Chapter-4
Cellulose-based Luffa Cylindrica (Mat, Flakes, and Powder)

Reinforced Polydimethylsiloxane Composites for Oil and
Organic Solvent Absorption
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4.1 Introduction

In recent decades, oil spills and organic solvent-based seepage have become one of the greatest
hazards to our living ecosystems and are causing health issues (H. Singh et al. 2020; Wolok et
al. 2020). Increasing production, transportation, and storage amounts of crude oil raise the
potential of oil spills in marine and freshwater settings. Numerous high-profile spills have
occurred in recent decades, inflicting not just the loss of energy resources but also considerable
damage to the environment and ecosystems (Abdelwahab 2014; Guo et al. 2019). When oil
spills occur, harmful substances such as polycyclic aromatic hydrocarbons are released into the
environment. These hydrocarbons are toxic to humans as well as aquatic life, and it may take

decades to eradicate them (Adebajo et al. 2003; Solomon and Janssen 2010).

The oil spillage can produce an oil-water emulsion or layer of thin films, both limiting the entry
of sunlight and ultimately contributing to the death of living creatures that reside inside the
water body (Abdelwahab 2014; Cirer-Costa 2015; M. Yu et al. 2018). It is becoming imperative
to develop efficient, cost-effective sorbent material to remove oil spillage to mitigate the
harmful effects of oil spills on the environment. Several diverse methods are available to clean
up oil spills, including centrifugation, skimming, filtering, chemical treatments, in situ
combustion, bioremediation, adsorption and absorption. Among all, adsorption and absorption
are the most popular techniques since they require less energy and could recover oil spillage
(Wolok et al. 2020). Nevertheless, the choice of absorbent materials is essential. There are
several absorbent materials, particularly sponges, films, membranes, meshes, aerogels and
composites made up of natural and synthetic materials have gained much attention due to their
efficacy for efficiently removing oily pollutants from water/environment. Synthetic materials
such as polypropylene, carbon nanotubes, polydimethylsiloxane (PDMS) and graphene-based
sponges that are hydrophobic show high absorption capacity (Ge et al. 2021; L. Liu et al. 2020;

Ong et al. 2018; Vagos et al. 2020; Zheng et al. 2022). However, they noticeably suffer from
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technical complications related to their complex synthesis or modification procedures and
scaling issues that must be addressed (Choi et al. 2011; W. Zhang et al. 2021). Researchers are
extensively interested in absorbents derived from natural materials since they play a key role
in separating oil from water surfaces. According to the literature, various natural materials such
as cotton fibers, coconut husk, treated bark and kapok fibers have been reported to clean up oil
spills from water. However, their low absorption capacity, poor oil/water selectivity, sinking
after sorption and limited reusability impeded their practical applicability (Ali et al. 2011;
Futalan et al. 2022; Lv et al., n.d.; Sayed and Zayed 2006; Senanurakwarkul et al. 2013; Z.
Wang et al. 2017). Lightweight, cost-effective and eco-friendliness are three main requirements
for manufacturing highly effective absorbent materials. Therefore, there is an immediate
requirement for the modification of natural materials to facilitate the fabrication of cutting-
edge, technologically sophisticated absorbent materials as well as effective approaches to

remove organic solvents and oils from water (Ge et al. 2021).

The present work is to investigate the various forms of natural luffa cylindrica mat (LC), which
is modified into different forms, i.e., luffa flakes and luffa powder. Further, LC forms have
been impregnated with PDMS using the hand lay-up technique. The four designed scaffolds
are P-L mat, P-L flakes, P-L powder and PDMS (P). The PDMS is a silicon elastomer-based
polymeric material used in numerous science, engineering, environmental, and general
applications due to its favorable properties, including flexibility, transparency, non-toxicity,
chemical inertness, biocompatibility, water resistance, excellent elasticity, hydrophobicity,
oxygen permeability, thermal stability and excellent elasticity (Akther et al. 2020; Miranda et
al. 2021; Zhai et al. 2021). As a result, PDMS has recently gained recognition as a promising
tool for oil removal for environmental restoration. Several researchers have reported on the
utilization of PDMS as a promising absorbent material for the removal of oil and organic

pollutants from water. In particular, Guo et al. have designed PDMS sponges for oil and organic
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solvent absorption (Guo et al. 2019). In another work, Bayraktaroglu et al. fabricated
hydrophobic PDMS scaffolds via bulk polymerizing tetraethyl orthosilicate (TEOS) to cleanup
water from oil and solvents (Bayraktaroglu, Kizil, and Bulbul Sonmez 2021). Khan et al.
fabricated nanosponges using PDMS-luffa-titanium dioxide materials to harvest oils from
diatom cultures (M. J. Khan et al. 2019). Due to the aforementioned characteristics, PDMS was
chosen as the material of choice for regulating the floating capabilities, oxygen permeability

and loss of gaseous exchange of scaffolds that takes place between the air and the water body.

Luffa cylindrica (LC) is a sponge material with a fibrous network. It is a hydrophilic material
with 60% cellulose, 30% hemicellulose, and 10% lignin. LC is a climbing plant that grows
yearly and bears fruit with fibrous vascular systems. They have been grown for a very long
time in the tropical regions of Asia and Africa. LC has demonstrated substantial advantages as
a material for reinforcement, as a bath sponge, dishwasher scrub, shock absorber, packaging
material, and as an absorption material in water treatment (Gundu et al. 2022). Luffa possesses
microcapillary activity, one of the primary properties allowing it to absorb fluids. Micropores
or channels, surface tension and adhesion forces between a fluid and a material attract fluids to
move inside due to capillary action. The material comprises a network of small capillaries and
channels that can absorb oil due to its fibrous structure. Several investigations have
demonstrated that the components derived from luffa plants can potentially be utilized to
remedy oil spills. In a study, it was revealed that luffa fibers were selective for oils and resisted
water absorption. According to studies, absorption was dependent on soaking time and
absorbent concentration. The absorption capacity of luffa fibers was found to decrease with
increasing temperature, and maximal absorption was observed at 40 °C (Abdelwahab 2014;
Anastopoulos and Pashalidis 2020). Studies have revealed that large fiber capillaries improve
oil absorption and retention (Xu et al. 2021). The mechanism of oil sorption by its hollow fiber

may be adjusted by surface sorption and capillary action (Abdelwahab 2014). In a study by
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Wang et. al., a porous natural luffa sponge with a fibrous network structure was exploited for
oil absorption. Due to its porosity, the luffa sponge may be used as a filter and absorbent in the
dye removal process. Super-hydrophobic luffa sponges with excellent absorption capacity were
developed through surface modification with polyhedral oligomeric silsesquioxane (POSS) (Z.
Wang et al. 2017). Thus, the components i.e., luffa and PDMS are well known to exhibit the

properties to absorb oil/petroleum products.

This novel work aims to demonstrate various forms of luffa-PDMS-based scaffolds by a simple
hand lay-up procedure to understand which form of luffa-PDMS scaffolds possesses greater
efficacy in separating oil from water. To the best of our knowledge, we present for the first
time luffa in three different forms i.e., mat, flakes, and powder embedded with PDMS using a
simple fabrication technique. The PDMS is a hydrophobic material expected to avoid sinking
the scaffolds inside the water against gravity. In addition, the PDMS also has the property of
absorbing traces of harmful organic solvents enabling the luffa-PDMS to be a highly efficient
material for oil absorption. Therefore, PDMS and luffa-based scaffolds are expected to
eradicate major (organic and inorganic) pollutants from the environment. It is envisaged that
the non-porous PDMS materials will absorb organic solvents enabling the scaffold to float over
the water body. In addition, it is anticipated that the luffa cylindrica will enhance oil absorption.
Out of the four different types of scaffolds prepared, the P-L flakes are found to give the best
efficiency for oil absorption. This is attributed to the fact that they possess a high surface area-
to-volume ratio and high interconnectivity inside the microporous structure. Several
characterizations, including oil absorption, oil-water separation, surface wettability, organic
solvent absorption, surface roughness and thermogravimetric analysis, have been performed to

determine the optimal and most effective scaffold combination.
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4.2 Materials and method

4.2.1 Materials

LC dried fruits were attained from a local supermarket in Varanasi, Uttar Pradesh, India. The
PDMS silicone elastomer and curing agent (Sylgard 184) were acquired from Dow Corning
Corporation (USA). Sodium hydroxide (NaOH) was purchased from Qualigens, Mumbai.
Dulbecco’s modified Eagle Medium (DMEM), fetal bovine serum (FBS), lysozyme (10*
U/mL), trypsin- EDTA, antibiotic penicillin, Phosphate buffered saline (PBS),
paraformaldehyde, 3-[4, 5- dimethyl- thiazol-2-y1])-2, 5-diphenyltetrazolium bromide (MTT)
assay kit were procured from Himedia. Toluene, cyclohexane and dimethyl sulfoxide (DMSOQ)
and calcium carbonate (CaCOs) were obtained from the Sisco Research Laboratory. Absolute
ethanol (99.9% high analytical grade) and pure distilled water were utilized to treat LC fibers.
Motor oil was purchased from the local market in Varanasi, Uttar Pradesh, India. Diethyl ether
and n-hexane were purchased from Loba Chemie. MG-63 [Human osteoblast] cell line was

procured from National Center for Cell Science (NCCS), Pune, India.

4.2.2 Methods

4.2.2.1 Modification of LC fibers through chemical treatment

Initially, the outer layer of dried luffa mat (L-mat) was cut into small portions and washed
thoroughly with distilled water to eliminate gummy and residual particles. The fibers were
dried in an oven at 60°C for 24 h. In a 2M NaOH solution, the fibers were heated to 120°C for
2 h. To obtain a neutral pH, chemically modified fibers were rinsed with distilled water and
dried at 60°C in a hot air oven for 48 h. The luffa flakes (L-flakes) were obtained by coarsely
grinding them in the grinder. Furthermore, the modified luffa flakes were grounded into a fine

powder (L-powder) in a rotary machine for 2 h using pure (99%) absolute ethanol.
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4.2.2.2 Fabrication of Luffa-PDMS scaffolds

The luffa-PDMS-based hybrid composite scaffolds were fabricated by layering the luffa fiber
mat in a mold and impregnating it with PDMS using the hand lay-up technique. Four scaffolds
of various combinations were prepared by adding 1 g of modified LC fiber mat in 4 g of PDMS
to prepare the P-L mat scaffold. 1 g of luffa flakes was added to 4 g of PDMS to prepare the P-
L flakes scaffold, 1 g of luffa powder was added to 4 g of PDMS to prepare P-L powder scaffold
and 4g of PDMS alone to prepare a control scaffold. Formulations of different composites are
tabulated in Table 4.1. The combinations were categorized accordingly as P-L mat (LC
mat/PDMS), P-L flakes (LC flakes/PDMS), P-L powder (LC powder/ PDMS), and control
(PDMS (P)). Initially, the weighing of the various forms of LC material, i.e., mat, flakes, and
powder, was performed and then placed into the molds. 4 g of PDMS (10:1) was prepared by
vigorously mixing both the elastomer and the curing agent for 15 min, which was later degassed

until all air bubbles were eliminated.

Further, PDMS was poured onto the layered luffa mold in both cylindrical and rectangular
shapes with a dimension of 130 mm x 10 mm x 3 mm, and they were cured in a hot air oven at
60°C for 4 h. Similarly, the other combinations of scaffolds were prepared. After curing, the
fabricated luffa/PDMS-based scaffolds were obtained (Figure 4.1). During characterization,
the scaffolds were sliced into cross-sections (i.e., circular discs) to expose the LC portion more

from both ends.
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Figure 4.1: Schematic representation of scaffold fabrication of (A) P-L mat, (B) P-L flakes,
(C) P-L powder, and (D) PDMS (P) scaffolds using a hand lay-up technique.

Table 4.1: Represents the composition of various forms of luffa-PDMS- based scaffolds, i.e.,
types of scaffolds and their composition.

Ratio
S.No. | Scaffold Name Luffa Cylindrica (LC) PDMS (P)
(LC: PDMS)

1. P-L mat LC mat 1g (25% wiw) 49 (75% wiw) 1:4

1:4
2. P-L flakes LC flakes 1g (25% w/w) 49 (75% wiw)

1:4
3. P-L powder LC Powder 1g (25%w/w) 49 (75% wiw)

0:4
4. PDMS(P) | - 49 (100% wiw)
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4.2.3 Characterization of fabricated scaffolds
4.2.3.1 Morphological and surface roughness analysis using scanning electron microscopy
(SEM)

To evaluate the morphology and the surface roughness of fabricated scaffolds, field emission
SEM (Nova NanoSEM 450) and conventional SEM (A Zeiss EVO 18 SEM, Oberkochen,
Germany) were utilized. The small portion of scaffolds was punched and coated with gold, and
a voltage of 20 kV was used to capture images of the scaffolds. ImageJ software (NIH, USA)
was used to measure the surface roughness. The surface roughness was calculated using the
following procedure 1) firstly, ImageJ software was opened, 2) an image was dragged and a
scale bar was set there, 3) the analysis option was clicked and then plot profile was selected, 4)
the image was converted to 32-bit, 5) through plugins SurfCharJ 1q a desired image was

obtained.

4.2.3.2 Surface roughness using atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a widely accepted technique for measuring the surface
roughness of materials with high precision and accuracy. The images were captured in the air
atmosphere on (NT-MDT), NTEGRA prima instrument (Russia). The surface roughness of
fabricated scaffolds was analyzed under semi-contact mode with a scan speed of 0.5 Hz using
Nova_ Px software. The acquired data were processed to produce a topographic image of the
surface, from which the roughness was calculated. The root means square roughness (Rq) is
commonly used to quantify the surface roughness and to detect changes in the height of

roughness due to the availability of the pores or voids.

4.2.3.3 Effective porosity of the scaffolds
To determine the effective porosity of scaffolds, samples of a 10 mm diameter and 3 mm height,
i.e., P-L mat, P-L flakes, P-L powder, and PDMS (P) were weighed (Wyq i.e., dry weights), and

later the samples were soaked in 99.9% absolute ethanol overnight to allow ethanol to permeate
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into the scaffolds, a repeated cycle of vacuuming and degassing air in a desiccator under a
vacuum was performed. After being saturated with ethanol, the samples were reweighed to
determine the weight gain, denoted as ‘W’ (i.c., wet weights). The effective porosity (Pg) of

the scaffold was calculated as shown below:

- )

Pethanol V

Where Wy and Wy are the weights of the scaffolds before and after immersion in ethanol. p is the density

of ethanol (i.e., 0.789 g/cm®), and V is the apparent volume based on scaffold dimension.

4.2.3.4 Thermogravimetric analysis (TGA)

The thermal stability of the scaffolds was measured by a TGA-50 thermogravimetric analyzer
(Shimadzu (Asia Pacific) Pvt. Ltd). The sample of 5 mg was placed into the instrument and
heated at a rate of 10°C /min at temperatures ranging from 20 to 500°C. TGA provides weight
loss with respect to time, temperature and environment to assess the material’s thermal

stability.
4.2.3.5 Surface wettability measurement

The surface wettability was measured to analyze the hydrophobic and hydrophilicity of the
scaffolds. 10 pL of distilled water has been utilized as a reference to define the contact angle
of the scaffolds. On every scaffold, 10 uL of a water droplet was pipetted on the surface of the
scaffold using a micropipette and the images were captured at a certain time i.e., 0, 30, 60, and
90 minutes using a digital camera (Canon 1500D). The contact angle has been measured with
a drop analysis (LB-ADSA) plugin from ImageJ software. The mean and standard deviation

were calculated by considering three sets of all the scaffolds to determine the contact angle.
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4.2.3.6 Absorption of oil, PBS, and organic solvents by the prepared scaffolds

The ability of the composite scaffolds to absorb oil, PBS, and organic solvents was evaluated
by immersing scaffolds of 3 mm thickness and 10 mm diameter for 72 h at 37°C in motor oil,
PBS solution (pH of 7.4) and various organic solvents, including diethyl ether, cyclohexane,
n-hexane and toluene. For performing experiments, 15 mL volume was used for organic
solvents, oil and PBS to immerse the scaffolds. To ensure their accuracy, samples in triplicate
of different combinations were studied. Using a weighing balance, the weights of scaffolds
immersed in PBS solution, motor oil, and organic solvents were obtained at predefined
intervals by removing excess fluids with tissue paper. The absorption percentage was computed

using a formula.

Absorption (%) = (%W;:/d) x 100

Where W4 and Wy, represent before and after immersion of various combinations of scaffolds,

respectively, into oil, PBS, and organic solvents.

4.2.3.7 Oil-water sorption study

For the oil-water sorption study of the scaffolds, five separate glass beakers, each containing
15 mL of water, were used. One milliliter of motor oil was then carefully dropped into each
beaker containing water, then variable types of scaffolds were gently placed into the respective
beakers allowing them to absorb oil/water. After a predetermined time, i.e., 24 h, the scaffolds
were blotted with tissue paper to remove excess oil and then weighed. The absorption capacity
of the scaffolds was quantified using the final weight after 24 h and the initial dry weight of
the scaffolds. To identify absorbed liquids, the scaffold was removed from the surface of the
oil and water mixture, and the wet absorbent material was weighed after being drained for 1

min in a 70 um strainer. To determine the exact value of water and oil sorption, scaffolds were
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incubated in a hot air oven at 60°C for 1h, followed by incubation of scaffolds in a CaCO3

pellet-containing chamber for 48 h to remove the water content of scaffolds.

4.2.3.8 Reusability of fabricated scaffolds

A recyclability assessment was conducted for the developed scaffolds by immersing them in a
Petri dish containing 3 mL of water and 50 pL of motor oil. This method was employed to
determine the scaffold’s effectiveness in terms of its ability to be recycled. The samples were
subjected to hot water for washing, dried at 60°C for 30 min and then re-submerged in the oil-
water mixture for the next cycle after each test. The subsequent evaluation was performed for

all the scaffolds.

4.2.3.9 Mechanical characterization of scaffolds

Compression and tensile properties of various combination scaffolds were tested using Instron
5982 Universal Testing Machine (UTM) by maintaining ASTM (American Society for Testing
and Material International) guidelines for testing and evaluating materials. A total of three sets
of scaffolds (n = 3) were used for the assessment having dimensions of 20 + 1.0 mm height x
10 £ 1.0 mm diameter for the compression test and 100 mm x 10 mm x 3 mm for a tensile test
with 2 mm/s of speed using 100 kN load cell. Bluehill-3 software was used to assess the load-
displacement findings, and using OriginPro 2020 (OriginLab, Learning edition), Young’s

modulus was computed according to the data obtained.

4.2.3.10 Cytotoxicity

The cytotoxicity and cell proliferation on fabricated scaffolds were evaluated using MG-63
[Human osteoblast] cells through an MTT reduction assay. To improve the interaction between
the cells and the material, the internal surface of the scaffold has been modified by subjecting
it to plasma treatment for one minute. Further, using standard procedure, the cells (1 x 10* cells

per scaffold) were seeded on a 96-well plate and placed in a CO> incubator for 4 days at 37°C
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with 5% CO.. Each experiment was carried out in triplicates to test the prepared scaffold’s
cytotoxicity and biocompatibility. For the process of MTT assay, the growth medium was
discarded, and the scaffolds were carefully shifted to a new well to prevent erroneous data
reading due to the adhesion of cells to the well during incubation, followed by the addition of
10% MTT in the culture medium. The scaffolds immersed in a medium containing MTT
solution were further incubated for 4 h to permeate MTT inside the live cells and formation of
formazan crystal. The products of the formazan reaction were dissolved in dimethyl sulfoxide
for 30 min after transferring the scaffold to a fresh well. The dissolved formazan solution was
transferred to a new flat bottom 96-well plate. The optical absorbance was measured at the
wavelength of 570 nm on an immunosorbent assay (ELISA) reader (Synergy H1 hybrid,

Biotek, USA).

4.2.3.11 Biodegradation of scaffolds

The degradation of the scaffolds was examined by immersing specimens in a PBS buffer
containing lysozyme solution (10* U/mL) at 40°C for monitoring the weight loss of scaffolds
over 20 days. At a predetermined period, the scaffolds were taken out of the medium, washed
with distilled water, and freeze-dried to obtain the weights of the scaffolds. The experiment
was performed in triplicates of samples, and the obtained values were considered to calculate
the degree of deterioration. The weight loss percentage was measured from the formula given

below:

W;-Wg

Weight loss (%) = ( ) x 100

Where W; and Wt denote the initial and final weights of the scaffolds before and after

deterioration, respectively.
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4.2.3  Statistical analysis

All the studies were carried out in triplicate to assure repeatability and statistical analysis, and
the outcomes were expressed as the mean and standard deviation (SD). All the experimental
data were statistically analyzed using one-way analysis of variance (ANOVA) and Tukey's
Post hoc multiple comparison tests. The obtained data was analyzed using OriginPro 2020

(OriginLab, Learning edition) to plot all the graphs.

4.3 Results

4.3.1 Characterization of the scaffolds

4.3.1.1 Morphological characteristics and surface roughness analysis of the fabricated
scaffolds

The morphological characteristics of the fabricated three-dimensional architecture were
examined through scanning electron microscopic (SEM) images. Figure 4.2 represents the
SEM images, their respective surface roughness, and a graphical representation of roughness
intensity and frequency. Table 4.2 represents various parameters of surface roughness. The
distribution of grey values at each point of the SEM image is used as an index of the surface
roughness for every scaffold. The scaffolds with luffa fibers (P-L mat) exhibited high-intensity
peaks with the least frequency. The highest frequency with continuous peaks was observed in
P-L powder scaffolds, representing the highest roughness. Least/negligible peaks were
obtained on PDMS (P) surface, probably because of an absence of luffa. A few peaks observed
in the PDMS (P) graph might have resulted due to deposition of dust or foreign particles.
Medium-sized luffa flakes, i.e., P-L flakes, exhibited average peaks with peaks less than P-L
powder but higher than P-L mat. In 3D reconstructed images, the surface of PDMS (P) seems
smoother than that of other scaffolds. As a result of the roughness comparison, the P-L mat and
P-L flakes were observed to possess significantly greater crests spread over the scaffold
surfaces (Figure 4.2 A & B). Since luffa mats and flakes exhibited a more fibrous structure and

irregular pattern, the resulting scaffold was found to have a noticeably greater number of pores
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and a significantly higher crest than P-L powder. Since P-L powder consisted of very minute
particles of luffa that were organized homogenously throughout the structure, resulting in the
scaffold displaying very little evidence of crest on the surface (Figure 4.2 C). The PDMS (P)
scaffolds exhibited significantly no crest, most likely due to the absence of luffa, and its surface

was considered smooth with respect to the other scaffolds (Figure 4.2 D).
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Figure 4.2: Morphological analysis through scanning electron microscopy (SEM)
photomicrograph of (A) P-L mat (B) P-L flakes (C) P-L powder and (D) PDMS (P) scaffolds

along with their respective surface roughness and grey value peak intensity to justify their
surface roughness.
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Table 4.2: Surface roughness parameters (A) P-L mat (B) P-L flakes (C) P-L powder and (D)
PDMS (P) scaffolds quantified using Surf CharJ 1q plugin of ImageJ. Units= arbitrary units
(au). Data were analyzed using One-way ANOVA Tukey’s Post hoc Test.

Root mean | Arithmeti : Total

S square cal mean L owest nghiSt height of Surface

: Name deviation - valley pea the profile | "2
No deviation (RV) P
1. P-L mat 36.923 28.222 | -95.398 | 120.494 | 215.892 9.786
2. | P-L flakes 42.376 33.991 | -99.628 | 123.780 | 223.408 | 13.193
3. P-L 49.452 40.673 | -142.64 | 97.242 239.884 | 15.686

powder

4. | PDMS (P) 24.112 19.223 | -71.149 | 86.436 157.586 | 10.434

To visualize the topography and the three-dimensional (3D) architecture of the fabricated
scaffolds, we have captured digital images and performed SEM analysis that demonstrates the
internal architecture of luffa embedded in PDMS (Figure 4.3). The digital images of the
scaffold were captured from multiple angles to confirm the 3D architecture of the scaffold and
the distribution of luffa. The SEM images of the P-L mat illustrated the luffa mat embedded
within the reinforcing material (PDMS) that was observed in various magnifications. The
internal architecture of luffa depicted presence of the microcapillaries and the microporous
structures. It was also observed that the luffa fibers were in low abundance but were found
continuously present throughout the scaffold. The luffa flakes in the P-L flakes scaffold were
found randomly arranged within PDMS. P-L flakes scaffold demonstrated a high density of

luffa microparticles with high surface area to volume exposed, which resulted in the highest
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absorption compared to other scaffolds. Since the P-L powder is a fine powder with micron
size, most of their capillaries were found compromised; resulting in densely packed within
PDMS material and appearing as agglomerated materials when seen under different
magnifications. The PDMS (P) alone material appeared smoother than the P-L mat and P-L
flakes-based scaffolds. Moreover, high-density packing with the less porous architecture of the
P-L powder significantly resulted in less oil absorption. In contrast, the PDMS alone appeared

smooth and pore-free.

Top view  Side view SEM Images of Scaffolds

P-L powder P-L flakes P-L mat

PDMS (P)

Figure 4.3: Represents the digital images of scaffolds (A) P-L mat, (B) P-L flakes, (C) P-L
powder, and (D) PDMS (P) in top and side view and SEM images of the respective fabricated
scaffolds with various magnification. Scale bar: 10 mm.
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4.3.1.2 Surface roughness analysis (AFM)

To investigate the scaffold’s surface roughness (Rq), atomic force microscopy (AFM) was
used. Figure 4.4 depicts the two-dimensional (2D) and three-dimensional (3D) topographical
view using non-contact mode. Since P-L mat scaffolds possessed a high mesh-like structure,
we notably faced difficulty measuring the surface roughness through AFM. This was because
the cantilever tip got trapped, resulting in an erroneous measurement. Therefore, we were
unable to measure the P-L mat. Due to the random distribution of P-L flakes inside the scaffold,
the surface exhibited a high crest; as a result, the surface roughness (Sq) of the P-L flakes was
found highest with values of 275.21 nm when observed from 3D surface images; whereas the
surface roughness of the P-L powder and PDMS (P) alone was observed relatively lower, i.e.,

145.18 nm and 5.208 nm, respectively (Table 4.3).
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Figure 4.4: Represents the (A) digital image of P-L mat, and surface roughness analysis
measured by atomic force microscopy (AFM) in 3D and 2D of (B) P-L flakes, (C) P-L powder,
and (D) PDMS (P) scaffolds to justify their surface roughness.
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Table 4.3: Represents surface roughness parameters of scaffold P-L flakes, P-L powder, and
PDMS (P) in 3D measured using Atomic force microscopy (AFM). Data were analyzed using
One-way ANOVA Tukey’s Post hoc Test.

Root Highest| Maximum
mean Average | Areapeakto eak area Sampling
Scaffold : p
square | roughness | valley height heiah valley area
h eight h
name roughness (sa) (s1) dept (A9)
(Sq) (Sp) (Sv)
846.6 5
P-L flakes| 275.21 nm | 218.41nm | 1762.5 nm am 915.8 nm | 400 um
P-L 145.18 nm | 110.99 nm | 1290.6 nm 612.3 678.2nm | 400 um ?
powder nm
95.95 400 pm *
PDMS (P) | 5.208 nm | 3.852 nm 136.16 nm am 40.21 nm

4.3.1.3 Determination of effective porosity of the scaffold

The effective porosity of the samples was also quantified using the solvent replacement
technique, as defined previously (Gundu et al. 2022). The effective porosity of P-L mat, P-L
flakes, P-L powder and PDMS (P) was estimated to be 14.63 + 3.69%, 20.72 £ 6.43%, 10.08
+ 2.68%, and 4.04 + 1.87%, respectively. The highest and lowest weight gain was observed in
P-L flakes (20.72 £ 6.43%) and PDMS (P) (4.04 + 1.87%) scaffolds, respectively (Figure 4.5).
The degree of porosity was found to be significantly lower in P-L powder and PDMS (P) than
in P-L mat and P-L flakes. This was most likely due to the lack of pores in the PDMS scaffold
and densely packed luffa powder microstructure and PDMS, resulting in less porosity than that

of P-L flakes.
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Figure 4.5: Graph depicts the effective porosities of P-L mat, P-L flakes, P-L powder, and
PDMS (P) scaffolds. The effective porosities were calculated using the ethanol replacement
method.

4.3.1.4 Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) of cured P-L mat, P-L flakes, P-L powder, and PDMS
(P) is shown in Figure 4.6. The initial weight loss (1.2%) up to 200°C in P-L powder and P-L
flakes were observed, most likely due to the desorption of water molecules, which was absent
in PDMS (P) and P-L mat. The cured PDMS (P) showed a one-step degradation of 235-675°C,
depicting the loss of organic groups. The total weight loss percentage shown by cured PDMS
(P) was 54% indicating a high silicon content. P-L mat showed a similar but higher weight loss
percentage (59%) compared to PDMS (P) due to the luffa component. This weight loss depicted
a very small amount of luffa in the P-L mat. Both P-L powder and P-L flakes showed two
weight loss steps, viz. 235- 400°C and 400- 657°C for P-L flakes, and 235-425°C and 425-

670°C in the case of P-L powder, respectively, indicating the presence of a high percentage of
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luffa in the form of powder or flakes. The total weight loss percentage in P-L powder and P-L

flakes was 81% and 75%, respectively.
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Figure 4.6: Thermogravimetric analysis (TGA) graph for P-L mat, P-L flakes, P-L powder and
PDMS (P) scaffolds.

4.3.1.5 Surface wettability measurement

The surface wettability defines the degree of hydrophilicity and hydrophobicity of the
scaffolds. The ImageJ technique was used to quantify the liquid contact angle to evaluate the
wettability and hydrophilic properties. Based on the contact angle values, the surface area can
be categorized as hydrophobic (contact angle > 90°) or hydrophilic (contact angle < 90°).
Immediately after the drop was deposited, i.e., at time t = 0, all scaffolds were observed less
hydrophilic. After 30 and 60 minutes of incubation, the contact angle on the surfaces of luffa-

containing scaffolds began to decrease, indicating hydrophilic behavior. At t=0, all the
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scaffolds exhibited contact angles in the 100-120 degree (°), indicating less hydrophilic
behavior. After 30 minutes, the contact angle of the P-L mat, P-L flakes, and P-L powder were
reduced to 50.64 £ 4.19°, 78.52 + 4.15°, and 84.30 + 3.95°, respectively. After 90 minutes, the
contact angle values for luffa-containing scaffolds, i.e., P-L mat, P-L flakes and P-L powder,
were further reduced to 19.08 + 3.03°, 29.69 + 3.59° and 50.67 * 3.73°, respectively. Contact
angles at various time intervals can be seen in Table 4.4. The contact angle of PDMS (P)
showed the least changes due to the hydrophobic behavior of the scaffolds. The slight decrease
in the contact angle values may be observed due to gravity and liquid evaporation from the
surrounding environment (Figure 4.7).

Table 4.4: Surface water contact angle values (°) of various forms of luffa-PDMS-based

scaffolds measured at 0, 30, 60, and 90 minutes time intervals. Data were analyzed using One-
way ANOVA Tukey’s Post hoc Test.

S.No. Name 0 min 30 min 60 min 90 min
1. P-L mat 11290 £5.65 | 50.64 +4.19 39.06 +4.22 | 19.08 + 3.03
2. P-L flakes | 117.88+5.83 | 78.52+4.15 56.43 + 3.47 | 29.69 + 3.59
3. | P-Lpowder | 117.12+7.32 | 84.30+3.95 65.47 £5.62 | 50.67 £3.73
4. PDMS(P) 100.93+4.70 | 94.52 + 3.57 85.82+3.69 |76.34+2.21
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0, 30, 60, and 90 min time intervals.
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4.3.1.6 Efficiency of the scaffolds to absorb oil, PBS and organic solvents

The porosity defines the liquid retention capacity of the scaffolds; however, the scaffold’s
swelling percentage determines its liquid absorption ability. Weight gain percentage was found
to be 13.54 + 1.79%, 20.45 + 2.84%, 12.48 + 0.55%, 2.22 + 0.38%, 30.26 + 4.73% for motor
oil and 24.29 £ 1.36%, 29.56 + 5.16%, 20.95 + 0.15%, 1.74 + 0.16%, 39.70 + 2.65% for
phosphate buffer solution (PBS) in case of P-L mat, P-L flakes, P-L powder, PDMS (P) and L
mat scaffolds, respectively (Table 4.5), as shown in Figure 4.8. We have examined the
absorption of different crude oil micro and macro components with the fabricated scaffolds,

including oil, toluene, n-hexane, cyclohexane, and other chemical components like diethyl

ether.
Oil Absorption (B) PBS Absorption
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Figure 4.8: Digital images depict (A) oil absorption study with respective weight gain plots,
(B) PBS absorption with respective plots; P-L mat, (B) P-L flakes, (C) P-L powder, (D) PDMS
(P) and (E) L-mat scaffolds.
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Table 4.5: The absorption efficacy (%) of the fabricated scaffold when placed in PBS and oil.
Data were analyzed using One-way ANOVA Tukey’s Post hoc Test.

S.No. Name Oil absorption (%) PBS absorption (%)
1. P-L mat 1354 +1.79 25.79 + 2.06
2. P-L flakes 20.45 +2.84 33.30+£1.27
3. P-L powder 12.48 £ 0.55 21.45 +0.55
4. PDMS(P) 2.22 +0.38 1.72+£0.04
5. L mat 28.34 £ 3.61 38.23+1.72

For P-L mat, P-L flakes, P-L powder, PDMS (P) and L mat, the weight gain for toluene was
104.86 + 5.10%, 126.14 + 5.08%, 91.83 + 3.61%, 155.18 + 9.86% and 86.18 + 16.92%,
respectively. Similarly, for cyclohexane and n-hexane, the values were observed as 108.40
5.48%, 127.37 £ 2.53%, 92.80 + 4.25%, 160.95 + 7.98%, 47.09 £ 9.41% and 97.27 + 1.54%,
133.03 + 3.71%, 91.80 £ 0.37%, 113.21 + 3.90%, 29.36 + 3.39% for P-L mat, P-L flakes, P-L
powder, PDMS (P) and L mat, respectively (Table 4.6). Although diethyl ether is not a
constituent of crude oil, we have examined it and noticed an increment in its absorption. The
weight gain percentage of P-L mat, P-L flakes, P-L powder, PDMS (P), and L-mat using
diethyl ether was found to be 86.69 + 1.95%, 128.05 + 7.97%, 90.03 + 2.91%, 97.32 £ 5.44%,
and 30.13 = 0.15%, respectively. PDMS (P) showed the highest absorption for toluene (155.18
+ 9.86%) and cyclohexane (160.95 + 7.98%) whereas P-L flakes demonstrated the highest

absorption for n-hexane (133.03 + 3.71%) and diethyl ether (128.05 + 7.97%) (Figure 4.9).
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Figure 4.9: Graphical representation of changes in weight gain percentages over time in
organic solvents (A) n-hexane, (B) diethyl ether, (C) toluene, and (D) cyclohexane.

Table 4.6: The absorption efficacy (%) of the fabricated scaffold’s when placed in organic
solvents. Data were analyzed using One-way ANOVA Tukey’s Post hoc Test.

Toluene Cyclohexane n-hexane Diethyl ether
S.No. Name

(C7Heg) (CeH12) (Ce Hua) (C4H100)
1. P-L mat 104.86 +5.10 | 108.40+5.48 | 97.27+154 | 86.69 +1.95
2. P-L flakes | 126.14 £5.08 | 127.37 +2.53 | 133.03+3.71 | 128.05+ 7.97
3. | P-L powder | 91.83+3.61 92.80 + 4.25 91.80+0.37 90.03 £ 2.91
4, PDMS(P) 155.18 +9.86 | 160.95+7.98 | 113.21+£3.90 | 97.32+5.44
5. L mat 86.18 +16.92 | 47.09+9.41 29.36 + 3.39 30.13+£0.15
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4.3.1.7 Oil-Water sorption study

In a glass beaker (Borosil) with a 25 mL capacity, oil spill absorption was established by adding
1 mL of oil to 15 mL of water. This was performed to assess the behavior of the sorbent
materials in terms of their ability to absorb oil and acquire weight gain. Motor oil has been used
to replicate the oil transportation process. Evaluation of oil-water sorption was quantified by
measuring the weight gain at physiological temperature (37°C). The weight of water gain was
negated as described in the method section. Table 4.7 shows the weight gain from the sorption
of the oil-water mixture was found to be 16.09 + 4.62%, 24.49 * 3.56%, 15.52 + 2.67%, 5.52
+ 1.44% and 34.31 + 4.02% for P-L mat, P-L flakes, P-L powder, PDMS (P) and L-mat,
respectively. Since luffa exhibits oleophilic nature, L-mat exhibited maximum oil-water
absorption. PDMS (P) showed neutral behavior towards oil absorption, i.e., it does not absorb
any significant level of oil-water as such. Figure 4.10 shows the weight gain percentage of the

scaffolds and Figure 4.11 represents the digital images of oil sorption study.

Table 4.7: Weight gain of scaffold from oil-water mixture. Data were analyzed using One-way
ANOVA Tukey’s Post hoc Test.

S.No | Scaffold name | Oil sorption iy N
(%) 45 =
40 %k
1. P-L mat 16.09+4.62 | = 3] * |
2. P-L flakes 2449+£3.55 | & 254 e
£
3. P-L powder 15.52+£2.67 | o
=
4, PDMS(P) 5.52+1.44
5. L-mat 34.31+4.0

Figure 4.10: Graphical representation of the weight gain percentages of various scaffolds.
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Figure 4.11: Digital images depict the oil sorption study of P-L mat, P-L flakes, P-L powder,
PDMS (P), and L-mat scaffolds.
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4.3.1.8 Reusability of fabricated scaffolds

The fluorescent microscopic images depict the cytocompatibility of MG-63 osteoblast-like
cells cultured for 2, 4, and 6 days on the fabricated three-dimensional composite scaffolds i.e.,
3% LC, 5% LC and control (C). The results revealed improved cellular biocompatibility and
adequate proliferation of MG-63 osteoblast-like cells. We attempted to reuse the material by
using the thermal desorption technique. The process involved soaking the oil of the scaffold
using tissue paper, then washing it in hot water and drying it at 60°C for 30 minutes. By
adopting this approach, the scaffold was effectively recovered, and its absorbent capacity was
restored. We monitored the recovery process 10-12 times and found that the scaffold’s
effectiveness decreased by 10% after 10-12 times due to a lack of recovery following multiple
washes. However, successful scaffold recovery offers the prospect of environmentally
sustainable reuse. We anticipate that the solvent extraction approach would be better suited for
recovering absorbed/adsorbed oil and reusing our scaffold. Furthermore, the outcomes suggest
that the fabricated scaffold can be reused a few times; however, it may not require repeated
usage because the materials involved are readily available, inexpensive, and environmentally

benign. The byproduct components may be repurposed for various other applications.

4.3.1.9 Assessment of mechanical stability

Compressive and tensile testing’s were performed for all the fabricated scaffolds to measure
their mechanical stability. Figure 4.12 (A) illustrates the compressive stability of all scaffolds.
The compressive Young’s modulus of P-L mat, P-L flakes, P-L powder and PDMS (P) was
found to be 21.04 MPa, 4.68 MPa, 3.46 MPa, and 2.38 MPa, respectively, and the compressive
strength was estimated to be 3.70 MPa, 2.37 MPa, 14.72 MPa and 8.95 MPa, respectively. The
tensile graph (Figure 4.12(B)) was obtained by plotting tensile stress against strain values. The

Young’s modulus of the P-L mat, P-L flakes, P-L powder and PDMS (P) was evaluated as
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20.72 MPa, 4.00 MPa, 2.15 MPa, and 1.72 MPa, respectively, and tensile strength was assessed

as 1.66 MPa, 0.20 MPa, 0.51 MPa, and 0.37 MPa, respectively (Table 4.8).
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Figure 4.12 (A): Graph shows compressive stability of various scaffolds.
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Figure 4.12 (B): Graph shows tensile stress-strain curve until breakpoint of various scaffolds.
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Table 4.8: Mechanical properties showing young’s modulus and strength of scaffolds. Data
were analyzed using One-way ANOVA Tukey’s Post hoc Test.

Compressive parameters Tensile parameters
Young's Compression Young's Tensile Break
S.No. | Name modulus strength modulus strength _

(MPa) (MPa) (MPa) (MPa) point

1. | P-L mat 21.04 3.70 20.72 1.66 0.10

2. | P-L flakes 4.68 2.37 4.00 0.20 0.11

P-L
3. 3.46 14.72 2.15 0.51 0.25
powder
4. | PDMS(P) 2.38 8.95 1.72 0.37 0.27

4.3.1.10 Cell cytotoxicity study:

A significant improvement in cellular viability was noticed over the course of a 4-day culture
on plasma-treated P-L mat, P-L flakes, P-L powder, and PDMS (P) scaffolds for MG-63
(human bone osteoblast) cells (Figure 4.13). Cells cultured on 96-well plates were considered
as the control, and the rest of the values were quantified relative to the control. All the scaffolds
exhibited a significant enhancement in the proliferation percentage of MG-63 cells from 35.36
+2.70%, 31.98 £ 1.56%, 33.92 £ 2.07%, 29.09 £ 3.40% observed on the second day of culture
to 51.12 + 3.14%, 54.40 + 2.29% and 39.88 + 2.85% by the fourth day of culture for control

PDMS (P), P-L powder, P-L flakes, and P-L mat, respectively.
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Figure 4.13: Graph represents the percentage cellular viability of MG-63 (Human osteoblast)
cells. The 4"-day control was considered a positive control and its OD was considered
reference OD for all the samples. Data were analyzed using One-way ANOVA Tukey’s Post
hoc Test. Values are expressed as mean £ SD (n=6) and the level of significance as *p<0.05,
**p<0.01, and ***p<0.001, respectively.

4.3.1.11 Biodegradation of the scaffold

A degradation study was carried out to understand the change in morphology and weight loss
of the scaffolds when treated with enzymes such as lysozyme. Biodegradation assessment is
essential to verify the stability of fabricated materials under harsh conditions. For
biodegradation tests, scaffolds of 10 mm diameter were submerged in a lysozyme solution with
continuous stirring for 20 days of incubation. The results revealed that all the scaffolds were

almost stable, and no substantial degradation was noticed physically. However, some level of
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weight reduction was observed when the final weights of scaffolds were compared with their
initial values, as shown in Figure 4.14. Figure 4.14 graph shows that P-L flakes exhibited
noticeably higher weight loss (i.e., 3.64 + 0.40%) when compared to the other scaffolds; most
likely due to the presence of the high amount of microcapillaries within the luffa that got
exposed to lysozyme degradation. The scaffolds P-L mat, P-L flakes, P-L powder and PDMS
(P) have shown weight loss percentages of 2.72 + 0.90%, 3.64 £ 0.40%, 2.40 + 0.82%, and

1.80 + 0.24%, respectively.
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Figure 4.14: Graph represents the in vitro degradation of P-L mat, P-L flakes, P-L powder,
and PDMS (P) scaffolds after 20 days in a lysozyme-containing solution at 40°C. One-way
ANOVA Tukey’s Post hoc Test was performed, and the values are expressed as mean £ SD
(n=3).
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4.4 Discussion

Several previous reports have claimed LC to be one of the potential candidates for the sorption
of oil spillage, biodegradability, recyclability, cost-effective and eco-friendly characteristics
(Menya et al. 2018; V. Singh et al. 2014; Z. Wang et al. 2017). LC alone is more susceptible
to sink because of low hydrophobicity and highly porous structure; it experiences low
buoyancy forces. As a result, polydimethylsiloxane (PDMS) was utilized as a hydrophobic
material that was designed to associate with LC and further support LC for enabling it to serve
as a highly floatable scaffold in the process of oil-water separation. As a result of the high
flexibility, thermal stability, and hydrophobicity of PDMS, the water barely penetrates PDMS,
which prevents the PDMS-impregnated LC scaffold from sinking into water (Laitinen et al.
2017; C. Yu et al. 2017). Moreover, PDMS, a silicone-based organic polymer, appears as a
promising floating substrate due to its intrinsic transparency, mechanical flexibility, weather
resistance, and environmental non-toxicity (Park and Hur 2021). According to Kim et al., the
hydrophobic, lighter weight, and immiscible properties of PDMS enable it to float on the
water’s surface (Kim, Kim, and Park 2019). Moreover, reports have claimed that thin layers of
PDMS have the advantage of gaseous permeability that would not prevent the gaseous
exchange between air and water bodies leading to no harm to aquatic creatures (Lamberti,
L. Marasso, and Cocuzza 2014; Markov et al. 2014). Several prior reports have shown the
advantages and applications of luffa structure in various forms for oil spillage studies. Luffa
comprises a fibrous network structure with greater absorption capability that can be utilized as
a very effective oil- absorbing material by altering the surface. Studies on oil absorption,
performed by Wang et al. via fabricating porous luffa sponge, revealed that porous structure
LC can absorb oils up to 8 to 12 times its weight (Z. Wang et al. 2017). Water absorption in
cellulose fibers is caused by hydrogen bonding between free hydroxyl groups on cellulose

molecules and water molecules. Luffa, when poorly bound with other composite material and
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processed with surface modification, results in cracks and voids between the polymer matrix
and luffa fiber leading to easy penetration and storage of water/liquid through the voids (Demir
et al. 2006). Composite materials exhibit functions better than the conventional materials when
immersed in water and exposed to wind, rain, and sun. However, structural degradation can
cause unanticipated structural failures with these materials. These factors should be considered
while designing such construction. Examining the performance of natural fiber-based polymer
composites in terms of water absorption is crucial to their end-use applications. Water
absorption may degrade some qualities; thus it should be considered when choosing its certain
application (Seki et al. 2012). Yu M. et al. claimed a modular, ecologically safe, and low-cost
dip coating method to improve the commercial luffa sponge with aqueous polyurea and fused
SiO2 nanoparticles to create a super hydrophobic sponge without harmful low-surface-energy
compounds. Due to its great chemical stability, the as-prepared luffa sponge had good super
hydrophobic/ super oleophilic qualities and was found resilient for oil-water separation in
hostile settings and extremely harsh conditions. The produced luffa sponge exhibited
outstanding anti-fouling, self-cleaning, and surfactant-free oil-in-water emulsion absorption.
More crucially, after more than 50 abrasion cycles, the as-prepared luffa sponge retained its

super hydrophobicity and oil/water separation efficiency (M. Yu et al. 2018).

Through our research efforts, we envisioned observing the ability of various forms of luffa in
combination with PDMS to absorb oils and other organic solvents. The scaffolds were
fabricated using the hand lay-up method. The fabricated scaffolds were subjected to various
characterizations such as scanning electron microscopy analysis, atomic force microscopy,
porosity, organic solvent absorption, mechanical testing, and oil-water absorption analysis.
Morphological analysis of the scaffolds calculated using the ImageJ software revealed the
surface roughness of several forms of luffa. PDMS without any luffa appeared smoother with

negligible peaks, although a few visible peaks were observed because of dust or foreign
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particles. P-L powder exhibited the highest number of sharp peaks evenly distributed on its
surface. The surface of P-L mat displayed a broader peak with fewer numbers in a non-
continuous manner. P-L flake scaffolds exhibited coarsely chopped fibers with an average
number of peaks having uneven distribution. The surface area of P-L powder was found to be
the highest among all the scaffolds, probably because of the highest number of peaks. From
Figure 4.2, we have analyzed the internal 3D architecture of the scaffolds. SEM images of the
P-L mat (Figure 4.3) revealed the luffa fibers embedded within the PDMS; displaying its
microcapillaries and microporous structures. While the luffa fibers were present throughout the
scaffold in the P-L mat, they were observed sparsely distributed in the P-L flakes scaffold;
whereas luffa flakes were found randomly arranged within PDMS. The P-L flakes scaffold
exhibited a high density of luffa microparticles, resulting in a high surface area-to-volume ratio
and superior oil absorption compared to the other scaffolds. Also, the fragmented flakes of
luffa are believed to be distributed throughout the P-L flakes scaffold mimicking the
continuously accessible and interconnected capillary arrangement enabling it for the highest
oil absorption efficiency. However, the P-L powder, which had a fine micron size, was
compactly packed within the PDMS and due to the lack of capillaries-like architecture, it
appeared as an agglomerated material that was also distinctly visible at different magnifications
when observed through SEM. Therefore, in P-L powder scaffolds, luffa particles incorporated
within PDMS were largely inaccessible and non-interconnected. The digital images
demonstrate the 3D architecture of the scaffold. In addition, the surface roughness of the
scaffolds was examined using a conventional characterization technique atomic force
microscopy (AFM). The data demonstrate that the surface roughness quantification could not
be accomplished in the case of P-L mat because of the high crest and trough network that
hindered the cantilever tip movement. In P-L flakes, P-L powder, and PDMS scaffolds, surface

roughness was quantified and compared based on the 2D and 3D topographical images. From
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the topographical analysis, we observed that the P-L flakes scaffold had the highest surface
roughness, resulting in a higher surface area-to-volume ratio, with greater peak frequencies and
larger crests. Conversely, the P-L powder exhibited a more densely packed structure, resulting
in a significant loss of the microporous architecture, and therefore, the surface of the P-L
powder exhibited fewer peaks and a lower frequency of crests. The PDMS scaffold appeared
completely smooth, and any negligible peaks on the surface were observed, most likely due to
the deposition of dust particles. The results obtained from AFM) were well agreed with the

surface roughness observed through the ImagelJ technique, as shown in Figure 4.2.

The effective porosity of the scaffolds was determined using the ethanol displacement method
(Guan et al. 2005). Irrespective of the high surface area, the P-L powder scaffolds did not
exhibit the highest porosity, this could be due to the involvement of only exposed luffa
microparticles for permeating ethanol inside; while the rest of the luffa microparticles densely
packed within the PDMS were perhaps enclosed by hydrophobic PDMS; preventing ethanol
permeation. The highest ethanol permeation was found with P-L flakes because macroparticles
of luffa resulted in a high amount of ethanol permeation because of many microcapillaries. P-
L mat also permeated a good amount of ethanol; however, since the luffa particle was exposed
notably less, the resulting effective porosity was lesser than that of P-L flakes. PDMS (P)
scaffolds exhibited negligible pores, resulting in no ethanol uptake. Figure 4.15 depicts the
digital and SEM micrographs of luffa flakes, which clearly show the microcapillaries of the
flakes. Figure 4.15 (C) confirms the porous structure of the luffa flakes material, which exhibits

luffa's hydrophilic and oleophilic properties.
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Figure 4.15: Illustrates the (A) digital image of luffa flakes (L flakes), (B) SEM micrographs
at 100 x magnification, and (C) 1000 x magnification showing microcapillaries of luffa flakes.

The weight gain percentage of scaffolds in PBS, oil, and organic solvents was evaluated to
examine the absorption capacity of the scaffolds. Weight gain of water and oil followed a
similar trend for ethanol absorption due to the capillary effect. P-L flakes unveiled maximum
weight gain percentage compared to their other respective forms. PDMS (P) showed the least
weight gain percentage, as it was found unaffected (due to its hydrophobic nature) due to water
and oil. The weight gain percentage of scaffolds in organic solvents resulted in variable trends
based on the weight gain percentage of both luffa and PDMS. In addition, crude oil is
composed of a wide variety of additional toxic components that have the propensity to be
hazardous to aquatic life. Therefore, the absorption of particular organic compounds is of the
utmost importance when dealing with oil spillage. Using n-hexane, cyclohexane, toluene and
diethyl ether, PDMS (P) scaffolds exhibited the highest weight gain percentage compared to
other scaffolds. The results have shown that PDMS (P) scaffold significantly absorbs certain
toxic organic compounds. In addition, a comparison study is represented in Table 4.9 to show
the efficacy of our fabricated scaffolds with other reported work utilizing similar or different
materials and oils. We can deduce that different combinations of materials reported for oil-
water separation applications exhibit noticeably varying results. Silicon-modified polyester

materials fabricated using the chemical vapor deposition technique have exhibited superior

191



hydrophobicity and good separation efficiencies even after multiple recycling processes (Mao
et al. 2023; J. Zhang and Seeger 2011). Wax coatings on natural sponges like luffa have
improved the materials super-hydrophobicity and super-oleophilicity, leading to better
separation efficiencies, absorption capacities, and simplified sample recycling (F. Wang, Lei,
et al. 2019; F. Wang, Xie, et al. 2019). Modifying metallic meshes (for example, steel wool)
by coating with PDMS has enhanced absorption rates and the potential to absorb relatively
large amounts of oil (Abdulhussein, Kannarpady, and Biris 2019). Poly[(3,3,3-trifluoropropyl)
methylsiloxane] PTFPMS-coated membranes stands out as an excellent oil-adsorbing material
with good hydrophobicity even in extreme conditions like high temperatures, high humidity
and corrosive environments (Hou et al. 2015). PDMS-coated polyvinylidene fluoride (PVDF)
nanofibers fabricated via the electrospinning approach exhibit relatively shorter fabrication
times with enhanced hydrophobicity and separation efficiencies (Cheng et al. 2021).
Polybenzoxazine-modified cotton fabrics have demonstrated remarkable mechanical durability
and good hydrophobicity enabling their usage even in adverse conditions (Bai et al. 2020;
Shang et al. 2021). Inorganic nanoparticles applied to polyurethane foam have substantially
increased its hydrophobicity and mechanical characteristics while expanding its application to
various oils (H.-D. Liu et al. 2018). Polystyrene foams have improved oil adsorption
capabilities and maintained their hydrophobicity even after several cycles, indicating their
superior reusability (N. Zhang et al. 2017). Cellulose-based materials have demonstrated high
separation efficiencies for various oils and are found robust in extreme circumstances such as
high temperatures or low pH settings (Dan et al. 2020). The PDMS-functionalized melamine
sponge has shown good large-scale oil absorption, exceptional absorption capabilities and great
reusability, maximizing its utility in oil separation processes (Chen, Weibel, and Garimella
2016). However, these materials possess a few drawbacks, as listed in Table 4.9. While the

reported scaffolds demonstrate promising features, several limitations still need to be
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addressed. We have developed a novel scaffold to address the limitations of existing scaffolds.
Our developed scaffold exhibits excellent oil absorption capacity, can withstand harsh
conditions, allows for permeation of gaseous exchange, and prevents oxygen depletion in
water. Additionally, super-hydrophobic behavior of the developed scaffolds enables it to
remain floating and prevent sinking; rendering it a novel material for preventing oil spills.
However, an improvement of the fabricated scaffolds to enhance the absorption percentage
remains a scope for future research. The research study indicates that the fabricated luffa-
PDMS scaffold is compatible with MG-63 osteoblast-like cells; indicating that the scaffolds
are safe for use in oil spill treatment without affecting the marine ecosystem. For our upcoming
experiments, we intend to expand the scope of our research by investigating additional cell
lines such as MCF-7, HeLa, and NIH-3T3 to further explore the biocompatibility and potential
applications of the scaffolds. This study will demonstrate our fabricated luffa-PDMS scaffold
as highly compatible with a wide range of biological agents and without posing any potential

toxicity hazards to marine life or the environment.

The surface wettability of the scaffolds was tested with all the scaffolds and it was found that
almost all the scaffolds showed a contact angle higher than 90 degrees at the beginning;
however, the contact angle started reducing for the scaffolds containing luffa w.r.t. time. PDMS
(P) scaffold exhibited hydrophobic behavior throughout the time duration tested; only a slight
reduction in the contact angle happened, which might be because of gravitational pull and
evaporation of water molecules at the micro level. However, the P-L mat exhibited the lowest
contact angle after 90 minutes, showing the high water absorption capacity of the P-L mat.
However, the quantity studied for contact angle measurement was insufficient for determining

the water permeation behavior.
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Mechanical properties of scaffolds were tested based on their tensile and compressive strength.
Among all the scaffolds, the compressive strength of P-L powder was found to be highest, i.e.,
14.72 MPa; however, Young’s modulus of P-L mat was found to be highest (21.04 MPa)
among all the scaffolds. The result showed that PDMS (P) alone exhibited almost identical
patterns to those of elastic materials. Incorporating evenly distributed luffa microparticles
enhanced the compressive strength of the scaffold. The addition of luffa mat to the PDMS
resulted in a noted reduction in the elasticity of the PDMS i.e., an increase in compression does
not alter the change in strain proportionally. In the case of tensile strength, the P-L mat
exhibited the highest tensile strength as well as Young’s modulus in comparison to other forms
of scaffolds. The main reason behind the non-elastic behavior of the P-L mat scaffold may be

because of the high and continuous mesh network within the PDMS structure.

Oil-water absorption studies of the scaffold were quantified to check the efficacy of the
fabricated scaffolds in terms of oil and organic solvent absorption capacity. The motor oil was
used to perform absorption testing, and it was found that P-L flakes exhibited the highest oil
absorption. Although PDMS surpassed in a few cases of organic solvent absorption, if we look
forward to overall absorption capacity, P-L flakes outperformed in crude oil absorption and
absorption of toxic organic solvents. Our investigations have demonstrated that luffa fibers
preferentially absorb oil more efficiently than PBS, which is in accordance with a past study
by Abdelwahab et al. (Abdelwahab 2014). Further, the addition of PDMS to luffa made it
appropriate for absorbing crude oil and hazardous toxins. Luffa has a cheaper manufacturing
cost than synthetic fibers and cotton, which results in lower pricing for the end product. It is
feasible to salvage it from discarded items such as life preservers, upholstery, and bedding to
recycle it as an oil sorbent, which would be beneficial to the environment. Because it is
susceptible to biodegradation, it might, in the end, be thrown away to recover energy from

biomass. As a consequence, the utilization of it does not lead to any secondary waste that is
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ultimately released into the environment. The outcomes revealed that the process optimized for
capacity. Overall, this research provides a promising approach for designing and developing

Table 4.9: Comparison of materials, fabrication methods, oils, and the absorption and

times, and medium-sized P-L flakes showed significantly a great level of oil absorption
adsorption capacities of various materials for oil-water separation.

reusability of the scaffolds had notably facilitated their oil absorption capacity up to 10-12

an optimal absorbent material for environmental remediation.
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4.5 Conclusion

Various forms of luffa-PDMS composite scaffolds were fabricated using hand lay-up approach.
Numerous characterizations were performed, including surface roughness, porosity, surface
wettability, oil and PBS absorption, degradation, thermal stability, oil spillage and mechanical
properties. The morphological analysis of SEM images showed the internal architecture of
luffa, depicting microcapillaries and microporous structures. The P-L flakes scaffold had a high
density of luffa microparticles resulting in the highest level of oil absorption. In contrast, the
P-L powder appeared as an agglomerated material due to the majority of compromised
capillaries. AFM images depicted that the P-L flakes scaffold had the highest surface
roughness, a higher surface area-to-volume ratio, higher peak frequencies and more crests. The
surface of P-L powder scaffolds exhibited fewer peaks with fewer peaks numbers due to its
more tightly packed structure; reducing the microporous architecture. The existence of luffa
within scaffolds exhibited exceptional oleophilic and PDMS displayed outstanding swelling in
organic solvents. The P-L flakes have demonstrated a noticeably higher capacity for absorbing
oil, PBS, and a few organic solvents, probably because of the high microcapillary properties of
luffa flakes. The oxygen permeability of PDMS can enable continuous gaseous exchange
between the water body and the atmosphere. In addition, the hydrophobic characteristics of
PDMS enables buoyant forces to overcome the weight of the luffa-PDMS composite
membrane and prevent it from sinking. Cell cytotoxicity testing demonstrates the cellular
biocompatibility of the luffa-PDMS composite, indicating that it poses no threat to aquatic
environments. Luffa fibers are found excellent for absorbing oil and adding PDMS render them
suitable for absorbing crude oil toxic materials. The fabricated scaffolds can be reutilized 10-
12 times proficiently. Moreover, luffa has lower production costs than synthetic fibers and
cotton, resulting in lower end-product prices. This easy and green synthesis method can

produce vast quantities of a multifunctional biomass-based adsorbent material for anti-fouling,
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self-cleaning, and customized oil-water separation. Thus, the outcomes suggest that luffa-
PDMS-based scaffolds might be a desired material for various environmental remediation

applications.
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