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Development of bio-based cooking oil-absorbing paper from rice straw fiber,

kaffir lime (Citrus hystrix DC) fiber, and cassava starch (Cultivar 81)
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Abstract

This study focused on the development of oil-absorbing paper from bio-based materials using rice straw fiber (RF),
kaffir lime fiber (KF), and cassava starch (Cultivar 81) as the main components. The effects of KF incorporation at different
proportions (0, 10, 30 and 50% by weight of rice straw) were investigated to evaluate the chemical, physical, mechanical,
antimicrobial, and biodegradability properties. All samples were analyzed using FTIR spectroscopy to examine their chemical
structures. The results showed a noticeable decrease in signals corresponding to hemicellulose and lignin after alkaline treatment,
while the cellulose structure remained evident. Based on the analysis of physical and mechanical properties and oil-absorbing
performance, the sample containing 30% KF exhibited the most balanced and optimal performance. This sample showed
enhanced oil absorption, high porosity, suitable thickness, and a fibrous structure that facilitated efficient oil uptake, making it
particularly suitable for food applications. Furthermore, the inclusion of KF effectively inhibited the growth of Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus), with the inhibition zone diameter increasing proportionally with KF content. However,
a higher KF content slightly reduced the biodegradation rate, likely due to its antimicrobial properties that suppressed microbial
activity in the soil. Overall, incorporating KF into rice straw-based paper significantly improved its oil absorption capacity, mechanical
and hydrophobic properties, and antimicrobial activity, without compromising biodegradability. These characteristics highlight its
promise as an environmentally sustainable material for oil-absorbing and packaging applications.
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Introduction

In recent years, consumers have become increasingly concerned about health and nutrition, particularly
with regard to the consumption of deep-fried foods, which typically contain excessive amounts of residual oil.
This excess oil has been associated with various long-term health issues (Ferdian et al., 2023). Consequently,
the development of efficient oil-absorbing materials for fried foods has emerged as a promising strategy to promote
healthier food products and meet the demands of health-conscious consumers (Ferdian et al., 2023; Zhang et al.,
2023). Currently, most commercially available oil-absorbent paper is produced from hardwood pulp. The use of
wood as a primary raw material directly contributes to environmental degradation, as the trees required for paper
production have long growth cycles and the harvesting process accelerates deforestation (Yimlamai et al., 2024).
Global trends toward sustainable development have encouraged the utilization of natural, renewable, and
biodegradable raw materials, particularly plant-based fibers, which play a significant role in modern paper production
(Yimlamai et al., 2024). Agricultural waste materials such as loofah fiber (Xing et al., 2024), maize stalk fibers
(Risa & Wolla, 2025), water hyacinth (Wichianphong & Maison, 2020; Wembe et al., 2023), pineapple leaves
(Bakti et al., 2025), banana fiber (Chattaviriya et al., 2022), corn husk, and sugarcane bagasse fiber (Bhardwaj
et al., 2023) have received growing attention as alternative fiber sources to wood pulp due to their abundance,
low cost, and environmental friendliness.

Previous studies (Wang et al., 2022; Boonmahitthisud et al., 2023) have indicated that oil-absorbing
paper materials are typically evaluated based on their oil absorption capacity, porosity, the balance between
hydrophobicity and water permeability, and surface roughness, all of which directly affect the dynamics of oil
retention and absorption. However, research on developing bio-based oil-absorbing paper that combines
natural antimicrobial properties while maintaining biodegradability remains limited. Moreover, there is a lack of
data on the optimal proportion of natural binders or reinforcing phases that can enhance the paper’s absorption
efficiency and mechanical strength.

The Mahasorn community, located in Ban Mi District, Lopburi Province, is rich in agricultural resources,
including medicinal and aromatic plants such as kaffir lime (Citrus hystrix DC). Juice extraction generates
substantial residues of peel and fibrous components, with the peel containing oil glands rich in bioactive compounds,
including B-pinene, citronellal, and terpinen-4-ol, which exhibit antimicrobial properties (Abirami et al., 2014;
Budiarto et al., 2024). However, the limited fiber content of kaffir lime residues alone is insufficient for paper formation,
resulting in low mechanical strength. To address this, additional plant-based fibers such as rice straw—an abundant
by-product of local rice cultivation, typically used as animal feed or fertilizer, can be incorporated to enhance
the fiber content for value-added applications. Rice straw (RS) is a holocellulose-rich (cellulose+hemicellulose)
lignocellulose waste (Malik et al., 2023) composed of cellulose (40-50%), hemicellulose (25-35%), and lignin
(15-20%) (Serrano-Martinez et al., 2024). Various applications of rice straw (RS) have been proposed, including
the extraction of bioactive compounds (Hillscher et al., 2024), biodiesel synthesis (Sahu, 2021), and paper

production (Nagpal et al., 2021; Hillscher et al., 2024). Therefore, the management of agricultural waste, particularly
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rice straw, is urgently needed to address the ongoing issue of open-field burning. Paper has great potential to
be produced from non-wood lignocellulosic biomass. Additionally, the strength properties of paper need to be
improved to meet market demands. In this context, our approach involves adding dry strength additives, such
as starch (CS) and carboxymethyl cellulose (CMC), to the cellulosic pulp to improve its strength and surface
properties (Islam et al., 2024). Nevertheless, starch is a more suitable bio-additive for hand sheet packaging
paper, offering improved surface and mechanical properties. To address strength limitations, a natural binder
such as cassava starch (Cultivar 81) is incorporated. This starch is locally available, cost-effective, and composed
of key constituents, including amylose (17-24%) and amylopectin (76-83%) (Das et al., 2024), which provide
adhesive properties that enhance the mechanical integrity of the final paper product. Bamisaye & Rapheal (2023)
investigated the effect of cassava starch binder type on the properties of briquettes produced from NaOH-treated
banana leaves. The study found that briquettes using cassava starch as a binder exhibited superior quality and
improved physicochemical properties compared to those using other types of binders.

Therefore, the objectives of this study were clearly defined as follows: (1) to develop bio-based oil-absorbing
paper using rice straw fiber, kaffir lime fiber, and cassava starch (Cultivar 81) as the main components; (2) to evaluate
the effect of varying kaffir lime content on the physical, mechanical, and oil-absorbing properties of the paper;
and (3) to examine the antimicrobial and biodegradability performance to ensure functionality and environmental
compatibility. The physical properties assessed included thickness, water activity (a, ), color values, water solubility,
water absorption, oil absorption, and vertical oil absorption. Chemical characteristics were examined using
Fourier-transform infrared spectroscopy (FTIR), and mechanical properties were evaluated through puncture
resistance and shear strength tests. Additionally, the antimicrobial activity of the samples and the biodegradability

of the oil-absorbent paper were investigated to assess their suitability as environmentally friendly materials.

Methodology
1. Materials
Cassava tubers (Cultivar 81) with uniform size and shape, kaffir lime residues from juice extraction,
and rice straw were sourced from the Mahasorn community, Ban Mi District, Lopburi Province, Thailand. All
reagents and chemicals, including sodium hydroxide (NaOH) and hydrogen peroxide (H,0,, 50%v/v), were of
technical grade. Staphylococcus aureus (TISTR 51) and Escherichia coli (TISTR 887) were employed as test
organisms. These bacteria were cultured on Muller-Hinton agar (Merck, Germany).
2. Preparation of kaffir lime fiber (KF)
Kaffir lime residues were first washed thoroughly and then dried in a hot air oven at 60°C for 24h.
The dried residues were subsequently ground and sieved to obtain a fine powder with a particle size of
approximately 100-150um, which was then stored in a desiccator until further use (Ying et al., 2023).
3. Preparation of rice straw fiber (RF)

The alkali treatment procedure was adapted from the method of Harun & Geok (2016). Rice straw

was air-dried at ambient temperature for one week to reduce the moisture content to below 15%, then cut into
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pieces of approximately 3-5cm. A 500g portion of the straw was soaked in a 5% (w/v) NaOH solution at a
biomass-to-solution ratio of 1:20 (w/v) for 2h at 55°C. After soaking, the rice straw was separated from the
solution by cloth filtration and washed thoroughly with clean water until the slimy texture disappeared, indicating
the removal of residual chemicals. The cleaned fibers were soaked in a 25% v/v hydrogen peroxide solution
for 1h to facilitate bleaching and further removal of impurities. After each bleaching step, the fibers were rinsed
with distilled water and filtered to remove residual solution. Finally, the fibers were oven-dried at 60°C for at
least 24h, placed in a sealed container, and stored in a desiccator for further use (Freitas et al., 2024).
4. Preparation of cassava starch (Cultivar 81) (CS)
The method for extracting cassava starch was adapted from the procedure described by Elisabeth et al.,
(2022). Fresh cassava tubers (Cultivar 81) were selected, peeled, washed, and soaked in water for approximately
20 minutes to reduce cyanogenic compounds. The tubers were then cut into small slices (3- 5mm thick). Each
portion was blended using an electric blender until finely ground to obtain a uniform pulp. The pulp was filtered
through a muslin cloth to remove fibrous residues. The filtrate was then left to stand undisturbed, allowing the
starch to precipitate naturally. The sedimented starch was collected and washed twice with distilled water to remove
impurities. It was subsequently dried in a hot-air oven at 60°C for 24h. Finally, the dried starch was ground using
a flour mill, sieved through a 100-mesh screen, and stored in a sealed container inside a desiccator for later use.
5. Paper sheet preparation
Modified from the method described by Toro et al., (2020). Paper sheets were formed by mixing rice
straw fiber (RF), kaffir lime fiber (KF), and cassava starch (CS). The ratio of RF was kept constant at 20g for all
samples, while the KF was varied at 0% (RS-KF0), 10% (RS-KF10), 30% (RS-KF30), and 50% (RS-KF50) by
weight of rice straw. The CS was maintained at 2g for all samples as a natural binder. The mixture was diluted
with 1L of water and blended for 2min to ensure homogeneity. The resulting pulp slurry was poured into a wooden
frame mold (20x30cm) and evenly spread to form uniform sheets. The wet sheets were air-dried for 24h, then
carefully removed from the mesh to prevent damage (Figure 1). The dried paper sheets were stored in sealed
containers and kept in a desiccator before analysis. The obtained samples were subsequently compared with
commercial oil-absorbing paper, which served as the control.
6. Characterizations
FTIR
FTIR measurements were performed using an FTIR spectrometer (Perkin EImer, Spectrum 100 FTIR
System Universal, USA) equipped with a diamond-cell attenuated total reflectance (ATR) sampling accessory.
The spectra were collected as the average of at least 32 scans at a resolution of 4cm™ in the frequency range
of 4,000-400cm™ for the spectroscopic analysis of the samples.
7. Thickness
The thickness of the paper sheets was measured using a digital micrometer (Mitutoyo, Japan) at five

random positions, and the average value was reported in millimeters (mm).
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Figure 1 Representative schematic of the production of oil-absorbing paper from rice straw fiber (RF),

kaffir lime fiber (KF), and cassava starch (Cultivar 81).

8. Water activity (a,)

The water activity (a,) of the paper samples was directly measured at room temperature using a water
activity meter (Aqualab 4TE, USA) to determine the moisture availability and assess the potential for microbial
growth. Each sample was analyzed in triplicate, and the mean value was reported. According to general guidelines,
samples with a, values above 0.8 are considered susceptible to microbial growth (Sun et al., 2023).

9. Color properties

The color properties (L*, a,andb values) of the film samples were measured using a colorimeter
(Color-Flex EZ, HunterlLab, Thailand) based on the CIELAB color system. The lightness value (L") varies from
0, representing black, to 100, representing white. The a axis indicates color from green (—a‘) to red (+a'), while
the b axis represents color from blue (-b) to yellow (+b") (Kirillova et al., 2015). The film samples were cut into
pieces of 1.50x1.50cm, and color measurements were taken at three different positions per sheet. Three
replicate sheets were analyzed for each sample, and the mean values were reported.

10. Water solubility (WS)

WS (%) was determined using a modified method based on Paudel et al., (2022). Film samples were
cutinto squares of 2x2cm. The initial dry weight (W) of each sample was recorded. The samples were then immersed
in distilled water at 25°C and shaken using a mechanical shaker for 1h. After immersion, the remaining solid
samples were dried in a hot air oven at 105°C for 1h and then weighed again (W,). The test was performed in

triplicate, and the water solubility percentage was calculated using Equation (1) (Paudel et al., 2022).

WS(%) = % x 100 1)
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11. Water absorption (WA)
WA (%) was measured using a modified method based on Zaafarani et al., (2024). Film samples
were cut into 2.0x2.0cm pieces. Before testing, the initial weight and dimensions of each sample were recorded (W,).
The samples were then immersed in 100mL of distilled water at 25°C for 1h. After immersion, the new weight
of the water-absorbed samples was recorded (W, ). The test was performed in triplicate, and the percentage

of water absorption was calculated using Equation (2) (Zaafarani et al., 2024).

WA(%) = W x 100 @)
d

12. Vertical oil absorption
Oil absorption was measured using a modified method based on Barthlott et al., (2020). The vertical
oil absorption test was carried out to evaluate the oil uptake capacity of the samples under gravity-driven conditions.
Three types of oil with different viscosities, namely lard, palm oil, and soybean oil, were selected for the test,
representing commonly used oils relevant to practical applications. The samples were cut into standard
rectangular sizes (2 x5cm) and suspended vertically with the bottom edge immersed in the oil. The time was
recorded until the oil fully penetrated and reached the top of the sample. The test was conducted in triplicate,
and the average values were reported.
13. Qil absorption test
The oil absorption test was adapted from the method described by Maimaiti et al., (2014). Paper samples
were cut into 5x5cm pieces and placed horizontally on white paper, with a 2g heap of sand positioned at the
center to simulate localized pressure. Subsequently, 1mL of oil was dropped directly onto the sand heap, and
the time was recorded from the moment the oil was applied until it visibly penetrated through the paper sheet.
Each type of oil (lard, palm oil, and soybean oil) was tested in triplicate, and the average penetration time was
reported as an indicator of oil absorption performance.
14. Mechanical properties
Puncture and tear strength were evaluated using a texture analyzer (Stable Microsystems, TA-XT2, UK),
with slight modifications to the testing procedure described by Liu et al., (2022). For the puncture strength test,
an HDP/CFS probe in combination with the heavy-duty platform was used. The samples were cut into 2.50%2.50cm
pieces and tested at a probe speed of 5 mm/s until the probe fully penetrated the sample. For the tear strength test,
a Craft Knife Adaptor & Blades (A/CKB) was used along with the HDP/90 platform. The samples were cut into
6x9cm pieces and tested at a probe speed of Tmm/s with a penetration distance of 4mm through the sample.
Each test was performed in triplicate, and the average values were reported.
15. Antimicrobial activity
The antimicrobial activity of the samples was evaluated using the agar diffusion method, as modified

from Ketkaew et al., (2017); Hosseini et al., (2009). Two foodborne pathogenic bacteria, Escherichia coli (E. coli)
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and Staphylococcus aureus (S. aureus), were selected as representative strains. The bacterial cultures were
incubated overnight at 37°C, then diluted to a turbidity equivalent to the McFarland standard 0.5 (approximately
1080FU/mL). The suspensions were inoculated onto Mueller-Hinton agar plates using the swab plate technique.
Sterilized sample discs (6mm in diameter) were placed on the inoculated plates and incubated at 37°C for 24h.
Each formulation was tested in triplicate using three discs per sample. Bacterial growth inhibition was indicated
by the clear zone surrounding each disc, and the inhibition zone diameter was measured in mm.
16. Biodegradation test

The biodegradability of the samples was evaluated using the soil burial method in loamy soil, with
modifications based on the method of Paudel et al., (2022). The samples were first oven-dried at 105°C for 24h,
and the initial dry weight (W,) was recorded. Three replicates of each formulation were prepared, with three
samples per replicate, and were vertically buried in the soil at a depth of approximately 10-12cm from the soil surface,
inside high-density polyethylene boxes filled with soil. The boxes were incubated at a constant temperature of
33+2°C for 8 weeks. The initial soil moisture content was adjusted to approximately 35%, with no additional watering
during the test period. Each week, the samples were carefully removed from the soil, and any adhering soil was
gently cleaned by hand. The samples were then oven-dried again at 105 °C for 24 h, and the final dry weight (W)

was recorded. The percentage of weight loss was calculated according to Equation (3) (Paudel et al., 2022).

Wo—W¢

Weighloss(%) = x 100 (3)

0

17. Statistical analysis
Statistical analysis was performed using SPSS® Version 12 (SPSS Inc., USA). The mean values obtained
from the tests were compared using one-way analysis of variance (ANOVA), and differences between treatment

groups were determined using Duncan’s multiple range test (DMRT) at a significance level of p<0.05.

Results and discussion
1. FTIR

(Figures 2a-b) present the infrared spectra of RF before and after alkali treatment. A broad absorption
peak around 3,295cm’ corresponds to the O—H stretching vibration of hydroxyl groups. After alkali treatment,
the intensity of this peak was noticeably reduced, indicating a decrease in the hydroxyl group content. Additionally,
a peak near 1 ,700cm’”, attributed to the C=0 stretching vibration of acetyl and carboxyl groups in hemicellulose,
also showed a marked reduction in intensity in the treated fibers. Similarly, the C-O stretching vibration peaks
associated with lignin and hemicellulose at approximately 1,250 and 1 ,033cm’”, respectively, were significantly
diminished. These reductions suggest a partial removal of lignin and hemicellulose components from the rice
straw fiber structure following alkali treatment, which is consistent with the findings reported by Yang et al., (2023).

(Figure 2c) displays the characteristic absorption bands of CS. A broad band observed around 3,300cm’’
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corresponds to the O—H stretching vibration of hydroxyl groups in amylose and amylopectin. A peak near 2,933cm’”
is associated with the C-H stretching, while the side chain CH,—OH bending vibration appears at approximately
1,337cm™. The stretching vibrations of C-O and C-C bonds are observed at 1,150 and 1,077cm™, respectively.
Additionally, the strong absorption band at 1 ,000cm is attributed to the bending vibration of the C-O-H group,
which is consistent with the findings reported by Rahaman et al., (2021). (Figure 2d) presents the FTIR spectral
peaks of KF. The broad absorption band at 3,307cm’ corresponds to the O-H stretching vibration, indicating
the presence of phenolic compounds such as terpinen-4-ol, and citronellol (Ying et al., 2023; Malikhah &
Herdyastuti, 2023). The absorption peak observed at 1,721cm’ is attributed to the C=0 stretching vibration,
which may arise from the presence of aldehyde, ester, carboxylic acid, or ketone functional groups (Malikhah &
Herdyastuti, 2023; Ramadhan et al., 2018). Additionally, the peak at 1 ,6200m’1 corresponds to the C=C stretching
of aromatic rings, suggesting the presence of terpene or terpenoid compounds, such as citronellal (Malikhah &
Herdyastuti, 2023). The incorporation of increasing amounts of kaffir lime fiber into the formulation resulted in
noticeable changes in the FTIR spectra, as shown in (Figures 2e-h). Specifically, the absorbance intensities of
the O-H, C=0, and C=C functional groups increased, indicating a higher presence of carbonyl and unsaturated

compounds associated with KF components.

(a) Cc=0

% transmittance

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 600

wavenumber (cm™)

Figure 2 FTIR spectra of RF before alkali treatment (a), RF after alkali treatment (b), CS (c), KF (d), RS-KFO (e),
RS-KF10 (f), RS-KF30 (g) and RS-KF50 (h).
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2. Physical appearance
As shown in (Figure 3), the physical appearance of the formed paper sheets varied with increasing
amounts of KF. The RS-KFO sample appeared thin, easily torn, and relatively smooth. In contrast, RS-KF10
exhibited a rougher surface texture and greater thickness. RS-KF30 and RS-KF50 displayed noticeably rougher
surfaces, along with thicker and stiffer structures. Compared to the commercial oil-absorbing paper (control),
which had a smooth, thin, and uniform texture, the KF-containing samples showed substantial differences in

their physical characteristics.

Figure 3 The appearance of paper sheets compared with commercial oil-absorbing paper (control) (a),

RS-KFO (b), RS-KF10 (c), RS-KF30 (d), and RS-KF50 (e).

3. Thickness

(Table 1) presents the thickness of the paper sheets. The trend suggests that increasing KF content
enhanced fiber compactness (p=<0.05), resulting in thicker paper structures compared to the commercial
oil-absorbing paper (control).

4. Water activity (a,)

The a,, values (Table 1) of the paper sheets ranged from 0.45-0.37, which were lower than those of
the commercial oil-absorbing paper. The significant decrease (p<0.05) in a,, with increasing KF content may
be attributed to the hydrophobic nature of KF, which contains peel and fiber components with functional groups
that are likely to inhibit the interaction between cellulose and water molecules. Consequently, the water retention
capacity of the paper sheets was reduced. Moreover, a  values below 0.60 are considered safe for storage, as
they can inhibit the growth of undesirable microorganisms such as molds and yeasts (Ray et al., 2022). This
suggests that the developed paper sheets are microbiologically safe and have improved product shelf stability.

5. Color properties

(Table 1) presents the color parameters (L*, a and b) of the paper sheets. The color parameters

of the paper sheets revealed that the L values, which indicate lightness, ranged from 78.01-79.65 and showed a

decreasing (p<0.05) trend with increasing KF content. This reduction in brightness is likely due to the brownish-
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yellow color of KF. In contrast, the a and b values, representing the red-green and yellow-blue color axes,
respectively, increased (p<0.05) with higher KF content. This is consistent with the visual appearance of the
paper sheets, which exhibited a reddish-yellow hue corresponding to the increasing amounts of KF in the
formulation. The observed hue is attributed to the natural pigments and phenolic compounds present in the
kaffir lime peel, particularly flavonoids, carotenoids, and tannins, which determine the color. Additionally, partial
oxidation of tannins during the drying process may produce brown-colored compounds, enhancing the overall
color intensity. Therefore, increasing the KF content in the formulation resulted in progressively more pronounced

reddish-yellow paper sheets.

Table 1 Physical properties of the paper sheets that varied with increasing amounts of KF.

color
sample thickness (mm) a, - - -

L a b
control 0.08+0.01° 0.45+0.00° 78.01+0.70° 0.09+0.01° 1.35+0.02°
RS-KFO 0.11+0.01° 0.43+0.01° 87.08+0.60° -0.34+0.08° 10.53+0.11¢
RS-KF10 0.13+0.01° 0.41+0.01° 83.84+0.32° -0.21+0.11° 11.68+0.85°
RS-KF30 0.15+0.01° 0.39+0.01°¢ 82.76+0.57° 0.03+0.01° 13.21+0.72°
RS-KF50 0.1740.01° 0.37+0.01¢ 79.65+0.45° 0.26+0.05° 15.83+0.64°

a-

¢ values are presented as mean+standard deviation. different superscript letters within the same column indicate

a statistically significant difference (p<0.05).

6. Water solubility (WS) and water absorption (WA)

The Water solubility (WS) and water absorption (WA) values of the paper sheets varied with increasing
amounts of KF, as presented in (Table 2). Both parameters are critical indicators for evaluating the stability and
quality of products under high-humidity conditions. The results revealed that WS and WA values tended to
decrease (p<0.05) with the increased incorporation of KF in the paper formulation. This may be attributed to
the composition of KF, which includes peel and fibrous materials possessing hydrophobic properties.
Additionally, KF acts as a filler that fills the voids within the fiber matrix, resulting in a denser paper structure
that limits water penetration. Moreover, the compounds present in KF likely reduce the ability of cellulose to bind
with water molecules by decreasing hydrogen bond formation between cellulose and water (Bharti et al., 2022;
Mazega et al., 2022). Consequently, the paper sheets exhibited reduced water absorption compared to the
commercial oil-absorbing paper (control), which showed higher WS and WA values, although still lower than

those of the RS-KFO sample.
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Table 2 Water solubility (WS) and water absorption (WA) of the paper sheets that varied with increasing amounts of KF.

sample WS (%) WA (%)

control 11.89+0.60° 760.47+10.54°
RS-KFO 12.72+1.97° 873.81+15.96°
RS-KF10 11.44+2.64° 709.01+28.02°
RS-KF30 8.23+1.01° 613.63+21.56°
RS-KF50 5.00+0.79° 585.09+25.10°

4 values are presented as meantstandard deviation. different superscript letters within the same column

indicate a statistically significant difference (p<0.05).

7. Vertical oil absorption and oil absorption

The vertical oil absorption of the paper sheets tested with three types of ail, soybean oil, palm oil, and lard,
is presented as average penetration time in (Table 3). The results indicated that the vertical oil absorption capacity
tended to increase (p=<0.05) with higher amounts of KF incorporated into the formulation, as evidenced by the shorter
absorption time. This enhancement may be attributed to the porous structure of the paper (Wu et al., 2025) and the
fibrous components of KF, which contribute to an increased surface area for oil absorption. When comparing the
absorption efficiency among the different types of oil, the paper sheets exhibited the highest absorption capacity
for soybean oil, followed by palm oil and lard, respectively. This trend may be associated with the viscosity and surface
tension of the oils; soybean oil has a lower viscosity and surface tension than palm oil and lard (Qi et al., 2019),
thereby facilitating easier penetration and movement through the paper matrix. This observation is consistent with the
findings of Baethlott et al., (2020), which demonstrated that as the viscosity of the oil increases, the vertical transport
velocity of the oil on the surface decreases. This is consistent with the oil absorption results, as shown by the average
penetration time in (Table 3), indicating that the paper sheets absorbed oil more rapidly (p<0.05) with increasing
amounts of KF in the formulation. This improvement may be attributed to the higher fiber density per unit area, which
reduces the void spaces between fibers and thus facilitates faster oil penetration. These findings align with the study
by Xu et al., (2015), which reported that water and oil can be absorbed into double-twisted ropes via capillary action
through small voids and grooves within the fibrous structure. Furthermore, when comparing the absorption efficiency
among the three types of oil, the paper sheets exhibited the fastest absorption for soybean ail, followed by palm oil and
lard, respectively. This trend may be explained by the lower viscosity of soybean oil, which reduces resistance to flow
into the porous structure of the paper, thereby allowing more efficient infiltration and faster absorption compared
to oils with higher viscosity. When comparing oil absorption performance, paper containing KF demonstrated
superior oil absorption capacity compared to other natural or cellulose-based oil-absorbing materials, such as
coconut shell. The coconut shell, when ground into powder, exhibits irregular particle shapes, and the strong
interfacial adhesion between fibers and the matrix further limits oil penetration (Rosdi et al., 2022), resulting in lower

oil absorption than KF-based paper.
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Table 3 The vertical oil absorption performance and oil absorption test of the paper sheets at various KF ratios.

vertical oil absorption oil absorption
sample soybean oil palm oil lard soybean oil palm oil lard
(min) (min) (min) (min) (min) (min)
control 42.67+1.15° 45.67+1.15°  52.33+2.52° 27.67+1.53* 32.31£1.53° 35.00£1.10°
RS-KFO 17.00£1.73°  17.33+1.13°  20.00#2.65°  18.00+1.00° 18.23+1.15°  19.67+1.15

RS-KF10 13.67+1.15°  14.4241.20° 16.27+1.53° 15.33+1.15°  16.00+1.00°  17.33+1.25°
RS-KF30 10.3320.58%  11.67+1.24°  14.34+0.58° 12.67+0.58° 14.12+1.21°®  15.00+1.30°
RS-KF50 8.67+0.58°  10.32+1.33°  10.51+0.57% 11.12+0.45° 12.33+1.17°  13.13+1.07°

a-d

values are presented as meanzstandard deviation. different superscript letters within the same column

indicate a statistically significant difference (p<0.05).

8. Mechanical properties

The analysis of puncture strength and tear strength of the paper sheets, as presented in (Table 4),
revealed that both properties tended to increase (p<0.05) with higher amounts of KF incorporated into the
formulation. This improvement may be attributed to the fibrous components of KF acting as reinforcing agents
within the paper matrix, enhancing the structural integrity and inter-fioer bonding (Rangappa et al., 2022). As a
result, the paper sheets exhibited greater resistance to puncture and tearing strength. In comparison with
commercial oil-absorbing paper (control), all KF-based sheets demonstrated superior mechanical properties,
as the commercial paper exhibited the lowest puncture and tear strength values. This highlights the reinforcing
potential of KF in improving the durability of the developed paper sheets. This is consistent with the study by
Todorova et al., (2022), which found that the tear index of base paper is lower than that of paper treated with
lavender oil. This improvement is attributed to the enhanced bonding ability of the cellulose fibers. Despite the
increased moisture from the essential oil treatment, the fibers maintained strong inter-fiber bonds, resulting in

increased tear resistance of the paper after treatment.

Table 4 Mechanical properties of the paper sheets at various KF ratios.

sample puncture strength (N/m?) tear strength (N/m?)
control 1.43+0.14° 46.42+2.98°
RS-KFO 1.46+0.20° 53.69+4.77°
RS-KF10 2.09+0.25° 86.11+3.03"
RS-KF30 2.32+0.14° 128.96+2.26°
RS-KF50 5.13+0.17° 131.43+3.11°

*d values are presented as mean+standard deviation. different superscript letters within the same column

indicate a statistically significant difference (p<0.05).
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9. Antimicrobial activity

The results of the antimicrobial activity test for samples containing increasing amounts of KF against
E. coliand S. aureus are presented in (Table 5). The antibacterial test showed that inhibition zones were observed
in samples RS-KF10, RS-KF30, and RS-KF50, with the diameter of the zones increasing proportionally (p<0.05)
with the KF content. In contrast, the samples without KF (RS-KF0) and the commercial oil-absorbing paper (control)
exhibited no inhibitory effect. Notably, the inhibition zones for S. aureus were generally larger than those for E. coli
at the same KF concentration, indicating that S. aureus is more sensitive to the antimicrobial components of KF.
This difference can be attributed to the structural characteristics of the bacterial cell walls: S. aureus, a Gram-positive
bacterium, has a thicker peptidoglycan layer but lacks the outer membrane present in Gram-negative E. coli,
allowing terpenoid compounds in KF to more easily penetrate and disrupt cellular structures. These findings are
consistent with the report by Rahayu et al., (2024), which indicated that the diameter of the microbial inhibition
zone tended to increase with higher extract concentrations, indicating a positive correlation between the amount
of extract and its antimicrobial efficacy. The antimicrobial activity of KF is attributed to its terpenoid components,
which interact with proteins in the bacterial cell membrane and mitochondria. These interactions form polymeric
bonds that disrupt protein structures, reduce membrane permeability, and ultimately lead to nutrient leakage
and bacterial cell death. Therefore, the KF-containing paper exhibits selective antimicrobial effects depending

on the bacterial strain, which is relevant for applications in food packaging and hygiene-sensitive materials.

Table 5 Diameter of inhibition zones for E. coliand S. aureus.

diameter of inhibition zone (mm)

microorganism

control RS-KFO RS-KF10 RS-KF30 RS-KF50
E. coli NI NI 0.70+0.02° 13.0040.13° 20.00+0.17°
S. aureus NI NI 0.85+0.10° 15.00%0.15" 24.00+0.20°

a-b

values are presented as mean diameter of inhibition zoneststandard deviation. different superscripts

within the same row indicate a statistically significant difference (p<0.05). mm=millimeter, NI=no inhibition.

10. Biodegradation

The weight loss of paper sheets with varying proportions of KF during an 8-week soil burial test reflects
the biodegradation process influenced by moisture and microorganisms in the soil. As shown in (Table 6), the degradation
rate of the paper sheets tended to decrease (p=<0.05) as the KF contentincreased, indicating that the KF content
hinders the penetration of water and microorganisms due to its hydrophobic properties (consistent with the results
in (Table 2)), thereby reducing the biodegradation rate. Furthermore, it should be noted that KF contains bioactive
compounds that affect soil microorganisms by inhibiting spore germination and microbial growth (Ketkaew et al.,
2017). In contrast, commercial oil-absorbing paper (control) exhibited a higher degradation rate due to the absence

of antimicrobial properties, allowing soil microorganisms to proliferate and accelerate the biodegradation process.
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Table 6 Biodegradability and weight loss (%) of the paper sheets at various KF ratios.

physical appearance

time weight loss
sample
(week) (%)
control RS-KFO RS-KF10 RS-KF30 RS-KF50
0 27.76+4.81°
2 13.2624.47°
4 9.4021.45%
6 i kd Qo 5.56+0.31°
ol Rl d e
8 2.95+1.53°

#° values are presented as the mean+standard deviation. different superscript letters within the same column

indicate a statistically significant difference (p<0.05).

Conclusion

This study aimed to develop oil-absorbing paper for fried foods using rice straw fiber, kaffir lime fiber (KF),
and cassava starch (Cultivar 81). The effects of KF incorporation at different proportions, 0, 10, 30, and 50%
by weight of rice straw, on the chemical, physical, mechanical, antimicrobial, and biodegradation properties
were systematically evaluated. Cassava starch (Cultivar 81) was successfully prepared for use in the formulation;
however, its yield and compositional properties (fiber, amylose, and amylopectin contents) were not analyzed
in this study and will be investigated in future research to enhance data accuracy and completeness. FTIR
spectral analysis revealed that cellulose remained intact after alkaline treatment, while signals associated with
hemicellulose and lignin decreased. The presence of KF in the paper samples was detected and found to
increase proportionally with the added amount. The formulation containing 30% KF demonstrated the most
suitable properties for food-contact oil-absorbing paper. Specifically, it exhibited optimal water solubility, water
absorption, oil absorption, and vertical oil penetration, indicating effective oil uptake and retention. In particular,
the incorporation of 30% KF increased the average oil absorption by approximately 34% and reduced water
absorption by around 33% compared to the KF-free sample. Mechanically, the paper formulation maintained
puncture resistance and shear strength, with the incorporation of 30% KF increasing the puncture strength by
approximately 62.20% and the tear strength by about 177.80% compared to the KF-free sample. Antimicrobial
tests showed that 30% KF effectively inhibited E. coliand S. aureus, with observable inhibition zones, whereas
the KF-free sample and commercial paper showed no antimicrobial activity. Biodegradation tests indicated that
the degradation rate slightly decreased with KF addition, likely due to the antimicrobial activity of KF inhibiting
soil microorganisms responsible for decomposition. Overall, the 30% KF paper meets key performance criteria for
oil-absorbing food packaging, combining effective oil absorption, antimicrobial functionality, and environmental

degradability. These findings suggest that KF-based bio-paper not only provides an eco-friendly alternative for
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oil absorption but also paves the way for the sustainable utilization of agricultural waste in advanced packaging
applications. Further work will focus on evaluating long-term storage stability, the influence of food types and
temperatures on oil absorption, and the potential migration of bioactive compounds to ensure safety and

compliance with food packaging standards.
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