the fiber matrix [15]. Similar FTIR
trends have been reported in thermally treated
lignocellulosic fibers, where lignin modification is
associated with increased rigidity and reduced structural
flexibility [78,79].

These chemical transformations provide critical
insight into the structure—property relationship observed
in LA fibers. The reduction in hydroxyl groups and
hemicellulose content leads to decreased moisture
plasticization and enhanced intermolecular interactions
within the cellulose network, promoting higher
crystallinity and improved load transfer efficiency
[15,72]. This mechanism explains the increase in tensile
strength observed at elevated temperatures (e.g., 80 °C),
despite the presence of localized structural defects
identified in SEM analysis.

Importantly, the apparent contradiction between
FTIR-indicated structural ordering and SEM-observed
micro-cracks can be reconciled by considering scale-
dependent effects. While SEM reveals localized damage
such as cell wall collapse and micro-cracking, these
defects are not uniformly distributed and therefore do
not dominate the bulk mechanical response. Instead, the
overall tensile behavior is governed by the more ordered
and densified cellulose framework formed during

thermal treatment. Similar phenomena have been
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reported in natural fibers such as jute and kenaf, where
increased crystallinity enhances stiffness and strength,
even in the presence of microstructural imperfections
[70,71]

Overall, FTIR analysis confirms that increasing
drying temperature induces a transition from a moisture-
rich, amorphous-dominated structure toward a more
ordered, cellulose-rich matrix. While this
transformation enhances tensile strength, excessive
thermal exposure may simultaneously promote lignin
condensation and structural brittleness, highlighting the
importance of optimizing drying conditions to balance

strength and durability.

Microstructural Analysis (SEM)

The microstructural evolution of LA fibers under
different drying temperatures, as observed in SEM
images (Figure 7), reveals a clear temperature-
dependent transition in fiber morphology that is strongly
correlated with FTIR-derived chemical changes. At
lower drying temperatures (controlled to 40 - 50 °C), the
fiber surface remains relatively smooth and structurally
intact, indicating minimal disruption to the
lignocellulosic matrix. This observation is consistent
with FTIR results showing the persistence of hydroxyl
(O-H) stretching bands (3,200 - 3,600 cm™), suggesting
that bound water and hydrogen bonding networks
remain largely preserved within amorphous regions
[76,77].

As the drying temperature increases to 60 - 70 °C,
SEM micrographs reveal gradual surface roughening,
lumen shrinkage, and partial densification of the fiber
structure. These morphological changes correspond
closely with the reduction in O—H band intensity and
attenuation of hemicellulose-associated carbonyl peaks
(~1,730 cm™) observed in FTIR spectra, indicating
progressive dehydration and partial degradation of
amorphous components. The removal of bound water
reduces internal  plasticization and  enhances
intermolecular interactions within the cellulose
framework, resulting in improved structural cohesion
and load transfer efficiency. This explains the partial
recovery of tensile strength observed at intermediate
temperatures, where chemical stabilization and

structural consolidation occur without severe damage.

At higher drying temperatures (> 70 °C), more
pronounced microstructural degradation becomes
evident. SEM images show the formation of micro-
cracks, fiber pull-out, and localized cell wall collapse,
which are indicative of internal stress accumulation and
mechanical weakening. These features are strongly
associated with FTIR-detected chemical modifications,
including further reduction of hemicellulose (C=0O band
at ~1,730 cm™) and alterations in lignin aromatic
structures (1,500 - 1,600 cm™), likely resulting from
ether bond cleavage and condensation reactions under
thermal exposure [15]. The persistence but reduced
intensity of lignin-related C—O bands (~1,230 - 1,270
cm™!) suggests that while the lignin framework remains
partially intact, its bonding integrity is weakened,
contributing to interfacial debonding and brittle fracture
behavior.

Despite the presence of these microstructural
defects, an increase in tensile strength at higher
temperatures (e.g., 80 °C) can be explained by the
dominance of molecular-level reorganization over
localized damage. The reduction of amorphous
components and moisture content promotes increased
cellulose crystallinity and improved microfibril
alignment, enhancing axial load-bearing capacity. SEM
observations indicate that defects such as micro-cracks
are not uniformly distributed, and therefore do not fully
compromise the bulk mechanical response. Similar
structure-property relationships have been reported in
thermally treated lignocellulosic fibers such as jute,
kenaf, and sedge, where increased stiffness and strength
coexist with localized structural degradation [72,80,81].

In summary, the combined SEM and FTIR
analyses demonstrate that drying temperature governs a
critical balance between structural consolidation and
degradation in LA fibers. Moderate temperatures (60 -
70 °C) promote optimal fiber integrity by enhancing
molecular ordering without inducing significant
damage, whereas excessive temperatures (> 80 °C) lead
to irreversible chemical and morphological changes that
may enhance strength but reduce long-term durability.
These findings highlight the importance of controlled
drying conditions to optimize the performance of
lignocellulosic fibers for practical applications.
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Figure 7 SEM micrographs of the LA fibers under different drying conditions (control, 40 - 80 °C).

Conclusions

This study provides a  comprehensive
understanding of the interrelationship between moisture
sorption behavior, drying kinetics, and structural—

mechanical evolution of Lepironia articulata fiber
under controlled hot-air drying conditions. The
Modified GAB model demonstrated superior predictive
capability for equilibrium moisture content across a
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wide range of water activities, while the Modified Page
model effectively described drying kinetics governed by
internal moisture  diffusion. Increasing drying
temperature significantly enhanced drying efficiency;
however, it also induced complex physicochemical
transformations within the fiber structure.

Mechanical performance exhibited a non-linear
temperature dependence, reflecting the competing
effects of structural degradation and molecular
reorganization. At moderate temperatures (60 - 70 °C),
efficient moisture removal promoted structural
consolidation and maintained mechanical integrity. In
contrast, higher temperatures (> 80 °C) induced
hemicellulose degradation, lignin modification, and
microstructural damage, as confirmed by FTIR and
SEM analyses. Despite these defects, tensile strength
increased at 80 °C due to enhanced -cellulose
crystallinity and microfibril alignment, indicating that
bulk mechanical behavior is governed by molecular-
level ordering rather than localized damage.

From a practical perspective, drying at
approximately 60 °C is recommended as the optimal
condition, providing a balance between drying
efficiency, structural preservation, and mechanical
performance. The integrated approach adopted in this
study—combining sorption modeling, kinetic analysis,
and multi-scale characterization—offers a robust
framework for optimizing drying processes in
lignocellulosic materials and supports the sustainable
utilization of natural fibers in engineering and industrial

applications.
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