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en resource-based Mimosa pudica
hydrogel powder in a cellulose acetate-based
polymeric membrane as absorbent: a sustainable
approach towards female hygiene application†

Roshni Pattanayak,ab Sukanya Pradhana and Smita Mohanty *a

This study presents the development of a novel membrane-based absorbent by incorporating Mimosa

pudica hydrogel (MPH) powder, derived from the mucilage of its seeds, into a cellulose acetate polymer

matrix using the non-solvent induced phase separation (NIPS) method. The membranes were prepared

with varying weight percentages (wt%) of MPH to evaluate their potential as absorbent cores for hygiene

products. The enhanced absorbency observed for 1 wt% MPH-loaded cellulose acetate membrane

(MCA-2) was attributed to the MPH powder's large surface area and macroporous structure, as

confirmed by Brunauer–Emmett–Teller (BET) analysis. The MCA-2 membrane exhibited maximum

absorbency values of 276.66%, 402.87%, and 572.5% in distilled water, 0.9 wt% saline solution, and

defibrinated sheep blood, respectively, within 30 minutes along with an absorbency under load value of

439.69% in saline solution at 60 minutes. An in-depth analysis of the thermal, mechanical, morphological

and topographical properties of the developed membrane was conducted. This exhibited a modulus

value of approximately 120 ± 0.5 MPa with 13.07 ± 0.2% elongation and also possessed significant

antibacterial properties against E. coli and S. aureus bacteria justifying its potential as an absorbent core.

Additionally, 16S rRNA sequencing was performed to identify bacteria involved in soil burial degradation,

highlighting its overall impact and sustainability towards the environment. These findings suggest that

MPH-incorporated membranes hold significant promise as absorbent materials in female hygiene

applications.
Sustainability spotlight

The commercially available petrochemical acrylate-based female hygiene products adversely affect both female health and the environment. To address this
issue, current research focuses on the development of a cost-effective biobased formulation which can be a sustainable alternative and solution to this targeted
application. The modied cellulose acetate membrane incorporated with Mimosa pudica hydrogel (MPH) powder not only exhibits a prominent antibacterial
efficacy against E. coli and S. aureus bacteria but also has a high absorbency justifying its potential to be utilized as a core in a feminine hygiene product.
Moreover, degradation analysis using 16S rRNA sequencing provides a clear vision of the developed sample that addresses the Sustainability Goals (SDG 3: good
health and well-being; SDG 12: sustainable consumption and production; and SDG 15: life on land).
1. Introduction

Commercial hygiene products based on polyacrylates and their
derivatives absorb more liquid than their initial weight making
them an ideal material for wider applicability in female hygiene
products.1,2 The bleached cotton/material used in the absorbent
micals (SARP), Laboratory for Advanced

), Central Institute of Petrochemicals

Bhubaneswar, Odisha, 751024, India.

, Odisha, 751004, India

tion (ESI) available. See DOI:

the Royal Society of Chemistry
core of a hygiene product also contains more acrylate-based
synthetic superabsorbent materials, dioxins, volatile organic
compounds and phthalates, which have been the primary cau-
ses of various health issues, including skin allergies, carcino-
genesis and reproductive tract infections (RTIs).3–5 In addition,
each hygiene product contains two grams of nonbiodegradable
plastic, which takes 500–700 years to completely degrade,
generating abundant municipal waste every year. Approximately
12.3 billion tons of sanitary napkins are disposed of in landlls,
which adversely affects the environment.6 Moreover, incinera-
tion of these products releases dioxins, furans and carbon
dioxide into the atmosphere, thereby inuencing the increase
in air pollution.7,8 These facts have resulted in increased global
consciousness and considerable research efforts in the design
RSC Sustainability, 2024, 2, 3525–3545 | 3525
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and development of numerous biobased formulations using
various techniques.9–12

The phase inversion technique has been the most versatile
cost-effective technique for preparing polymeric membranes,
tailor made for a wide range of applications in micro- or ultra-
ltration,13 paint and coatings,14 pharmaceuticals,15,16

cosmetics,17 textiles,18 and production of various industrial
products. These methods are generally divided into four cate-
gories based on their controlling process parameters:
nonsolvent-induced phase separation (NIPS), thermal-induced
phase separation (TIPS), vapor-induced phase separation
(VIPS) and evaporation-induced phase separation (EIPS). The
NIPS technique is a well-established, inexpensive membrane
preparation process in which a polymeric solution is cast on
a suitable glass plate using a membrane casting unit. The cast
solution plate is then immersed in a coagulation bath lled with
nonsolvent to prepare a porous membrane.19,20 During this
process, mass transfer and diffusion between the solvent and
antisolvent occur across their interface, introducing phase
separation of the polymeric solvent to solidication (or precip-
itation). These materials create more porous structures
throughout the surface that can absorb larger amounts of liquid
when immersed in various liquid media. NIPS is suitable for
developing a low-cost hygiene-absorbent material which can be
placed in the middle layer of a sanitary napkin. Reshma et al.21

developed a newly formulated sodium carboxymethyl cellulose
membrane using aluminium sulfate and sodium trimetaphos-
phate chemical crosslinking agents for female hygiene appli-
cations. Here, the authors used two membrane fabrication
techniques, i.e. phase inversion and lyophilization, separately to
develop the samples for a comparative analysis. The phase-
inversed membrane showed signicant porous structure,
structural stability and better sorption to blood solution. The
efficiency of this cost-effective green method provides a prom-
ising substitute for mass production of products.22,23

Cellulose-based materials have attracted considerable
research interest because of their inherently available hydroxyl
groups that permit more liquid absorption without harming the
human body.24,25 Among all cellulose-based materials including
cellulose nitrate, carboxymethylcellulose, methylcellulose, eth-
ylcellulose, and sodium carboxymethylcellulose, cellulose
acetate, a typical bioderived polysaccharide, has been the most
abundant, nontoxic, easily viable, low-cost, biodegradable,
biocompatible and renewable polymer.26,27 Yadav et al.28 have
designed an electrospun cellulose acetate that showed imme-
diate sorption with 1200–1400% water absorption along with
higher mechanical stability and ease in processing, which
contributed to wider applicability. Besides this, cellulose
acetate is easily soluble in various solvents, such as N,N-dime-
thylacetamide and dimethylformamide,25 which can be suitably
utilised to prepare membranes using NIPS techniques.

Renewable resource-based superabsorbent polymers (SAPs)
can be suitably used in the development of composite
membranes to enhance their overall performance.29 Various
alternative natural SAPs derived from orange peels, avocado
peels,30 chia seeds,31 chia ours, etc., have been proposed by
many researchers for use in female hygiene products (sanitary
3526 | RSC Sustainability, 2024, 2, 3525–3545
napkins) to overcome the problems associated with synthetic
petroleum-based SAPs.32 Mimosa pudica, also known as touch-
me-not ower plant, lajwanti or shame plant, belongs to the
Mimosaceae family and is an annual or perennial shrub
commonly found in tropical regions of Brazil, Asia, America,
Nigeria, and some Pacic islands. It is also abundantly found in
the tropical and sub-tropical parts of India due to its adapt-
ability to various climatic conditions. All the parts of this plant,
including roots, leaves, owers, and seeds, possess consider-
able medicinal value and have been extensively used in ayur-
vedic science for curing many diseases, such as constipation,
ulcers, snake bites, depression, and skin and respiratory
diseases. This therapeutic potential is attributed to its rich
phytochemical content including alkaloids, sterols, terpenoids,
tannins and avonoids within it.33–35 Despite its extensive
medicinal use, various research studies have been conducted
only on the leaves and roots of theMimosa pudica plant for drug
delivery, wound healing and pharmaceutical applications.36–41

However, Mimosa pudica seeds are rich in glucuronoxylan and
have the capability of accumulating more liquid during
immersion and subsequent formation of three-dimensional
hydrogel structures. Mimosa pudica hydrogel (MPH) needs to
be explored for its viability as a potential candidate for SAP.
According to a study by Aziz et al.,42 a Mimosa pudica plant is
able to produce approximately 675 seeds per year. These seeds
are readily available from local nurseries, herbal stores and
local e-commerce vendors, typically costing between 50 and 200
INR per packet. This affordability and ease of access make this
plant a viable option for large-scale production, with minimal
maintenance cost. Its low maintenance requirements and
adaptability further support large-scale cultivation, though
efficient processing methods are crucial for scaling up its large-
scale industrial production. Besides this, these seeds show
a greater swelling value at pH 6.8–7.4, whereas this value is
lower at pH 1.2.43 A hydrogel mucilage can be easily extracted
fromMimosa pudica seeds when they are soaked in water which
can be then dried and ground into powder for further analysis.
Thus, combining MPH in powdered form within a biodegrad-
able polymer can suitably provide a sustainable product
bestowed with improved absorbency as well as antibacterial
characteristics. Overall, the affordability and availability of
Mimosa pudica seeds and their low processability cost support
their potential for widespread use in sustainable material
development.

The current study focuses on developing a sustainable, bio-
based absorbent core for female hygiene products through
a novel porous composite membrane composed of cellulose
acetate and powdered MPH using the NIPS technique. An in-
depth analysis of the mechanical and thermal properties of
the composite membranes was undertaken. Additionally, BET
surface area and pore size measurement as well as X-ray
diffraction (XRD) were performed on the MPH powder for
a more comprehensive analysis. Morphological studies were
carried out using a scanning electron microscope (SEM) and
atomic force microscope (AFM) to determine the porosity and
surface roughness ofMimosa pudica seeds, MPH powder as well
as composite membranes. The antibacterial efficiency against E.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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coli and S. aureus bacteria has also been evaluated along with
a biodegradability study using the soil burial method.
Furthermore, 16S rRNA sequencing was employed to analyse
the bacterial population involved in the degradation process,
providing insight into the decomposition mechanism. Overall,
the novelty of this research involves developing a cost-effective,
sustainable and efficiently antibacterial biobased composite
membrane. By incorporating natural MPH ller into a cellulose
acetate matrix, this novel composition as an absorbent core
offers signicant benets for both female health and environ-
mental sustainability.
2. Materials and methods
2.1. Materials

Cellulose acetate (CA) (Mn = 50 000) was purchased from M/s
Sigma Aldrich, India. Acetone (99.9% pure) and N,N-dimethy-
lacetamide (DMA) were purchased from M/s Merck India.
Mimosa pudica seeds were bought from a local e-commerce
store and further processed to produce MPH powder. Muel-
ler–Hinton agar powder used in the antibacterial test was
procured from M/s Himedia, India. The soil used for the soil
burial test was obtained from a laboratory campus. Deionized
water was prepared in the laboratory and used throughout the
experiment. Anticoagulant-debrinated sheep blood was
procured from M/s S. R. Group, New Delhi and stored at 2–8 °C.
Sodium chloride was used to prepare the 0.9 wt% saline
solution.
2.2. Methods

2.2.1. Preparation of MPH. Mimosa pudica seeds were
thoroughly washed under running tap water until clean. The
Scheme 1 Pictorial representation of MPH powder preparation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
seeds were then soaked in distilled water for 12 h, resulting in
the formation of hydrogel. Aer soaking, the excess water was
drained, and the soaked seeds were transferred to a round-
bottom ask which was placed in a water bath and stirred at
high speed for 30 min at a temperature of 50 °C. The hydrogel
was then put in boiling water for 5 minutes to remove lipo-
philic compounds. Following this, the gel-like mucilage
released from the Mimosa pudica seeds was dried in an oven at
50 °C for 30 minutes to remove excess water, and the weight
was recorded until three consistent consecutive weights were
achieved. The mucilage was then ground using a centrifugal
mill at 18 000 rpm, ensuring complete separation from water.
To ensure complete drying, the mucilage was further dried at
50 °C for ve days and was then scraped from the Petri dish
and crushed using a mortar and pestle. The dried mucilage
was then passed through a sieve shaker to obtain ne powder
of various sizes, including 90, 120, and 150 mm. This ne
powder was collected and stored in an air-tight container at
room temperature to prevent particle humidication. This
procedure for isolating MPH powder was adapted from the
method reported by Peng et al.,43 with some minor modica-
tions in rpm and temperature tailored to meet the specic
requirements of the experiment. The procedure is pictorially
illustrated in Scheme 1.

2.2.2. Preparation of membrane through NIPS method.
Initially, CA powder was dissolved in a mixture of acetone and
N,N-dimethylacetamide at a 2 : 1 ratio to prepare CA solution at
variable concentrations of 2.5 wt%, 5 wt% and 10 wt%. The
solution was stirred for 14–16 hours at room temperature until
it became transparent and clear. Subsequently, sonication was
performed for approximately 60 minutes for the complete
preparation of the solution. The prepared solution was then
kept at room temperature without being stirred to allow the
RSC Sustainability, 2024, 2, 3525–3545 | 3527
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Table 1 Details of the compositions for all developed samples

No. Sample code
Cellulose acetate (CA)
concentration (wt%)

MPH
concentration (wt%)

1 Neat CA 5 0
2 MCA-1 5 0.5
3 MCA-2 5 1
4 MCA-3 5 2
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residual bubbles to escape. Membrane casting equipment (M/s
Tech Inc, Chennai, India) was used to cast the membranes
while using water in the coagulation bath as an antisolvent. The
developed membranes were nally dried for 24 hours in
a desiccator. The membrane with 2.5 wt% of neat CA dis-
integrated while the amount of solute used for casting was
insufficient to form the required viscous solution. Therefore, CA
contents of 5 wt% and 10 wt% were considered for further
analysis. Subsequently, MPH/CA composite solution (MCA) at
a variable concentration of 0.5 wt%, 1.0 wt% and 2 wt% of MPH
in 5 wt% CA solution was prepared at 750–800 rpm at room
temperature. The composite solution was then cast onto the
same membrane casting unit which was then kept in the
coagulation bath and nally dried for 24 hours. The resulting
modied cellulose acetate membranes were designated asMCA-
1, MCA-2 and MCA-3, corresponding to the addition of 0.5 wt%,
1 wt% and 2 wt% MPH in the neat CA sample, respectively, as
outlined in Table 1. The procedure is schematically illustrated
in Scheme 2.

2.3. Characterization techniques

2.3.1. Chemical analysis. Spectroscopic analysis of the
developed membranes was conducted using a Smart Orbit ATR
Nicolet 6700 Fourier transform infrared (FTIR) spectrometer
Scheme 2 Schematic illustration of modified cellulose acetate (MCA) m

3528 | RSC Sustainability, 2024, 2, 3525–3545
(M/s ThermoFisher, USA) in the wavenumber range of 4000–
500 cm−1 with a resolution of 4 cm−1 and an accuracy of 0.1%
transmission at room temperature.

2.3.2. BET–BJH surface area and pore size analysis. The
developed MPH powder of particle size of 90, 120 and 150 mm
was analyzed using N2 physisorption with a Microtrac Belsorp
Max G instrument, Japan (BEL Control Version 1.4.1) to deter-
mine the BJH (Barrett–Joyner–Halenda) pore size and Bru-
nauer–Emmett–Teller (BET) surface area. Samples of
approximately 250 mg were taken for the analysis which were
initially preheated in an inert atmosphere at a temperature of
80 °C for 120 min with a ramping rate of 5 °C min−1. Here the
initial vapour pressure was 10 kPa and the saturation vapour
pressure wasmaintained at 109 kPa throughout the experiment.
Aer completion of pretreatment, samples were subjected to
surface area analysis in liquid nitrogen atmosphere for
complete analysis.

2.3.3. Free absorbency. The absorbing capacity of the
prepared membrane was determined in accordance with the
ASTM D 570 standard.44 The primary purpose of the determi-
nation of absorbency is to measure the amount of liquid
absorbed by the samples within a specic time, such as 10 s,
1.5 min, 10 min, 15 min, 30 min, 60 min, 180 min, 360 min and
1440 min. The test was performed using 100 mL of distilled
water, 0.9 wt% saline solution and debrinated sheep blood
(procured from M/s S. R. Group, New Delhi) medium. Prior to
the initiation of the test, the samples were predried in a desic-
cator for 24 hours, and the absorbency test was performed as
described previously.44 Each test was repeated three times and
the data reported as the average of three measurements. The
absorbing capacity was calculated using eqn (1):

Absorbency percentage (%) = (w2 − w1)/w1 × 100 (1)
embrane preparation using NIPS method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Schematic illustration of an experimental setup for the AUL
test.
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Where w1 is the weight of the dry sample and w2 is the weight
of the wet sample.

2.3.4. Absorbency under load (AUL) (AUL test). This test
was performed to determine the absorbency capacity of the
sample aer a load was applied, and 0.9 wt% saline solution
was used to perform the test. In this test, the absorption
capacity, strength, and stability of the prepared membrane were
measured aer applying a certain load to the absorbent core of
a sanitary napkin. The schematic setup for the AUL test is
shown in Scheme 3. The sample was cut into a circular shape of
30 mm in diameter and weighed as w1. Prior to performing the
test, the samples were dried in a desiccator for 24 h for complete
drying. The initial weight of the sample was recorded as w1. The
sample was kept in a clean Petri dish, and a load of 90 g was
applied, as shown in Scheme 3. Aer that, the saline solution
was poured into the Petri dish, and the AUL test was performed
for 60 minutes. The sample was then removed from the applied
load, and the nal weight was measured aer 60 minutes of
absorption (w2). The absorbance under a load of membrane
samples was calculated by using eqn (2):

Absorbency under load (AUL, %) = (w2 − w1)/w1 × 100 (2)

2.3.5. XRD analysis. XRD analysis was performed using an
X-ray diffractometer (M/s Shimadzu, XRD-7000 L, Japan) with
a scanning rate of 5 deg per min and a scanning angle 2q range
of 2°–80°. The instrument used Ni-ltered Cu-Ka radiation from
an X-ray beam (l = 0.1546 nm) and operated at a power of 40.00
kV and current of 30 mA.

2.3.6. Morphological analysis. The surface morphology of
the samples was analysed using eld emission scanning elec-
tron microscopy (FESEM) (M/s Zeiss, Gemini SEM 300, UK) with
an accelerating voltage of 5 kV at different magnications. For
each analysis, the surface of the membrane was sputtered with
a gold–palladiummixture. Further, SEMmicrographs, (EVOMA
15, Carl Zeiss smt, Germany) were obtained for the MPH powder
for additional analysis.

2.3.7. Topographical analysis. The topography of the
samples was visualized with an AFM (XE-100, M/s Park-South
Korea) in non-contact mode where the surface roughness of
the porous structure was measured.

2.3.8. Mechanical analysis. A developed membrane sample
(6 cm × 2 cm × 0.015 cm, measured by a digital micrometer)
© 2024 The Author(s). Published by the Royal Society of Chemistry
was subjected to tensile testing with a universal testingmachine
(M/s Instron 3382, Massachusetts, USA) at room temperature,
and stress was applied at a rate of 3 mm min−1. A total of three
replicates were tested for each sample to ensure the reproduc-
ibility and repeatability of the result and the standard devia-
tions have been included in the result section.

2.3.9. Thermal analysis. Thermogravimetric analysis was
performed in the temperature range of 25–800 °C with a TGA
(Q50, M/s TA Instruments, USA) instrument in an inert nitrogen
atmosphere with a heating rate of 10 °C min−1.

2.3.10. Antibacterial analysis. The antibacterial activities of
neat CA, freshly developed MCA-2 formulation and six-month-
old MCA-2 were tested against Escherichia coli (Gram negative)
and Staphylococcus aureus (Gram positive) using a disc diffusion
method. Briey, agar medium was prepared and poured into
glass plates for solidication under UV light. Aer that,
a bacterial suspension of 106 CFU mL−1 was inoculated evenly
across the respective plates. The samples were placed in a plate
and kept frozen for 1 h of drying for proper diffusion. Then, the
plate was incubated for 24 hours at 37 °C. Subsequently, the
inhibition zone around each sample was measured to quantify
the antibacterial properties in the developed composition.

2.3.11. Soil burial test, ecotoxicity test and identication of
bacteria through 16s rRNA sequencing. Biodegradation was
performed using the soil burial method according to previous
methods.43 In brief, the soil collected from our institute's garden
campus was used for this test, which had a C/N ratio of approx-
imately 12.9. The developed samples were cut into 2 cm × 2 cm
pieces and tested to determine their degradability. They were
buried 3 cm below the surface of the container, which was lled
with garden soil. Aerwards, more soil was poured into the
container until the entire sample was covered. These samples
were covered with aluminium foil and kept at room temperature,
and the moisture content was properly maintained in the range
of 30–35% on a regular basis. The samples were removed every 60
days, and morphological analysis was performed to determine
the degradation behaviour of the samples. Additionally, an eco-
toxicity test was conducted to examine the impact of the degra-
dation process on the soil's ability to support plant growth.
Following the OECD 208 guidelines,49 the emergence of Moong
seedlings in soil containing the membrane samples (neat CA and
MCA-2) was compared to that in blank specimens. The overall
morphology of the grown plants and the effect on biomass were
also observed to evaluate the impact of sample degradation on
plant growth. Moreover,microorganisms present in the degraded
sample were identied by a pure culture technique. Briey, the
soil material present on the surface of the degraded membrane
was collected through a sterilized cotton swab very carefully and
further processed for the isolation of genomic DNA by growing
individual bacterial colonies in culturemedia. The prepared plate
was stored in the dark at room temperature, and microbes were
quantied by morphological observation. This experiment was
carried out in triplicate, and the average values are reported here.
Gram staining was used to identify the microorganisms and
differentiate between bacterial species based on their cell wall
composition. The resulting genomic DNA was used for ampli-
cation of the 16S rRNA gene via polymerase chain reaction (PCR),
RSC Sustainability, 2024, 2, 3525–3545 | 3529
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and the amplied rDNA samples were subsequently sequenced
using 16S ribosomal RNA primers. The obtained sequencing data
were analysed, and the identied bacteria were conrmed by the
GenBank database BLAST (blastn) 2.2.24 program45 by compar-
ison by matching up to 95–97% similarity.46–49

2.3.12. Mold growth resistance analysis. A mold growth
resistance test was performed to evaluate the amount of mold
growth around the material in a moist atmosphere according to
a previous study.50 Membrane samples of 2 cm × 2 cm were cut
and placed in a clean Petri dish and were kept in an airtight
plastic container with 50 mL of distilled water at the bottom, as
shown in ESI 1.† Additionally, the absorbent core of
a commercial sample, Stayfree Secure Wings sanitary napkin
consisting of cellulosic ber, hydrocarbon resins, naphthalic
oil, TiO2, polyethylene, and calcium salts of fatty acids, was
carefully removed from a single napkin, cut to the same sample
size and used as a reference for the experiment.
3. Results and discussion
3.1. Chemical analysis

Fig. 1(a) shows the FTIR spectra of neat CA membranes, at
variable compositions of 2.5 wt%, 5 wt% and 10 wt%, whereas
Fig. 1(b) depicts the molecular ngerprint spectra of optimized
Fig. 1 (a) FTIR spectra of neat CA membranes at various compositions o
corresponding modified CAmembranes formedwith variable concentrat
membrane, MCA-2:1 wt% MPH powder loaded modified CA membrane
spectra of Mimosa pudica seed and developed MPH powder.

3530 | RSC Sustainability, 2024, 2, 3525–3545
neat CA at 5 wt% and its correspondingmodied CAmembranes
formed with variable concentrations of MPH powder. In this
case, an IR spectrum in the 4000–500 cm−1 region was employed
to analyse the absorption bands and identify the functional
groups present in the sample with changes in peak intensity
relative to wavenumber variation. The absorption peaks were
attributed to the presence of more hydroxyl (–OH) groups,
around 3475 cm−1, in all samples. The characteristic C–H
stretching vibration of methyl groups (–CH3) was observed
around 2929 cm−1 conrming the presence of cellulose acetate
in the prepared membranes.27 Furthermore, FTIR spectra of
Mimosa pudica seed and our developed MPH powder are illus-
trated in Fig. 1(c). Here, the –OH stretching vibration was
observed at 3280 cm−1 due to the presence of phenolic
compounds, and –CH stretching and C]O stretching vibration
bands were recorded at 2930 cm−1 and 1638 cm−1 respectively.
An additional carbonyl (C]O stretching) band arises at
1743 cm−1 in the developed powder as mucilage primarily
exhibits glucuronoxylan which predominantly contains glucur-
onic acid and D-xylose as its main constituents. The presence of
aromatic amino groups was conrmed in a range of 1650–
1350 cm−1. As a whole, due to the manifestation of hydroxyl and
carbonyl groups adhered to the mucosal surfaces to mucilage
form, FTIR spectra were inclusively intensied for the developed
f 2.5 wt%, 5 wt%, 10 wt%. (b) FTIR spectra of neat CA at 5 wt% and its
ions of MPH powder (MCA-1:0.5 wt%MPH powder loadedmodified CA
, MCA-3:2 wt% MPH powder loaded modified CA membrane). (c) FTIR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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powder as compared to the MPH seed. Moreover, aer the
incorporation of MPH powder, the C–H absorption peak
progressively got intensied as ller concentration increased in
all modied membranes. This may arise due to the presence of
essential biocomponents including avonoids, terpenoids,
sterols, tannins and alkaloids in the MPH powder. An additional
peak also appeared at 2160 cm−1 in the modied samples which
is the consequence of the interaction between the cellulose
backbone and the nitrile group of protein content following the
inclusion of these bio-llers.51 The characteristic peaks around
1736 cm−1, 1431 cm−1, 1221 cm−1, and 1031 cm−1 were observed
for the neat CA samples which conrmed the presence of
carbonyl group stretching (C]O), CH2 deformation vibration, –
C–O–C– antisymmetric stretching of ester group and –C–OH–

stretching vibration respectively. Marginal shiing and lower
intensity vibration peaks were noticed which is primarily due to
the interaction of MPH with the CA thereby creating a complex-
ation effect in the CA/MPHmembrane. The presence of both –C–
O stretching and –CH2 rocking vibrations is responsible for the
presence of a peak around 901 cm−1. A complete glimpse of
a strong interaction between the cellulose acetate and ller was
conrmed in this study.52 The molecular vibration modes and
their corresponding wavenumbers for neat CA, modied CA,
Mimosa pudica seeds and MPH powder are tabulated in Tables 1
and 2(a) and (b) in ESI 1.†
3.2. BET–BJH surface area and pore size analysis

The MPH powder of various mesh sizes of 90, 120 and 150 mm
was characterized via BET adsorption–desorption isotherm, as
well as BJH pore size measurement, as shown in Fig. 2. All the
Fig. 2 (a–c) BET adsorption–desorption isotherms for 90 mm, 120 mm an
90 mm, 120 mm and 150 mm MPH powder respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
BET surface area measurements and pore size and volume are
summarized in Table 2. The specic surface areas of MPH
powder with mesh sizes of 90 mm, 120 mm, and 150 mm were
found to be 0.1134 m2 g−1, 0.2264 m2 g−1, and 0.0015 m2 g−1,
respectively. Similarly, the total pore volumes for these mesh
sizes were observed to be 3.0465 × 10−4 cm3 g−1, 6.9283 × 10−4

cm3 g−1, and 5.3337 × 10−4 cm3 g−1, respectively. Additionally,
the total pore diameters were 5.3 nm, 4.9 nm, and 1.5 nm for the
MPH powder with mesh sizes of 90 mm, 120 mm, and 150 mm,
respectively. Here, it was clearly observed that 120 mm MPH
powder showed a larger surface area among all the compositions.
Although 120 mmMPH powder has a smaller pore diameter than
90 mm MPH powder, it has a greater pore volume and surface
area, which is possibly responsible for higher absorbency as
discussed in a later section. Moreover, from the BJH pore size
distribution curve, it was clearly noticed that the average pore
diameter of the developed powder was between 1 and 5 nm
which signies micro- and mesopores according to the IUPAC
denition. The 120 mm particle size exhibits a signicantly larger
surface area and major characteristics of pore size distribution
within 4 nm demonstrating its potential signicance for higher
liquid absorbency and other desired properties. To the best of
our knowledge, BET analysis has not yet been performed on
MPH particles. Therefore, this MPH particle size was considered
optimal for developing a modied formulation.
3.3. Free absorbency

Free absorbency test was carried out using variable mediums
like distilled water, 0.9 wt% saline solution and sheep blood to
evaluate the absorbency of the developed sample.
d 150 mmMPH powder respectively and (d–f) BJH pore size analysis of

RSC Sustainability, 2024, 2, 3525–3545 | 3531
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Table 2 BET surface area and BJH pore size measurement for developed MPH powder of various sizes (mesh size) of 90–150 mm

No. Sample code Parameters Results

1 90 mm MPH powder BET surface area 0.1134 � 0.05 m2 g−1

Pore volume 0.00030465 � 0.0006 cm3 g−1

Pore diameter 5.39 � 0.02 nm
2 120 mm MPH powder BET surface area 0.2264 � 0.03 m2 g−1

Pore volume 0.00069283 � 0.0007 cm3 g−1

Pore diameter 4.98 � 0.01 nm
3 150 mm MPH powder BET surface area 0.0015 � 0.04 m2 g−1

Pore volume 0.00053337 � 0.0003 cm3 g−1

Pore diameter 1.56 � 0.06 nm
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3.3.1. Inuence of CA concentration on absorbency in
various mediums. Fig. 3 shows the inuence of neat 5 wt% and
10 wt% cellulose acetate concentration on absorbency in
various liquid mediums like distilled water and 0.9 wt% saline
solution. Generally, CA accumulates more liquid immediately
aer immersion as it consists of hydroxyl groups within its
composition which contributes to an increase in the nal
weight. As observed in Fig. 3(a) for immersion in distilled water,
for a shorter time span of 10 s (0.166 min), the percentage of
absorbency in 5 wt% and 10 wt% CAmembrane was found to be
176.4% and 77.1% respectively, which further revealed the fact
that neat 5 wt% CA membrane exhibited nearly 99.3% higher
absorbency as compared with 10 wt%CA composition. A similar
increased trend in absorbency value for 5 wt% CA was observed
in distilled water aer immersion for a period of 1 min, 5 min,
10 min, 15 min, and 30min. Nevertheless, beyond 60min in the
case of 10 wt% CA membrane, an increased absorbency value
along with some structural disintegration was observed.
Furthermore, Fig. 3(b) shows the free absorbency of the neat
5 wt% CA and 10 wt% CA membranes in 0.9 wt% saline
medium. Similar to that observed in distilled water medium,
the overall absorbency performance was better for 5 wt% CA
than for 10 wt% CA in saline solution which is possibly because
structural integrity in the former membrane was maintained
throughout the experiment. Additionally, the 5 wt% CA sample
Fig. 3 Absorbency of neat cellulose acetate membrane samples at 5 wt

3532 | RSC Sustainability, 2024, 2, 3525–3545
has a strongly crosslinked porous structure that maintains its
structural integrity by storing more liquid within it. In
comparison, at 0.166 min and 1 min, 5 wt% neat CA had
immediate absorbency values of 75.39% and 85.19% higher
than its 10 wt% CA counterpart. Immediate sorption without
disintegration in structure is essential for our targeted appli-
cation; thus 5 wt% CA was optimized and taken into consider-
ation as a base material for the preparation of composite
membranes.

3.3.2. Effect of incorporation of MPH powder within 5 wt%
CA in various liquid mediums. Fig. 4 summarizes the compar-
ison in liquid absorbency between the neat CA and themodied
CA membranes encapsulated with MPH powder. As evident
from the gure, 1 wt% MPH powder-loaded CA-modied
membrane (MCA-2) showed maximum absorption among all
the tested compositions. As shown in Fig. 4(a), aer 10 min of
distilled water immersion, MCA-2 showed 204.51% absorbency,
which is approximately 105% greater than that of neat CA. It
was also observed that MCA-2 showed absorbencies of approx-
imately 279.6%, 320.9%, 390.1%, 399.6% and 407.6% at 30, 60,
180, 360 and 1440 min, respectively. Similarly, in saline
medium, MCA-2 showed a 193.42% greater absorbency value
than that of neat CA composition aer 30 minutes of immer-
sion. Throughout the test, MCA-2 justied its improved sorp-
tion performance in the saline medium due to the better
% and 10 wt% in (a) distilled water and (b) 0.9 wt% saline solution.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00381k


Fig. 4 Absorbency of neat CA, MCA-1, MCA-2, and MCA-3 membrane samples in (a) distilled water, (b) 0.9 wt% saline solution, and (c) sheep
blood solution.
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capillary action within it. The smaller particle size of MPH
powder leads to an effective surface area of exposure and its
microporous hollow channel structure is primarily responsible
for efficient capillary action in the MCA-2 membrane which was
chosen as the optimized formulation. Furthermore, Fig. 4(c)
shows absorbency between neat CA and the optimized MCA-2
membrane through debrinated sheep blood solution. For
this test, debrinated sheep blood with a marginally alkaline
pH of 7.2–7.4 was taken as the replica of female body uid
because sheep blood contains a coagulation system that is
closer to that of human body uid (pH 7.4) than either pigs or
dogs.26,53 The test results revealed that MCA-2 can absorb
655.7% of blood at an immediate sorption time of 10 s Which is
182.9% greater than that of neat CA. Besides this, MCA-2 also
showed a signicant increase in absorbency throughout the
experiment without any structural disintegration. Phase-
inverted membranes absorb more blood because of the
porous nature and enhanced roughness which is discussed in
later sections. Furthermore, the crosslinked structure of the
MPH powder and its greater liquid accumulation at a pH of
approximately 7.2–7.4 allow the proper retention of sheep
blood, resulting in an apparent increase in the absorption of the
modied membrane. Thus, it was conrmed that the MCA-2
composition is the most appropriate formulation for use as
an absorbent core material.

The signicance of using the current approach for devel-
oping a fully biodegradable absorbent core for female hygiene
applications is highlighted when compared to results reported
for other absorbent materials. An absorbent material of
© 2024 The Author(s). Published by the Royal Society of Chemistry
carboxymethylcellulose crosslinked with epichlorohydrin re-
ported by Alam et al.54 showed an absorbency of 118 g g−1 in
saline solution within 40 h, while our material showed imme-
diate absorption characteristics within an hour, making it ideal
for female hygiene products. In another study, cellulose acetate
nanobers were developed with a moderate absorption capacity
of 19 g g−1, but some structural disintegration occurred aer
some hours.28,55 In contrast, the current developed material
retained its structural integrity for 24 h. Additionally, research
by Witono et al.56 described cassava starch-based absorbent
material graed with polyacrylic acid which had a water
absorbency of 63 g g−1. However, the authors reported the use of
a non-biodegradable material whereas the developed
membrane sample is completely biodegradable. Thus, theMCA-
2 composition signies its suitability as an environmentally
friendly absorbent core for female hygiene applications.

3.4. Absorbency under load (AUL test)

Fig. 5 compares the free absorbency and AUL of all the devel-
oped samples. The AUL test was carried out to measure the
absorbency of the membrane under a certain applied load. It is
evident that the MPH-loaded modied membranes showed
greater absorbency at the given load than the free absorbency
test at 60 min 1 wt% MPH-loaded membrane (MCA-2) showed
an optimum absorbency of 439.69% under loading in the saline
medium, which was 254.8% higher than that of the neat CA
membrane. This result revealed that the presence of MPH
having optimum surface area incorporated in the CAmembrane
greatly inuences the absorbency performance,51 which can be
RSC Sustainability, 2024, 2, 3525–3545 | 3533
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Fig. 5 A comparative study of free absorbency and absorbency under load at 60 min for neat CA and MCA-2 membrane samples.
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due to similar facts of a more crosslinked structure that inu-
ences the capillary action in the membrane, thus contributing
to greater absorbency under a specic load for a certain dura-
tion. Moreover, all the compositions exhibit apparently higher
AUL values as compared to free absorbency due to the occur-
rence of consequential osmotic and ionic effects at applied
compressive load.
3.5. XRD analysis

The characteristics of the crystalline or amorphous phase
present in a sample can be easily determined by the structural
position and peak intensity in XRD patterns. Fig. 6 shows the
XRD patterns of Mimosa pudica seed, MPH powder, neat CA and
MCA membrane samples. Mimosa pudica seeds as well as the
powder prepared from the dried mucilage released from the
seeds are semi-crystalline in nature, and the presence of
Fig. 6 XRD patterns of (i) Mimosa pudica seed, (ii) MPH powder, (iii) nea

3534 | RSC Sustainability, 2024, 2, 3525–3545
subordinate hydrogen bonds decreases their crystallinity. As
a result, a larger and broader hump could be seen at 2q of
approximately 22.15° in the diffraction pattern which reveals the
lack of long-range order indicative of some amount of amor-
phousmaterial. However, in the powder form, this peak intensity
apparently decreased, suggesting an increase in the number of
hydroxyl groups inside the powder, indicating an increase in
amorphous nature. Patterns of both the CA and MCA samples
exhibit a broader hump at approximately 8° and 22°, respectively,
which established a clear amorphous structure within them.57,58
3.6. Morphological analysis

Fig. 7 displays SEM and FESEM micrographs of Mimosa pudica
seeds and MPH powder. Fig. 7(a) shows the SEM micrograph of
a channelled mucilage layer on theMimosa pudica seed surface,
while Fig. 7(b) depicts the three-dimensional, crosslinked,
t CA, (iv) MCA-1, (v) MCA-2, and (vi) MCA-3 samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM micrographs of (a) Mimosa pudica seed and (b) MPH powder. (c and d) FESEM micrographs with EDX analysis of MPH powder
(quantitative analysis).
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granular structure of the MPH powder. For more detailed
visualization, the cabbage-like ower structure of the MPH
powder was observed in the FESEM micrographs (Fig. 7(c and
d)). These images reveal that the powder derived from the dried
mucilage released from the seeds develops numerous hollow
capillary channels and interconnected macropores, signi-
cantly enhancing its capacity for greater accumulation. The
distinct three-dimensional crosslinked, granular structure seen
in Fig. 7(c and d) is primarily responsible for the increased
liquid absorbency.59,60 Energy dispersive X-ray (EDX) analysis of
the MPH powder, detailed in Table 3, revealed various major
elements including carbon, oxygen, sodium, magnesium,
silicon, potassium and calcium present in the developed
powder. Primarily, carbon (C) and oxygen (O) are mainly
Table 3 EDX results of developed MPH powder

Element Weight (%) Atomic (%)

C K 71.0 77.0
O K 27.5 22.3
Na K 0.3 0.2
Mg K 0.4 0.2
Si K 0.2 0.1
K K 0.3 0.1
Ca K 0.4 0.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
responsible for the liquid absorption process. Fig. 8 shows the
surface morphology of the developed membranes, whereas
Fig. 9 presents their EDX analysis. The neat CA membrane
(Fig. 8(a)) exhibits a porous structure throughout its surface
indicating the presence of hydroxyl groups within its composi-
tion. Aer the incorporation of MPH into the polymeric matrix,
the porosity increased signicantly, as shown in Fig. 8(b–d). In
MCA-2, 1 wt% MPH loaded to the CA matrix led to a homoge-
nous dispersion and a miscible porous matrix–ller interface
with numerous capillary channels (Fig. 8(c)), manifesting
a higher liquid absorbency through various liquid mediums.
Additionally, this uniform dispersion and interconnected
porous structure also enhance other characteristic properties,
which will be discussed in a later section. However, the FESEM
micrographs of the 2 wt% loaded modied membrane sample
(MCA-3) shows reduced miscibility and some granular struc-
ture, indicating that excessive MPH concentration may lead to
agglomeration, which leads to a reduction in absorbency
performance. Elemental quantitative analysis via EDX, pre-
sented in Fig. 9, revealed the predominance of carbon and
oxygen, with their constituent percentages signicantly
contributing to the liquid absorption properties of the MPH-
loaded CA membrane. The carbon and oxygen in the cellulose
acetate membrane contribute to its porous structure, support-
ing the formation of hydroxyl and ester groups. These groups
facilitate hydrogen bonds with various liquid mediums,
RSC Sustainability, 2024, 2, 3525–3545 | 3535
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Fig. 8 FESEM micrographs of (a) neat CA, (b) MCA-1, (c) MCA-2 and (d) MCA-3.

Fig. 9 FESEM images with EDX analysis of (a) neat 5 wt% CA, (b) MCA-1, (c) MCA-2 and (d) MCA-3.

3536 | RSC Sustainability, 2024, 2, 3525–3545 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 AFM 3D images of (a) neat 5 wt% CA, (b) MCA-1, (c) MCA-2 and (d) MCA-3. (e) Graphical representation of average roughness (Ra) and
root mean square roughness (Rq).
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enhancing the hydrophilic properties of the developed
membrane and enabling it to accumulate more liquid within it.

3.7. Topographical analysis

The surface topography of the developed membranes was ana-
lysed through AFM in noncontact mode, as shown in Fig. 10. The
surface roughness increased aer incorporation of the MPH
powder, as clearly visible in the three-dimensional structure of
the samples. Neat CA exhibited relatively less roughness, whereas
MCA-2 showed the maximum roughness on the surface.58

Furthermore, the surface roughness parameters Rq (square
average roughness) and Ra (arithmetic mean roughness) for all
the samples were calculated by AFM analysis soware and are
presented in Fig. 10(e). When comparing modied samples to
neat CA, the Ra and Rq values signicantly increased for MCA-2,
indicating that the increase in surface roughness was inuenced
by the presence of the MPH ller. Thus, a higher surface
roughness is preferable for uid absorbency, and as a whole,
these results corroborate the ndings of FESEM analysis.

3.8. Mechanical analysis

Fig. 11(a) depicts tensile stress–strain curves for all the devel-
oped samples. As observed from the gure, neat CA shows
a tensile strength of 1.29 ± 0.4 MPa with an elongation of
3.23%. Incorporation of MPH within the CA in the case of MCA-
1, MCA-2, and MCA-3 showed an increase of tensile strength to
2.06 ± 0.5, 2.45 ± 0.2 and 1.20 ± 0.6 MPa respectively. MCA-2
showed the maximum value among all the compositions that
can enable the membrane to withstand an applied load of
© 2024 The Author(s). Published by the Royal Society of Chemistry
6.31 N with an elongation of 13.67%. This improvement in
mechanical properties has been corroborated from the FESEM
micrographs shown in Fig. 8, which reveal a uniform and
interconnected crosslinked porous structure with well-
dispersed MPH particles within the polymer matrix. This
structure enhances stress distribution and strengthens the
membrane's ability to withstand an applied tensile stress.
However, an increase in MPH concentration in MCA-3 possibly
resulted in agglomeration of the ller thereby resulting in
a decrease in the tensile strength. Besides this, CA exhibits only
an elastic region without or with minimal amount of plastic
regime, whereas MCA-1 and MCA-2 showed resistance against
the applied load thereby depicting a higher modulus value. In
the case of neat CA, tensile stress increased abruptly with
increased strain and revealed typical characteristics of a brittle
material. Similarly, in the case of MCA-3, the characteristics of
the peak revealed a typical case of a brittle material which is due
to similar facts of agglomeration of MPH powder within the
neat CA matrix as corroborated from the FESEM micrographs
shown in Fig. 8. However, in the case of MCA-1 and MCA-2, the
stress–strain curves showed an increase in strain with an
application of stress exhibiting the ductile characteristics with
a higher elongation of 20.03% and 13.67% respectively. The
modulus values for MCA-1, MCA-2 and MCA-3 are 77.19 ±

0.4 MPa, 120.66 ± 0.5 MPa and 52.31 ± 0.3 MPa respectively as
shown in Fig. 11(b). Here, MCA-2 showed approximately
91.25 MPa higher value as compared to the neat CA sample. All
the mechanical parameters are listed in Table 4. From the
mechanical ndings, MCA-2 is considered as the optimized
RSC Sustainability, 2024, 2, 3525–3545 | 3537
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Fig. 11 (a) Tensile stress–tensile strain curves of (i) neat 5 wt% CA, (ii) MCA-1, (iii) MCA-2 and (iv) MCA-3. (b) Young's modulus value for all the
compositions.

Table 4 Mechanical properties of neat CA and MCA membranes

No. Sample code Tensile strength (MPa) Elongation (%)

1 Neat CA 1.29 � 0.4 3.23 � 0.4
2 MCA-1 2.06 � 0.5 20.03 � 0.6
3 MCA-2 2.45 � 0.2 13.67 � 0.5
4 MCA-3 1.20 � 0.6 3.37 � 0.6
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formulation for further characterization and analysis as an
absorbent core.
3.9. Thermal analysis

Fig. 12(a) and (c) show the thermal degradation behaviour of
Mimosa pudica seed, MPH powder (90–150 mm) and MCA
membrane samples, whereas Fig. 12(b and d) displays their
derivative thermograms for all the developed samples. As
observed from the thermograms, two-step degradation was
visualised for Mimosa pudica seed and various-sized MPH
powder. The rst degradation was noticed at 25–100 °C due to
the hydroxyl groups or moisture content in the MPH, whereas
the second degradation occurred up to 480 °C for approximately
81% decomposition of the glucuronoxylan compound present
in the MPH powder. The 120 mmMPH powder size exhibited the
lowest ash content of 2.81% among all powder samples.
Further, Fig. 12(c) shows the three steps of degradation for neat
CA andMCAmembrane samples. For a neat CA sample, the rst
weight loss was visualized in a range of 25–120 °C because of the
evaporation of moisture or loss of hydroxyl groups present in
the CA. Meanwhile, a signicant degradation of 87.72% was
noticed within the temperature range of 300–400 °C due to the
degradation of the polymeric backbone or breakdown of poly-
saccharide compounds. The nal weight loss is attributed to the
remaining ash content produced from the overall degradation.
Besides this, a similar trend was followed in the MCA samples;
3538 | RSC Sustainability, 2024, 2, 3525–3545
however, a plateau was clearly visualized for them at a temper-
ature of 280–320 °C with maximum degradation behaviour.
Further, there was negligible ash content noticed for the MCA
composition suggesting the complete depolymerization of the
polymer. T50% for neat CA, MCA-1, MCA-2, and MCA-3 were
approximately 365 °C, 402 °C, 430 °C, and 426 °C respectively,
which were clearly observed from the DTG thermograms which
revealed improved thermal stability of CA in the MCA-2
membrane possibly due to the formation of a crosslinked
network in the latter in the presence of MPH powder. All the
thermal parameters are tabulated in Table 5.

3.10. Antibacterial analysis

The antibacterial efficiency of the material used in the absor-
bent core provides additional protection for the safe use of
sanitary napkins. Fig. 13 shows the results of the antibacterial
analysis of the developed membranes by the disc diffusion
method. Aer 24 h of incubation, the antibacterial agents of the
developed formulation diffused to the agar media and inhibited
the growth of the test microorganisms. The inhibition zones
against Escherichia coli (E. coli: Gram negative) and Staphylo-
coccus aureus (S. aureus: Gram positive) pathogenic bacteria
were measured in mm to assess the antibacterial activity of the
developed formulations. From the results, as shown in Fig. 13, it
was observed that neat cellulose acetate exhibited a minimal
inhibition zone which could not bemeasured; in contrast, MCA-
2 had a clear inhibition zone. Six-month-old MCA-2 samples
also exhibited antibacterial activity, as indicated by the
longevity or lifespan of these samples. The test was performed
thrice for complete proper property evaluation, and it was
observed that the modied formulation showed a greater
inhibition zone against E. coli bacteria. The presence of phyto-
chemicals and natural antioxidant compounds such as avo-
noids, terpenoids, coumarins, alkaloids and saponins is
responsible for the improved antibacterial properties of the
MPH powder formulation,33–35 and the modied formulation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) TGA thermograms forMimosa pudica seed and 90–120 mmMPH powder. (b) Derivative thermograms (DTG). (c) TGA thermograms of
(i) neat CA, (ii) MCA-1, (iii) MCA-2, (iv) MCA-3 and (d) DTG curves.

Table 5 TGA parameters of Mimosa pudica seed, MPH powder
(particle size: 90–150 mm), CA and MCA membrane samples

No. Sample code

Decomposition
temperatures (°C)

Residue (%)
at 600 °CTmin T50% Tmax

1 Mimosa pudica seed 103 336 404 3.12
2 90 mm MPH particle 80 342 396 6.34
3 120 mm MPH particle 85 345 408 2.69
4 150 mm MPH particle 90 340 389 3.15
5 Neat CA 368 8.77
6 MCA-1 115 402 447 0.92
7 MCA-2 120 430 528 0.67
8 MCA-3 120 426 536 1.07
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(MCA-2) may be a potential candidate biobased absorbent core
for use in sanitary napkins.
3.11. Soil burial test, ecotoxicity test and identication of
bacteria through 16s rRNA sequencing

In the current scenario, disposal of menstrual hygiene products
has been a matter of major concern as these synthetic
© 2024 The Author(s). Published by the Royal Society of Chemistry
polyacrylate-based products take nearly 500–700 years to
completely degrade. The microorganisms present in the soil
cannot digest and break the complex structured compounds,
while they remain in the soil aer degradation. In this context,
a soil burial test (ASTM G160-12) was performed to evaluate the
biodegradability of the developed sample at end of its service
life. Here, the percentage weight loss of the membrane sample
could not be measured due to the excess amount of water
absorbed by the material during the test. Thus, only morpho-
logical inspection of the degraded samples was conducted aer
soil burial for time periods of 60, 120, and 180 days as shown in
Fig. 14. Our developed product showed remarkable changes
such as cracks and pores on the surface of the sample. MCA-2
membrane exhibited a higher degradation which is primarily
due to the presence of MPH bio ller in the sample.51 The
hydroxyl, phenolic, and glucuronoxylan groups present in MPH
contributed to favourable growth of the microorganisms that
resulted in signicant degradation.61–63 Additionally, a degrada-
tion test of a commercial sample was undertaken as a control, in
which negligible microbial growth along with some residues
was observed (ESI 1†). CHN analysis of soil and the isolation of
microorganisms using 16S rRNA sequencing were performed as
shown in Fig. 15.
RSC Sustainability, 2024, 2, 3525–3545 | 3539
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Fig. 13 Antibacterial activity analysis test of developed neat CA membrane and MCA-2 membrane samples against Escherichia coli and
Staphylococcus aureus bacteria using the disc diffusion method.

Fig. 14 SEM images of samples (before and after degradation): (a) neat CA; (b) MCA-2.
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As observed in the CHN analysis of the soil, the elemental
percentages of carbon, hydrogen, and nitrogen were 1.226%,
0.760%, and 0.097% for neat CA, and 1.949%, 0.516%, and
0.151% for MCA-2 samples, respectively. Besides this, while
performing the soil burial test, an ecotoxicity test was also
performed using Moong seed according to OECD guidelines
and it was observed that there is no side effect in plant growth
3540 | RSC Sustainability, 2024, 2, 3525–3545
for our developed composition whereas some decreased
amount of plant growth was visualized in the commercial
sample degraded in soil. This clearly indicated its friendly
impact on the environment. Moreover, the collected soil from
the sample surface was examined and subjected to DNA
genomic isolation according to the respective bacteria that
caused degradation. Then ribosomal RNA (rRNA) sequencing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Ecotoxicity analysis, (b) CHN analysis of neat CA and MCA-2, (c) isolation of genomic DNA, and (d) Gram staining: identification of
manifested bacteria responsible for degradation.
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was performed to identify the specic sequence. From the
microscopic images, as shown in Fig. 15(d), it was conrmed
that the phyla of Bacillus paralicheniformis and Bacillus amylo-
liquefaciensmight be affiliated with themajority of the 16S rRNA
genomic sequence that exhibited a relative abundance
exceeding 95% in the neat CA and MCA-2 formulation respec-
tively. These two bacterial species are mainly Gram-positive
bacterial species with versatile metabolic capabilities to
degrade the complex polysaccharide structure very easily. These
bacteria possess esterase and are involved in the enzymatic
action for which easy cleavage of complex ester bonding asso-
ciated with acetate group into smaller molecules and metabo-
lism are possible. Additionally, in the MCA-2 sample,
a supplemental pathway including esterase, cellulase and many
other enzymes may be possible while enzymatic pathways
degrade this composition effortlessly.64–68 During this degrada-
tion process, plant growth in the soil can be possible without
showing any side effects while growing. An additional study for
the commercial sample was performed for better under-
standing as shown in ESI 1.† Overall, a complete glimpse of the
decomposition pattern for the modied composition has been
studied for the targeted application.
3.12. Mold growth resistance analysis

The commercial absorbent reference material showed an
increase in mold patches aer 10 days of exposure to 100% RH,
© 2024 The Author(s). Published by the Royal Society of Chemistry
as shown in ESI 1.† The mold growth in the commercial
samples rapidly increased daily, whereas there was no visible
mold growth in either the neat CA or MCA-2 samples until 20
days of exposure to moisture. On day 20, some patches in some
samples of MCA-2 were visible in less quantity than those in
neat CA, and on day 30, no notable growth was observed in
MCA-2. This result revealed that the acrylic content in the cotton
bers of the commercial sample can quickly absorb moisture in
large quantities. Besides this, some favourable conditions arise
for fungal growth in commercial samples, which is not possible
in MCA-2. MPH-lled CAmembrane inhibited mold growth and
interrupted regular mass transport through the bacterial cell
wall because of its antibacterial properties. Furthermore, it can
be sustained under high relative humidity conditions, resulting
in slower mold growth even aer 20 days of exposure to mois-
ture. The commercial sample was able to absorb moisture from
the saturated environment, and weight changes were observed,
which were negligible for both neat CA and MCA-2.

4. Conclusions

MPH-based CAmembrane was successfully developed using the
NIPS method. Several characterization tests and property anal-
yses were performed to investigate its overall performance.
From the overall study, it was clearly observed that among all
compositions, the CA membrane with 1% MPH additive (MCA-
2) showed the maximum absorbency with values of 276.66%,
RSC Sustainability, 2024, 2, 3525–3545 | 3541
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402.87%, and 572.5% in distilled water, 0.9 wt% saline solution
and debrinated sheep blood mediums respectively aer 30
minutes of exposure in the respective mediums. It also exhibi-
ted the highest absorbency under load value of 439.69% in
saline medium while maintaining its structural integrity. From
the BET analysis, it was observed that incorporation of 120 mm
MPH powder having a larger surface area, within the CA
membrane, results in instantaneous liquid absorption. The
presence of an amorphous structure of MPH powder was
conrmed from the XRD patterns, while the FESEM micro-
graphs revealed a cabbage crosslinked structure. Furthermore,
the surface roughness parameters conrmed from the AFM
analysis provide strong supplemental evidence for better
absorbency in the MCA-2 sample than that of the neat CA
membrane. The mechanical ndings revealed a tensile load of
6.31 N and modulus of 120 ± 0.5 MPa with an elongation of
13.67 ± 0.2%. The developed MCA-2 membrane exhibits
notable thermal and mold resistance properties, along with an
efficient antibacterial property against E. coli and S. aureus
bacteria. The soil burial test showed a decomposition pattern
and 16S rRNA sequencing showed that Bacillus amyloliquefa-
ciens bacteria might be responsible for decomposition of the
membrane which was conrmed by the BLAST gene bank
database. The studies concluded that the MCA-2 membrane has
the desired attributes for use as an absorbent core in female
hygiene products.
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