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Abstract Pineapple Leaf Fibre (PALF), a byproduct of pineapple cultivation, offers a sustainable alternative to conventional wood-
based kraft paper and plastic-based packaging materials. However, balancing the tensile strength and flexibility for improved
mechanical properties remains a challenge. This study investigates the integration of Gum Arabic (GA) into PALF-based Kraft
Paper to optimize its tensile strength and flexibility. The effects of chemical treatments on pulp yield, chemical composition, and
mechanical performance were analyzed. The results indicated that the incorporation of Gum Arabic significantly improved the
mechanical properties of kraft paper, with the best tensile strength of 16.21N/mm? + 4.95N/mm? observed for GA-integrated paper
at 50% GA concentration, surpassing conventional wood-based kraft paper in flexibility and strength. Grey Relational Analysis
(GRA) was used to optimize multi-response parameters, yielding optimal tensile strength and flexibility values of 22.82 N/mm?
and 2.33%, respectively. Comparative analysis shows that Gum Arabic integrated Pineapple Leaf Fibre-Based Kraft Paper
possesses enhanced structural integrity. These findings accentuate the potential of PALF as a green alternative in Kraft paper
production, offering a sustainable solution for packaging applications.
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plastic-based packaging materials, an alternative,

" delv Kk for 1 b ferred sustainable raw materials for kraft paper production have
Kraft Paper, widely known for its strength, is a preferre been researched. Among these alternatives, natural fibres,

choice for cushioning and protecting items in packaging ;. 4. g jute, flax, sisal, hemp and pineapple leaf fibre
applications. Traditionally, Kraft paper is produced from (PALF), have gained prominence due to their
wood pulp or recycled paper sources [1], [2]. With the renewability,  biodegradability, —and  mechanical
increasing environmental concerns such as depletion of performance [3], [4]. PALF, in particular, stands out due
natural resources, deforestation, and pollution from . 3 ghtw eig,ht high éellulose con’tent and good
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mechanical properties, making it a viable alternative to
the conventional pulp for kraft paper production [5], [6],
[7]. The surge in global industrialization has significantly
increased the demand for paper, particularly for
packaging, which accounts for over 41% of global paper
consumption [8], [9]. The Food and Agriculture
Organization (FAO) of the United Nations, projected that
paper consumption would reach 500 million tons by
2025, with an annual growth rate of 1.6% [9], [10]. This
rising demand has intensified deforestation and led to
increased research efforts to identify non-wood fibre
sources for sustainable paper production. PALF has
emerged as a potential alternative, addressing both the
need for sustainable pulp sources and the environmental
challenges associated with the disposal of agro-waste [2],
[10]. Given that pineapple cultivation generates large
quantities of byproducts, with global pineapple
production estimated at 31 million tons by 2028, the
availability of PALF is abundant for commercial
applications [7], [11]. However, most pineapple leaves
are discarded, burned or composted, contributing to
environmental pollution and inappropriate disposal of
waste [12], [13]. Converting PALF into a value-added
material such as kraft paper presents a dual advantage of
waste reduction while offering a renewable raw material
for the paper industry.

Previous research has demonstrated the potential of
PALF as a raw material for kraft paper production [14],
[15], [16]. PALF’s high cellulose content approximated at
66.2% and a low lignin content estimated at 4.2%
contributes to its tensile strength, tear resistance, and
durability [14]. Additionally, the strong hydrogen
bonding capability of PALF enhances paper formation,
resulting in improved structural integrity [12], [17].
However, challenges remain in optimizing PALF-based
kraft paper to achieve a balance between its tensile
strength and flexibility. Processing conditions, such as
chemical treatments, fibre beating, and the integration of
additives, significantly influence the mechanical
properties of PALF-based kraft paper. Among these
properties, tensile strength, a key quality indicator,
requires optimization. Although alkaline treatments
increase fibre crystallinity and bonding, the role of
natural additives like Gum Arabic in improving both
strength and flexibility remains underexplored. This
study addresses that gap by integrating Gum Arabic with
alkali-treated PALF and analyzing its influence on tensile
strength and flexibility. Grey Relational Analysis is
employed to identify optimal processing conditions.
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Studies have explored different pulping techniques,
including soda and organosolv methods, to enhance the
dry yield and mechanical properties of PALF [9], [13],
[18]. Furthermore, alkaline treatments have been found
to increase the crystallinity of PALF and improve tensile
strength by modifying its structural properties [6], [19].

Pineapple leaf fibre (PALF) exhibits a high cellulose
content ranging from 70% to 82% [20] and a low
microfibrillar angle, which enhances the tensile strength
of fibre-reinforced composites. However, increasing the
fibre content in composites reduces the tensile strength
due to the decreased polymer matrix, which plays a
critical role in surface bonding. Lower polymer content
results in inadequate surface coverage, weakening the
bonding interface [21], [22]. Alkali-treated fibres
demonstrate improved tensile strength by removing
hemicellulose from the fibre surface and enhancing the
fibre-matrix interface [21]. NaOH treatment effectively
eliminates lignin and hemicellulose, exposing hydroxyl
groups that facilitate stringer fibre bonding [20], [23].

To further improve the mechanical properties of PALF-
based kraft paper, researchers have investigated the role
of natural additives. Gum Arabic, a biopolymer known
for its adhesive and film-forming properties, enhances
fibre bonding, thereby increasing the tensile strength and
durability of paper products [12], [18], [24]. Additionally,
beating time plays a vital role in the fibrillation of fibre
which promotes better interlocking and cohesion of the
fibre in paper formation [13], [25], [26].

Gum Arabic serves as a natural binder, enhancing fibre
bonding, tear resistance, and flexibility, thereby forming
a more durable paper structure. Siregar et al. examined
the physical properties of short pineapple leaf fibre
(SPALF)-reinforced high-impact polystyrene (HIPS)
composites and used the additive concentrations similar
to those in this study (10%-50%) to enhance the
properties of (HIPS) composites [27]. The integration of
PALF, NaOH treatment and Gum Arabic further
strengthens kraft paper, making it sustainable for
packaging applications. Additionally, refining through
beating time enhances fibre-to-fibre bonding, increasing
the surface area and flexibility of the paper. Studies have
shown that increasing beating time results in greater fibre
fibrillation, significantly improving paper strength and
flexibility [28].

The concentration of NaOH plays a critical role in the
delignification process, as it affects the structural
integrity of fibres, while higher NaOH charges facilitate
lignin removal, excessive concentration can lead to the
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degradation of cellulose and ultimately reduce the
mechanical strength of fibres. Gaba et al., investigated the
impact of NaOH concentrations on PALF, using alkali
charges that ranged from 1% to 9% [6]. Similarly, earlier
research studied the effects of the concentrations of
NaOH at 2%, 4%, and 6%, which revealed that 6% NaOH
treated fibres exhibited a surface free from impurities
[27], [29], [30].

Another crucial parameter is the alkaline treatment is
cooking temperature, as it accelerates the delignification
process. However, excessive heat can also degrade
cellulose. Wutisatwongkul et al. [15] studied the effects
of varying cooking temperatures on PALF within a
temperature range of 90°C to 130°C. Additionally, the
initial stage of delignification of non-wood fibres,
typically occurs at temperatures below 140°C, with the
main lignin removal phase occurring between 140°C and
170°C [31]. Daud et al. investigated pulping at 170°C and
reported that it resulted in a higher pulp yield [10].

Cooking time further influences the breakdown of
lignin and hemicellulose, but prolonged treatment can
weaken the strength of the fibres. Cheirmakani et al.
treated PALF with 5% NaOH for hours [21], while
Munthoub et al. studied different cooking times ranging
from 30 to 180 minutes and reported that the 90 minutes
treatment yielded the best fibre quality [9].

Despite these advancements, limited research has
explored the combined effects of processing conditions,
including the integration of Gum Arabic on the
mechanical properties of PALF-based kraft paper. This
study aims to analyze the mechanical properties of a Gum
Arabic-integrated = PALF-based kraft paper by
systematically evaluating the effects of the processing
conditions its tensile strength and flexibility. By
optimizing the process parameters, this research seeks to
develop a high-quality, sustainable kraft paper suitable
for eco-friendly packaging applications in industries such
as logistics, food and consumer goods [19]. Through
methodological and experimental approach, the study
aims to establish the optimal conditions for producing
kraft paper with superior mechanical properties to
reinforce the potential of PALF as an alternative raw
material for sustainable packaging solutions.

2. Methodology

2.1. Material Preparation

Mature pineapple leaves of the same variety were
obtained as agrarian waste from Kanyoni farms, Kiambu
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County, Kenya. The leaves were thoroughly washed in
water and chopped into small pieces, each measuring a
target size of 1 - 2 cm in length [32]. The freshly cut
leaves were then oven-dried at 115°C for 23 hours to
ensure effective moisture removal. The dried leaves were
mechanically processed using a hammer mill equipped
with a 3mm sieve, operating at 1500 rpm for 10 minutes.
The pulverized leaves were subjected to alkaline
treatment using NaOH solutions of varying
concentrations.

2.2. Alkaline Treatment

In this study, the PALF-based pulp was prepared using a
semi-mechanical treatment process in a laboratory
biodigester. The pineapple leaves were mixed with water
at a substrate-to-liquor ration of 1:10, with NaOH
concentrations (C) set at 2%, 4%, and 6% at a cooking
temperature of 140°C. The leaves were further treated
with 6% NaOH charge at varying cooking temperature
(CT) of 130°C, 140°C, and 150°C and different cooking
times (CT) of 60, 90, and 120 minutes. After treatment,
the fibres were thoroughly washed and immersed in a 1%
acetic acid solution for 20 to 30 minutes to neutralize the
residual base. The fibres were then rinsed under clean
running water to eliminate any remaining chemicals and
air-dried until the pulp was fully dried.

2.3. Kraft Paper Production

The pulp obtained from the semi-mechanical alkaline
treatment with NaOH solution was combined with Gum
Arabic as a binder during kraft paper production. Gum
Arabic concentrations of 30% and 50% by weight of pulp
were dissolved in water for 30 to 45 minutes in a water
bath heated to 95°C to accelerate dissolution. Gum
Arabic as a natural binding agent, improves fibre
bonding, enhances paper flexibility and smoothens the
surface texture [33], [34]. The dissolved Gum Arabic was
mixed with the pulp and subjected to varying beating
times (Bt) of 4, 8, and 12 minutes using a laboratory
disintegrator or blender at a rotation speed of 2,840 rpm.
The beaten pulp was then used to form paper sheets with
a hand paper-making mould. The sheets were air-dried,
removed from the mould, and pressed using a slip rolling
machine at 80°C and 80 psi for 3 seconds. The paper
samples were conditioned at 23°C and 50% relative
humidity before undergoing tensile strength testing in
accordance with ISO 187:1990 and ISO 1924-2
standards.
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Figure 1 presents the process flow chart of kraft paper
production from pineapple leaf fibre

PALF Preparation

Cut intol1-2cm, oven-dried
at 115°C for 23 hrs

Pulvurized (1500 rpm, 10
mins, 3mm sieve)

Alkaline Treatment
C (2%, 4%, 6%)
CT (130°C, 140°C, 150°C)
Ct (60, 90, 120) mins

Pulp Production

GA dissolved at 95°C for 30-
45 mins

GA Mixed (30%, 50%)

Beaten at 2840 rpm for (4, 8,
12) mins

Pressing of Sheets

Conditioned (80°C,
80psi, 3s)

Air-drying of Sheets
48 hrs

Fig. 1. Process flow chart for PALF-Based kraft paper production

2.4. Characterization of Pulp and Kraft Paper

2.4.1.Pulp Yield

The pulp yield serves as an indicator of the efficiency of
the NaOH concentration, cooking time and temperature
used. The weight of pulp was taken after every 24 hours
for three days until the pulp was completely dried. The
average of the three weights was taken and the pulp yield
was calculated as a percentage of the initial mass of raw
pineapple leaves, using the equation shown in (1):

Wy
PY (%) = 3 % 100

1

1)

Where Wy = Weight of Dried Pulp and W; =
Initial Weight of Raw Leaves

2.4.2.FTIR Analysis
Fourier Transform Infrared Spectroscopy (FTIR)
Analysis was performed using a Bruker ALPHA FTIR
spectrometer (Laser Class 1, 24V, 2.0A, Made in
Germany). The analysis was carried out in the range of
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‘ Testing of Paper
Mechanical Properties

Conditioned (23°C, 50% RH)

‘ Tensile Strength, Flexibility
C

Analysis of Test Results

Sheet Formation
Pulp -Ligor ratio, 1:100

4000—400 cm™ with a resolution of 4 cm™ to identify
chemical modifications, particularly the removal of
lignin and the preservation of cellulose in PALF samples
before and after NaOH treatment [35], [36].

2.4.3. Tensile Strength and flexibility

The tensile strength and flexibility of the kraft paper
samples were tested using a Shimadzu Autograph AGS-
X Series Universal Testing Machine with 10kN capacity,
1/500 precision, 20—200 mm support range and operated
at a test speed of up to 1600 mm/min. The tensile strength
tests were conducted in compliance with (ISO 187:1990
and ISO 1924-2) standards. The maximum strain
recorded over the entire area during the tensile strength
test, expressed as a percentage corresponds to the tensile
strain at break. This value indicates the total elongation
of the kraft paper just before failure and serves as a
measure of its flexibility. A higher tensile strain at break
suggests greater extensibility without tearing, signifying
improved flexibility of the kraft paper.
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2.5. Optimization of the Processing Conditions for
PALF-based Kraft Paper

Grey Relational Analysis (GRA) was used to analyze
multi-response optimization. The first stage of GRA
involved experimental design using Taguchi analysis
technique in Minitab 19 statistical software. The larger-
the-better characteristics were used to calculate the
signal-to-noise ratio as shown in (2).

smz—lolog%[z 1) )

i=1y2
i=1 X

Where, x = Responses of given process-parameter level

combination and n = number of experimental samples.

n

The normalized Grey Relational Generation for larger-
the-better attributes is expressed in (3) for S/N ratio
values ranging between 0 and 1 [37], [38].

Xij —ﬁ

X

GRG =

3)
Where, x;jis the individual response value and X; = max

{xi,1=1, 2, ..., m} and x;= min{x;j, i= 1,2, ..., m}.

The Grey Relational coefficient (GRC) was subsequently
calculated using (4)

Amin + ﬂ“Amax

Ay +AA
(i=1,2,...,mand j=1,2,...,n)
Where Ajj= x¢; — x;; while Amin = min (0) and Amax = max
(1). A is the distinguishing coefficient, S€ [0, 1].

GRC= 4)

Distinguishing coefficient (1) is used to expand or
compress the range of the GRC and 0.5 is the accepted
value [39]. The grey relational grades were obtained
using (5).

Individual GRC
Grade =

Number of responses

(5)

The GRA was used to determine the optimal processing
conditions for the PALF-Based Kraft Paper.

3. Results and Discussion

3.1. Pulp Yield of PALF

Table I presents the pulp yields of PALF, as influenced by
the varying concentration of NaOH, cooking time and
temperature. During the pulping process, NaOH breaks
ether and glycosidic bonds separating chains of lignin

carbohydrates to  remove lignin, hydrolyzes
hemicellulose, and causes cellulose fibres to swell, which
improves fibre bonding [23].

Overexposure of fibres to high cooking temperatures
and alkali concentrations will however lead to
depolymerization of cellulose which further reduce pulp
yield and fibre strength [9]. Higher NaOH charge, and
longer cooking time produced very low pulp yields
suggesting cellulose degradation which was also reported
by Munthoub et al. [9]. However, lower levels of cooking
time and NaOH concentration produced a higher pulp
yield, which may suggest a possible incomplete removal
of lignin [40].

The empirical regression equation in (6) confirms that
cooking time had the greatest influence on pulp yield.
However, the use of only three cooking time levels may
not fully capture nonlinear interactions. Future studies
could explore broader or more granular time ranges to
better understand the response behavior and optimize
yield outcomes.

Table 1. Pulp Yield (%) under varying process parameters:
Cooking Temperature (CT), Cooking Time (Ct), and NaOH
Concentration (C)

CT (°O) Ct (min) C (%) PY (%)
Varying NaOH Concentration
140 120 2 25.14
140 120 4 14.12
140 120 6 14.02
Varying Cooking temperature
130 120 6 14.25
140 120 6 14.02
150 120 6 14.76
Varying Cooking Time
140 60 6 22.87
140 90 6 17.71
140 120 6 14.02
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—PY(%)~%% = —0.518 + 0.00315 CT (°C)
— 0.000906 Ct (mins)
— 0.01326 C (%)

(6)

The empirical regression equation for the pulp yield of
PALF shown in (6), was obtained using an interactive
analysis with Minitab 19 on the experimental data of pulp
yield. The analysis indicates that cooking time has more
influence on maximizing pulp yield, followed by cooking
temperature with NaOH concentration having the least
effect. Increasing the cooking temperature increases pulp
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yield while increasing the cooking time and alkali charge
(NaOH concentration), decreases the yield of pulp yield.
The highest pulp yield (25.14%) was observed at the
lowest NaOH concentration (2%) and longest cooking
time. While it is economical to maximize pulp yield,
higher yields suggest inadequate removal of lignin which
makes paper brittle and affects the paper value [40].
Lower yields suggest over exposure of cellulose and
harsh alkali treatment which may damage cellulose
structure and interfere with the quality of the resulting
kraft paper. The pulp yield is critical because it reflects
the efficiency of fibre recovery and impacts kraft paper
quality. Low yields may imply over-processing and
cellulose damage, while high yields may indicate
incomplete lignin removal. A balanced yield range of 17—
23% was found optimal in this study for maintaining fibre
integrity and paper strength.

3.2. FTIR Analysis of PALF

Figure 2 presents the FTIR spectra for untreated and
NaOH-treated PALF at varying concentrations,
emphasizing the structural transformations induced by
the alkaline treatment.
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In the untreated PALF, a peak at 1102.87 cm™
corresponds to the C—C stretching vibrations,
characteristic of both cellulose and hemicellulose [26].
After treatment with 2% NaOH, this peak sharpens,
indicating partial removal of hemicellulose and greater
exposure of cellulose. With 4% and 6% NaOH treatment,
the peak becomes even more pronounced at 1057.68 cm™
and 1027.27 cm'respectively, suggesting further
removal of hemicellulose and increased cellulose
retention.

Regarding O—H stretching, the untreated PALF
exhibits a broad peak at 3436.97 cm™, which sharpens at
3412.82 cm™ after 2% NaOH treatment, reflecting
enhanced cellulose exposure, [26], [32], [41]. This peak
further shifts to 3325.86 cm™ with 4% NaOH treatment,
indicating a more efficient removal of non-cellulosic
components. However, excessive NaOH concentrations
may degrade the cellulose structure and affect the
integrity of the fibre.

These findings confirm the effectiveness of alkaline
treatment in modifying the chemical composition of
PALF, improving fibre bonding potential for kraft paper
production.
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Fig. 2. FTIR Spectra of (a) Untreated PALF and treated PALFs at (b) 2% NaOH, (c) 4% NaOH) and (d) 6% NaOH

3.3. Tensile Strength and Flexibility Analysis of
PALF-Based Kraft Paper
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Figure 3 presents a force-displacement curve for PALF-
based kraft paper. The graph shows a linear increase in
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force with displacement until failure, with a peak tensile
strength near 17 N/mm?. The initial displacement at zero
force observed in Fig. 3 is attributed to the alignment and
settling of the sample within the grips of the tensile
testing machine before load application. This is not

specific to the PALF-based kraft paper but is a common
occurrence in tensile tests, especially with flexible or
fibrous materials.

Force - Displacement Graph

120
100
80
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40

Force (N)

20

0

0.00
-20

1.00 2.00 3.00

4.00

e Force (N)

5.00 6.00

Displacement (mm)

Fig. 3. Tensile Strength Test Curve of a PALF-based kraft paper

Table II. The effect of varying Gum Arabic concentrations (GAC) on tensile strength and flexibility

TS (N/mm?) F (%)
o

GAC (%) Mean + SD Mean + SD
0 17.03 £4.54 2.604 + 0.650

30 15.16 £5.93 2.41+0.64
50 16.21 £4.95 2.805 +1.284

Table III. Comparison PALF-based, Gum Arabic-integrated and conventional kraft papers
Kraft Paper Tensile Strength (N/mm?) Flexibility (%)

Mean + SD Mean = SD
PALF-based 17.03 £4.54 2.604 + 0.650
GA-integrated 15.83 £5.22 2.643 £ 1.087
Conventional 7.03 +£2.33 1.691 £ 0.791

These results indicate that the incorporation of Gum
Arabic can enhance the flexibility of PALF-based kraft
paper, but excessive concentrations weaken its tensile
strength as shown in Table II. The high standard deviation
values in Tables I and III resulted from variations in fibre
dispersion, manual inconsistencies during sheet
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formation, and potential uneven distribution of Gum
Arabic. These factors can affect bonding and uniformity,
leading to fluctuations in tensile strength. The process
parameters, cooking temperature of (130-150) °C,
cooking time of (90 - 120) minutes, NaOH concentration
of (2 - 6)%, beating time of (4 - 12) minutes, and Gum
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Arabic concentration of (30 -50)% were used to achieve
the reported mechanical properties in Tables II and III.

The tensile strength and flexibility results indicate that
the Gum Arabic-integrated PALF-based kraft paper
demonstrated  superior mechanical  performance
compared to papers derived from other non-wood fibres,
as studied by Adutwum et al. [42]. Specifically, the
tensile strength values reported by Adutwum et al. for
Corn Husk, Pineapple Crown and Plantain Stalk, are
(25.675, 21.05 and 23.625) kN/m2 respectively [42]. The
best tensile strength of 16.21N/mm? + 4.95N/mm? was
observed for GA-integrated paper at 50% GAC as
presented in Table III. Although flexibility improved
slightly with more Gum Arabic, tensile strength showed
marginal reduction, suggesting a trade-off at higher GAC.
Comparison with Adutwum et al. [42]and Cheirmakani et
al. [21] shows that the samples in this study fall within
the reported tensile strength range of 13.64 - 25.10 MPa.
However, unlike prior studies, this research combines
beating time, Gum Arabic concentration, and alkaline
treatment for optimization.

The conventional kraft paper sample had a tensile
strength of 7.03N/mm? + 2.33 N/mm? which is
significantly lower than the PALF-based variants. These
findings demonstrate the strength advantage of the
developed bio-based paper and highlight its potential as a
viable alternative for sustainable packaging applications.

The empirical regression equation for the tensile
strength of PALF-based kraft as shown in (7), was
derived using an interactive analysis with Minitab 19 on
the experimental data presented in Table II. The analysis
reveals that NaOH concentration has the most significant
effect on the tensile strength of PALF-based kraft paper,
followed by cooking temperature, beating time, cooking
time and Gum Arabic concentration respectively.

—TS (N/mm?) ~%5
= 0.264 — 0.00354 CT (°C)
— 0.000077 Ct (mins)
—0.00789 C (%)
+ 0.00272 Bt (mins)
—0.000146 GAC (%)

(7)

Optimizing tensile strength requires a controlled
balance of the processing conditions. Specifically,
reducing the cooking temperature and Gum Arabic
concentration while maintaining a moderate NaOH
concentration and increasing cooking and beating times
significantly maximized the tensile strength of the kraft
paper. This aligns with previous studies, which reported
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that NaOH treatment under similar conditions improved
the tensile strength of PALF by 18-53% [6], [30].
Furthermore, the observed increase in tensile strength
with extended beating time confirms findings that
prolonged beating enhances fibre fibrillation, improving
inter-fibre bonding and overall paper strength [13], [25].

Equation (8) presents empirical regression equation
derived from an interactive analysis for flexibility of
PALF-based kraft paper. The analysis indicates that
cooking temperature has the most significant impact on
the flexibility of PALF-based kraft paper, followed by
beating time, NaOH concentration, and cooking time,
while Gum Arabic concentration has the least influence.

F (%)% = 1.15 — 0.00294 CT (°C)
+ 0.00471 Ct (mins)
+ 0.0617 C (%)
+ 0.0077 Bt (mins)
— 0.00009 GAC (%)

(8)

A notable improvement in flexibility was observed
when the cooking temperature was reduced, a moderate
NaOH concentration was maintained and both the Gum
Arabic concentration, cooking time and beating time
were increased. Although Gum Arabic enhances paper
flexibility, excessive concentrations can negatively affect
its tensile strength. Therefore, an optimal Gum Arabic
concentration is desired to achieve a balance between the
tensile strength and flexibility in PALF-based kraft paper.

Contour Plot of TS (N/mm2) vs CT (°C), GAC (%)

TS
(N/mm2)
™~ < 100
M 100 -
W 125 -
150 -
175 -
W 200 - 225

W 225 - 250
[ > 250

15
15.0
175
200

135

130
[ 20 30

GAC (%)

40

Fig. 4. Contour Plots showing tensile strength of PALF paper
at different factor levels

The contour plot for the tensile strength of PALF-based
kraft paper under varying processing conditions as
illustrated in Fig. 4 reveal that, Gum Arabic
Concentrations (GAC) across lower temperatures,
achieved higher tensile strength values between (20 to
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25) N/mm?. This suggests that the incorporation of Gum
Arabic improved fibre bonding, contributing to enhanced
paper strength.

Contour Plot of F (%) vs CT (°C), GAC (%)

GAC (%)

Fig. 5. Contour Plots showing flexibility of PALF- paper at
different parameter levels

The contour plot for flexibility of PALF-based kraft
paper presented in Fig. 5 shows a uniform distribution,
with flexibility consistently exceeding 4% across the
tested temperature range at moderate levels of Gum
Arabic. This confirms that Gum Arabic Concentrations
significantly improved the flexibility of PALF-based
kraft paper, further reinforcing its role in enhancing the
mechanical properties of the kraft paper.

Figure 6 shows the physical appearance of the PALF-
based kraft paper samples produced during the
experimental pulping process. These samples represent
the typical outcome of the kraft paper developed using
pineapple leaf fibres under various process conditions
examined in this study.

e

Fig. 6. Samples of the resulting Gum Arabic integrated
PALF-based kraft paper
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3.4. Grey Relational Analysis of Experimental
Results

The Grey Relational Analysis (GRA) derived from (2) to
(5) identified optimal processing conditions based on the
Grey Relational grades as reported in Table I'V.

3.4.1.Main Effect Plots for Grey Relational
Analysis
The main effect plots for GRA shown in Fig. 7 specified
the optimal factor levels of the experimental process.
These plots were obtained using the grey relational
grades shown in Table IV.

By substituting the optimal process parameters into
Equation (7), the corresponding tensile strength value is
obtained as 22.82 N/mm?

Substituting the optimal process parameters into
Equation (8) yields a flexibility value of 2.33%.

As illustrated in Fig. 7, the multi-response optimization
process identified the optimal processing parameters for
producing PALF-based kraft paper. The optimal
conditions are cooking temperature of 130°C, cooking
time of 90 minutes, a NaOH concentration of 4%, a
beating time of 12 minutes and a Gum Arabic
Concentration of 50%. Substituting these values into the
empirical regression models shown in (7) and (8),
resulted in predicted values of 22.82 N/mm? for tensile
strength and 2.33% flexibility. These results demonstrate
competitive mechanical properties compared to the
conventional kraft paper and align with the tensile
strength range of PALF composites reported by
Cheirmakani et al. which varied between 13.64 MPa and
25.10 MPa [21].
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Table IV. Grey Relational Grades for different combinations of processing parameters showing their influence on the overall
performance of PALF-based kraft paper

Factor Level CT (°C) Ct (mins) C (%) Bt (mins) GAC (%)
Level 1 0.7115 0.5012 0.5508 0.4179 0.5893
Level 2 0.5637 0.5514 0.7718 0.5085 0.5433
Level 3 0.3423 0.4343 0.5639 0.5943 0.5916
075 . 056 ——— 080 ——— 065 —— 0.60 -
0.70 - 0.54 - 0.59 -
0.75 1 060 & 0.58 -
0.65 - 057 -
» 0.57 -
80.60 - 0.70 -
5 0.50 1 0.55 - 0.56 -
=055 -
> 0.48 - 0.65 - 0.55 -
©0.50 -
§ 0.46 A 0.50 - 0.54 -
S0.45 - 0.60 -
0.53 -
| 0.44 -
0.40 0.45 - 0.52 -
0.55 -
0.35 - 0.42 - 051 4
030 — 040 - 050 -——— 0.40 - 050 -———
130 140 150 60 90 120 2 4 6 4 8 1_2 0 30 50
T (°) Ct (mins) C (%) Bt (mins) GAC (%)
(2) (b) (©) (d) (e)

Fig. 7. Main effect plots showing the influence of (a) cooking temperature, (b) cooking time, (¢) NaOH concentration, (d) beating
time (Bt), and (e) Gum Arabic Concentration on the mechanical properties of PALF-Based Kraft Paper.

4. Conclusion showed that NaOH concentration and cooking

This study investigated the mechanical properties of Gum ~ temperature had the greatest impact on tensile strength,
Arabic-integrated pineapple leaf fibre (PALF)-based  While cooking temperature and beating time improved
kraft paper, focusing on the effects of processing flexibility.

parameters such as NaOH concentration, cooking The optimal processing conditions were cooking
temperature and time, Gum Arabic concentration and  temperature of 130°C, cooking time of 90 minutes,
beating time. The results revealed that the incorporation =~ NaOH concentration of 4%, beating time of 12 minutes,
of Gum Arabic as a natural binder significantly enhanced ~ and 50% Gum Arabic concentration. These conditions
fibre bonding, tensile strength, and flexibility, making  resulted in kraft paper with tensile strength of 22.82
PALF-based kraft paper a viable alternative to  N/mm’ and flexibility of 2.33%, based on regression
conventional wood-based kraft paper. analysis.

FTIR analysis confirmed that NaOH treatment The contour plots further confirmed that moderate
effectively removed lignin and hemicellulose, exposing ~ Gum Arabic concentrations significantly enhanced
cellulose for improved fibre bonding. The empirical ~ flexibility of the kraft paper, while excessive amounts
regression models for tensile strength and flexibility — reduced its tensile strength. Multi-response optimization
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showed that maintaining a balance between fibre
treatment, binding agent and processing conditions is
critical for achieving high-quality kraft paper.

This study demonstrates that PALF, when processed
under optimal conditions and reinforced with Gum
Arabic, results in a kraft paper with good mechanical
properties suitable for packaging applications. This
research contributes to the growing interest in eco-
friendly alternatives to wood-based paper and promotes
the value of addition to agrarian waste for industrial
applications.
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