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sorption capacity using environmentally friendly approaches. Herein, we proposed the

development of a new oil sorbent in the form of porous carbon foam prepared from plant- KEYWORDS

based microcellulose fiber that is eco-friendly, non-toxic, reasonably cheap, and efficient, Oil sorbent

thereby promising a potential industry-adaptable approach. Three-dimensional (3D) Sugarcane bagasse
crosslinked microfibrillated cellulose of sugarcane bagasse (MFCSCB) foams were first Microfibrillated cellulose
prepared as a base material, and magnetic ferrite nanoparticles (FesOs) and carbon Carbon nanotubes
nanotubes (CNTs) were further mixed into the structure of MFCSCB foam to impose Porous carbon foam
hydrophobic property and introduce magnetic behaviour required as a good oil sorbent Oil-spill remediation

material. The foam comprises a 3D interconnected structure of cellulose microfiber with high
porosity embedded with CNT/FesOs nanocomposite. Maximum oil sorption efficiency is
achieved using Design Expert Software, where the response surface method (RSM) with a
three-level, three-factor full factorial design was used. Independent factors selected in the
preparation of the mCNT-MFC composite foams were the percentage of CNTs, freezing
temperature, and sonication time. The sample with the highest oil sorption performance (5.05
+ 0.5 g/g) was obtained at 0.75% CNT, -140 °C freezing time, and a sonication time of 20
minutes. Data inserted for the oil sorption optimization was the average value of triplicate
samples with an average standard deviation of 0.5. The optimum sample was further
characterized in detail using FESEM, FTIR, and XRD to understand the mechanism of oil
sorption. The recyclability potential and oil sorption kinetics of the sample were also
investigated. The mCNT-MFCs can selectively remove the oil from the oil/water interface with
good oil sorption efficiency due to the presence of a highly porous structure and hydrophobic
properties possessed by the composite, as well as easy oil recovery by a solvent removal
approach.

1.0 INTRODUCTION

Oil spills on rivers and seas have huge and immediate adverse economic, social, and environmental impacts. Several
available methods to remediate oil spills, such as in-situ burning, dispersant and boom, and skimmers, do not provide a
favourable solution in terms of cost, ease of deployment, significant resources, and environmentally friendly approach
[1-3]. Since oil spills have occurred ever since the use of fossil fuels in society, there is an alarm requiring alternative
strategies to tackle the limitations of the currently available methods. Several alternative solutions were proposed to satisfy
some of these requirements, including adsorption methods using adsorbents of different compositions, such as
polyurethane sponge, polyvinyl alcohol (PVA) aerogel, graphene sponges, and ion exchange resin [4]. Adsorption and
absorption through oil-sorbent materials are commonly regarded as the preferred technological solution due to their
comparatively affordable cost and high effectiveness [5]. However, oil sorbents are mostly prepared using non-green
materials, which are made from non-degradable polymers, which can further expose substantive waste to the environment.
Moreover, some of them are either extremely expensive or require expensive precursors [6].

In recent years, a great effort has been made to develop three-dimensional (3D) oil sorbent material using
biodegradable, renewable, eco-friendly, and non-toxic organic compounds such as cellulosic materials from biomass [6].
Hydrogels made of micro-cellulose and nano-cellulose fibre extracted from agricultural waste such as palm oil husk or
sugarcane bagasse are among the popular choices [7][8]. However, they suffered from low oil sorption capacity due to
the hydrophilic nature of the celluloses, which are rich with the hydroxyl functional group, while oil is known for its
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hydrophobic and oleophilic behaviour due to the presence of hydrocarbon compositions. Following this, a few studies
have chemically modified the cellulose with silane functional groups such as methyltrimethoxysilane (MTMS) [8] and
hexadecyltrimethoxysilane (HDTMS) [9] to increase hydrophobicity. However, this approach involves complicated steps,
inconsistent product quality, altered biodegradability, and can be toxic to the environment [7]. Furthermore, cellulosic
material cannot be recycled due to its higher swelling behaviour [16]. In a few other studies, the 3D cellulose
hydrogels/foam were converted to carbon composition through pyrolysis to reduce their hydrophilicity and increase
chemical stability [4][10]. Although this strategy enabled high oil sorption capacity (up to 87 g/g) and recyclability, the
natural behaviour of the cellulose, such as degradability, was sacrificed. Thus, developing oil sorbent material from
cellulosic-based material with an environmentally friendly approach is still challenging.

Herein, we proposed the development of a 3D magnetic CNT microfibrillated cellulose (NCNT-MFC) composite
foam as an oil sorbent material using the freeze-drying method. As depicted in Figure 1, micro-fibrillated cellulose was
first extracted from sugarcane bagasse using the alkaline bleaching method. The crosslinked micro-fibrillated cellulose
foams were further incorporated with carbon nanotubes (CNT) and magnetic ferrite (MFe204) nanoparticles to produce
MCNT-MFC with hydrophobic/oleophilic and magnetic properties. CNTs were added into the 3D framework of the
micro-fibrillated cellulose due to their excellent potential for oil-water separation with low density, hydrophobic, and
oleophilic nature, as well as large specific surface area. Meanwhile, MFe,O4 nanoparticles have been incorporated into
the MFC framework to enable easy sample recovery. The mCNT-MFC was able to selectively remove the oil from the
oil/water interface due to the hydrophobic properties possessed by the composite. The fabricated foam also possesses
unique characteristics such as ultralightweight, high porosity, and recyclability. Attractive properties possessed by
mCNT-MFC for such applications open new prospects for potentially sustainable water remediation applications.
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Figure 1. Diagram for the synthesis of mMCNT-MFC composite foam
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2.0 METHODS AND MATERIAL
2.1 Materials

Sugarcane bagasse (SCB), sodium hydroxide (NaOH), hydrogen peroxide (H20-), sulfuric acid (H2SO4), sodium
chlorite (NaClO,), acetic acid, maleic anhydride, sodium hypophosphite, magnetic iron oxide (FesO4) nanoparticles,
carbon nanotubes (CNT), engine oil, hexane, red palm oil, rice bran oil, peanut oil, distilled water, and deionized water.

2.2 Extraction of Microfibrillated Cellulose from Sugarcane Bagasse

The sugarcane bagasses (SCB) were sun-dried and ground using a grinder until it reached 100 um in size. The SCB
powders (25 g) were mixed with 500 ml of 2% (w/v) of NaOH and water bath for 5 hours at 80 °C in a water bath. The
treated SCB were filtered and then bleached with 500 ml of H.O, in a 1:1 aqueous dilution at 75 °C. The samples were
further treated with 12% (w/v) NaOH solution and incubated in a water bath at 80 °C for 15 minutes. In order to
completely break down the chemical bond of hemicellulose and lignin of SCB, the SCB was treated two times using
NaOH. The treated SCB samples were vacuum filtered and washed a few times to ensure no NaOH and H,O; residues
were in the cellulose fibers’ suspension. The treated SCB samples were further treated with 1% v/v of H,SO4 at 80 °C.
The extracted samples were cleaned with distilled water until they achieved a neutral pH value. The samples were further
treated by dispersing them in 5 wt.% NaOH solution under vigorous stirring for 24 hours at 75 °C. They were then washed
with deionized water and filtered before being immersed in a mixture solution containing 2 wt.% NaClO; and acetic acid
under stirring at 70 °C for 3 hours. The samples were then washed with deionized water several times before being stored
in the refrigerator at 4 °C until further use.

2.3 Preparation of Crosslinked Microfibrillated Cellulose Foams

A weighted amount of crosslinkers (maleic anhydride and sodium hypophosphite) was added to the microfibrillated
cellulose (MFC) suspension (0.6—-2%) in water under mechanical stirring and finally treated in an ultrasonic bath for 10
minutes to obtain the native MFC aqueous solution. The aqueous solution was filled in a silicone cube mold and slowly
chilled at a designated temperature (-80 °C). The frozen samples will be dried for 4 days in a freeze-dryer at a condenser
temperature of -84.5 °C.

2.4 Fabrication of Magnetic CNT-Microfibrillated Cellulose Foam

Magnetic CNT-microfibrillated cellulose (NCNT-MFC) foams were prepared by mixing magnetic iron oxide (FezOa)
nanoparticles and CNT together with the MFC. Commercial Fe3O4 nanoparticles were used in this step. The weight ratio
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of FesOs in the Fe;0./CNT nanocomposite slurry was kept constant throughout all of the samples. The slurry of
Fes0./CNT nanocomposites in water was prepared by adding a weighted amount of MFC. The samples were then mixed
in a water bath sonicator according to the designated time to obtain a homogenized mixture. The composite samples were
stored at -20 °C overnight before being freeze-dried at different freezing temperatures for 4 days.

2.5  Optimization of MCNT-MFC Foams Preparation to Achieve the Highest Oil Loading

To study the response toward oil adsorption capacity, three (3) parameters (which include percentage of CNT,
sonication time, and freezing temperature) for the preparation of mMCNT-MFCs were selected and varied. The oil
adsorption capacity was selected as the response for this study. The optimization study used Design Expert software
version 6.0.0 (Stat-Ease Inc., Minneapolis, USA). Response surface method (RSM) and a three-level, three-factor
factorial design were used to establish the experimental model. Table 1 shows the range of values selected for the
optimization study. Optimization studies were conducted in triplicate (n = 3).

Table 1. Variable inputs for the optimization study

Parameters Coded levels
-1 0 1
Percentage of CNT (%) 0.25 0.5 0.75
Freezing temperature (°C) -140 -80 -20
Sonication time (min) 20 40 60

2.6 Oil Sorption and Reusability of MCNT-MFC Foams

The oil sorption experiment was carried out at room temperature. Five (5) ml of engine oil was added to a beaker. A
piece of the foam sample was introduced into the beaker containing oil. After 5 minutes, the foam was collected and left
to drain for 5 minutes to remove any excess oil. The mass sorption capacity (C) was calculated using the following
equation:

_ Wp-wh)
w1

¢ o)

where W, and W, represent the weight of the foam before and after the oil sorption, respectively.

The sample with the highest oil sorption capacity based on the optimization study was further used to study the
reusability of the sample. Absorbed oil was discarded by washing the sample with hexane, and the same procedure was
repeated to demonstrate the reusability cycle of the foam. Oil sorption experiments and calculations of mass absorption
capacity were carried out in triplicate (n = 3).

2.7  Sample Characterizations of MCNT-MFC Foam

Field emission scanning electron microscopy (FESEM) analysis was performed on the mCNT-MFC to investigate the
microstructure of the samples, and the elemental analysis was confirmed via energy dispersive spectroscopy (EDS). The
crystal structure and the composition of the mCNT-MFC composite were observed on X-ray Diffraction Analysis (XRD).
Contact angle measurements were taken on a video contact angle to measure the surface wettability of the samples. The
chemical functionality of the samples was measured by Fourier transform infrared (FTIR) spectra and was recorded in
the transmittance mode in the range of 4000400 cm™ with a resolution of 4 cm™. Thermal stability measurements of the
foams were carried out using a thermal analyzer at a heating rate of 10 °C/min under a nitrogen atmosphere (flow rate
about 100 ml/min) from 25 °C to 600 °C. All characterization analyses were repeated three times (n = 3), and average
values were reported.

2.8  Kinetics of Oil Sorption

The mCNT-MFC foam was prepared using optimized parameters suggested by the model. The kinetic oil sorption
study was performed using four (4) different types of oil: engine oil, red palm oil, rice bran oil, and peanut oil. The amount
of absorbed oil with time was recorded and calculated using Eq. (1). Kinetic studies were performed in triplicate (n = 3).

3.0 RESULTS AND DISCUSSION
3.1  Physicochemical Properties of mMCNT-MFC

The synthesis procedures are summarized in Figure 1. Figure 2 shows the digital images of mCNT-MFC foam
development, starting from dried and cleaned sugarcane bagasse in Figure 2(a) to ground bagasse in Figure 2(b). Figure
2(c), on the other hand, shows the crosslinked MFC foam. Treated microfibrillated celluloses were extracted from ground
bagasse and mixed with a binder, followed by the freeze-drying step. Figure 2(d), on the other hand, shows the image of
the MCNT-MFC foam, which is the final product. The dimensions of the mCNT-MFC foam samples were kept constant
at1.5cmx 1.5 cm x 1.5 cm, and the mass and density were measured at 0.50 g and 0.15 g/cm3, respectively. In comparison
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to dense bulk materials, foam structure combines the advantages of having a light structure, an increased surface-to-
weight ratio, and being permeable for fluid adsorption.

Figure 2. Digital images of (a) cleaned and dried sugarcane bagasse, (b) ground sugarcane bagasse, (c) MFC foam, and
(d) mCNT-MFC foam

3.2 Optimization of the Oil Sorption Capacity

The RSM design optimized three (3) significant factors: the percentage of CNT (%), freezing temperature (°C), and
sonication time (min) for the preparation of the mMCNT-MFC foam. A total of 15 experimental runs were conducted, and
the results are presented in Table 2. The percentage of CNT (%) was set from 0.25 to 0.75 (%), with a centre point of
0.5%. The freezing temperature ranged from -20 to -140 °C, with a centre point of -80 °C, while the sonication time
varied from 20 to 60 min, with a centre point of 40 min, to assess their influence on oil sorption performance. An average
of three replicates on oil sorption measurement was collected and presented in Table 2, and the data inserted for the oil
sorption optimization was the average value of triplicate samples (n = 3) with an average standard deviation of 0.5.

The highest oil sorption of 5.05 g/g was achieved for samples 6 and 9, with a 0.75% CNT, -140 °C freezing time, and
20 minutes sonication time. In contrast, sample 4 yielded the lowest oil sorption capacity of 3.80 g/g. This sample was
prepared with 0.25% CNT, a freezing time of -20 °C, and a 20-minute sonication time. The results suggested that higher
CNT and higher freezing temperature lead to higher oil sorption capacity due to increased material hydrophobicity [11,12]
and the possibility of closely and randomly packed microfibrillated fibre in the mCNT-MFC [9], respectively. Analysis
of variance (ANOVA) for the oil sorption, as shown in Table 3, revealed that the model is significant with a p-value of
0.0006. A p-value of less than 0.05 implies that the model is significant. Similarly, the three selected parameters, which
are the amount of CNT, freezing temperature, and sonication time, were also significant for the preparation of the sample
with a p-value of 0.0027, 0.0025, and 0.0416, respectively. Similarly, the model F-value of 12.94 implies that the terms
in the model have a significant effect on the responses. The optimal conditions for preparing the mCNT-MFC were
suggested to be 0.73% CNT, a freezing temperature of -130 °C, and a sonication time of 20 minutes. These preparation
parameters were used to prepare the sample for the recyclability and kinetic study.

Table 2. Engine oil sorption capacity based on Response Surface Method (RSM)
Run  Percentage of CNT  Freezing temperature  Sonication time Engine oil sorption

(%) CC) (min) (9/9)
1 0.75 -20 60 4.27
2 0.25 -20 20 3.84
3 0.75 -20 60 4.32
4 0.25 -20 20 3.80
5 0.75 -140 20 4.73
6 0.75 -140 20 5.00
7 0.25 -140 60 4.13
8 0.5 -80 40 4.77
9 0.75 -140 20 5.05
10 0.5 -80 40 4.01
11 0.75 -20 60 4.21
12 0.5 -80 40 4.70
13 0.25 -140 60 4.59
14 0.25 -140 60 4.59
15 0.25 -20 20 4.22
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Table 3. Analysis of variance results for oil sorption capacity

Source Sumof . Mean e P-
Squares Square value
Model 1.70 3 0.5656 12.94 0.0006 significant
A-Percentage of CNT 0.6466 1 0.6466 14.80 0.0027
B-Freezing temperature 0.6593 1 0.6593 15.09 0.0025
C-Sonication time 0.2322 1 0.2322 5.31 0.0416
Residual 0.4807 11 0.0437
Lack of Fit 0.1120 6 0.0187  0.2530  0.9378 not significant
Pure Error 0.3688 5 0.0738

3.3 Microstructure of MCNT-MFC Composite Foam

The morphologies of the MCNT-MFC sample in Run 9 are presented in Figure 3. From Figure 3(a), the interconnected
structure of the cellulose microfiber (diameter of <10 um) with porous areas is observed. At a higher magnification of
50k, the CNT network is observed throughout the body string of cellulose microfiber with no obvious aggregation of the
nanoparticles (Figure 3(b)). Figure 3(c) shows a close-up sample image to further confirm the presence of CNTs with an
average diameter of around 20 nm. Figure 2(d), on the other hand, shows the presence of FesO4 nanoparticles with a
diameter of around 600-800 nm (yellow box) on the cellulose microfiber surface with possible aggregation of CNTs on
the MFC framework. EDS data presented in Figure 3(e) confirms the presence of cellulose, CNT, and Fes;O. in the 3D
framework, where the intense peak of carbon compound representing CNT and cellulose is 49.6%, oxygen (O) from
cellulose and Fes;O4 is 24.3% while iron (Fe), presenting the FesOs, is 14.8 wt.%. A small percentage of Na and Cl were
also detected, which could be the residues during the extraction of the microfibrillated cellulose, or the binder used to
prepare the composite material.

3.4 Physical and Chemical Properties of MCNT-MFC Composite Foam

To further confirm the composite structure of mMCNT-MFC foam, X-ray diffraction (XRD) patterns (Figure 4(a)) and
FTIR spectra (Figure 4(b)) of the mCNT-MFC foams were collected, analyzed, and compared with MFC alone and MFC
with CNT (CNT-MFC). The MFC alone (purple colour spectra) shows characteristic peaks located at 14.0, 16.5, and 20°,
22.3° corresponding to the (110), (110), (200), and (200) diffraction planes, respectively, which are typical XRD patterns
of cellulose Il presenting a stable crystalline form. CNT-MFC (orange colour spectra) on the other hand shows the
additional characteristic peak at 19.9°, 22.7°, 26°, 27.9°, 30°, and 33° corresponding to diffraction planes of (100), (101),
(002), (111), (200), and (004) lattice plane of hexagonal graphite structure which confirmed that CNT successful
incorporation of CNTs into the MFC framework. Meanwhile, the mCNT-MFC (black colour spectra) foam exhibits major
crystalline phases belonging to metallic Fe, which is attributed to FesOa, besides those characteristics of cellulose and
CNT. The characteristic peaks of FesO4 were located at 22.8°, 28.5°, 29.7°, 30.34°, 35.79°,43:26°, 53:84°, 56:81°, and
63.01° corresponding to the reflections from the (100), (004), (101), (220), (311), (400), (422), (511), and (440).

FTIR spectra for MFC show that the absorption band at 3391 cm™? is assigned to hydroxyl groups stretching. Bands
at 2906 cm™ and 1373 cm™ are assigned to stretching and deformation vibrations of the C—H group in the glucose unit.
The new addition of a weak C—C bending peak around 500-700 cm™ an absorption peak at 2924 cm™, which is attributed
to symmetric and asymmetric CH stretching and two intense peaks observed between 580 cm™ and 630 cm™, which are
attributed to the stretching vibration mode associated with the metal-oxygen Fe-O bonds in the crystalline lattice of FesOsa,
were observed on the mCNT-MFC foams presenting the CNT and FesOa, respectively. These observations confirmed that
the composite was bound through physical interaction without involving chemical changes. Contact angle measurement,
as shown in Figure 4(c), shows that the cellulose sample has a contact angle of less than 90° for MFC alone and 101° for
MFC embedded with CNT nanoparticles (NCNT-MFC). This shows that the mMCNT-MFC sample possesses hydrophaobic
properties, which are an important requirement for oil-sorbent materials apart from porous structures.

According to the thermogravimetric analysis (TGA) shown in Figure 4(d), the initial weight loss for the untreated
MFC (red line) begins around 50 °C, likely due to the evaporation of moisture. By 100 °C, the sample experiences a large
weight loss of approximately 15%. The decomposition becomes more pronounced with increasing temperature, to about
80% weight loss at 600 °C. The result indicates structural components and organic residues that degrade under this
temperature range [13]. Due to this behaviour, the untreated MFC foam will dissolve easily in water, eventually disrupting
the foam structure. This trend is also observed in the MFC (black line) sample, and it appears to have more thermal
stability, where it experiences about 12% weight loss by 100 °C, with just over 55% total weight loss at 600 °C. It appears
that improved matrix stability was achieved in the presence of maleic acid as a crosslinker agent, as indicated by the
reduced weight loss compared to untreated MFC. Compared to MFC alone, CNT-MFC (green line) and mCNT-MFC
(blue line) show better thermal resistance with an initial weight loss of less than 10% observed at 100 °C due to a moisture
loss. The weight loss progresses slowly, with approximately less than 45% loss at 600 °C. The reduced weight loss in
CNT-MFC and mCNT-MFC can be attributed to the effective dispersion and strong interaction between the CNTs and
the MFC matrix, which restricts the decomposition of the organic components and enhances the overall thermal
performance of the composite [14][15].
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Figure 3. Morphology of mMCNT-MFC observed using FESEM at (a) 1k, (b) 50Kk, (c) 80k, and (d) 100k magnification.
The red box in (d) represents the FesO4 nanoparticles, and (e) energy-dispersive X-ray spectroscopy (EDS) spectrum of
the mCNT-MFC nanocomposite foam

3.5 Recyclability Test of mMCNT-MFC

Figure 5 shows the recycling experimental result of mMCNT-MFC as an oil sorbent material. In this test, engine oil was
used, and the sorption capacity was assessed in three separate trials using the same sample. After each trial, the oil was
desorbed by soaking the sample in a hexane solution for several minutes, followed by oven drying before using it for the
subsequent cycle. It was found that the oil sorption capacity was reduced by 50% in the second cycle and further reduced
to 75% in the third cycle compared to that obtained for the first cycle. The results suggest that the mCNT-MFC can be
reused for subsequent oil sorption, but with reduced oil sorption performance over time. This reduction of oil sorption
capacity could be due to two (2) possible reasons: 1) incomplete removal of the oil from the previous cycle by the current
hexane dissolution method, and ii) reduction of sample hydrophobicity due to the possibility of CNT leaching. Despite
the reduction of oil sorption capacity, the CNT-MFC sample remains intact in its 3D foam structure, which suggests the
recyclability potential of the sample. Compared to other cellulose-based oil sorbent materials [16][17], which can retain
over 80% of their capacity after multiple cycles, our study offers a new cellulose-based oil sorbent material that is reusable
due to its mechanically and thermally stable structure, as supported by the data provided in Figure 4. The recyclability
performance of mMCNT-MFC is comparable or slightly lower but remains promising given its eco-friendly origin from
agricultural waste (e.g., a chitosan—cellulose aerogel retained over 85 % of its initial capacity after 50 sorption—desorption
cycles) [22].
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Figure 4. (a) XRD pattern, (b) FTIR spectra, (c) contact angle, and (d) TGA analysis of the CNT-MFC
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Figure 5. Recyclability of the mCNT-MFC composite foam by dissolution in hexane after oil sorption

3.6  Oil Absorption Capacity Test

The optimized mCNT-MFC was further assessed using different types of oil to see its sorption capacity. Three (3)
other vegetable oils, namely red palm oil (RPO), rice bran oil (RBO), and peanut oil (PO), were evaluated for oil sorption
using the mMCNT-MFC foam for a shorter period, which is 90 sec. It was observed that almost similar amounts of oil were
adsorbed by the mCNT-MFC, which are ~1 g/g for engine oil, RBO, and PO. This data shows that the mCNT-MFC has
versatile performance towards different types of oil. Meanwhile, slightly less oil sorption was obtained for RPO might be
due to the characteristics of RPO, which has a higher viscosity and forms a semi-solid at room temperature, primarily due
to its higher saturated fat content [18][19]. Figure 6 supports the data in Table 4, which demonstrates efficient oil sorption
(RPO, RBO, and PO) by the mCNT-MFC even at brief periods of time. Slightly more RPO remains in the beaker after
adsorption than RBP and PO. It is also demonstrated that the mCNT-MFC foam remains intact during and after oil
sorption with no visible sample leachate in the oil. The stable structure of the microfibrillated cellulose network was due
to the presence of a linker that holds the microfibrillated cellulose networks. It has been reported that using a combination
of maleic acid and sodium hypophosphite as a durable press finishing agent offers a safer yet equally effective alternative
to traditional formaldehyde-based cross-linking agents for finishing cellulose-based fibres [20]. When compared with
recent biosorbents reported in literature, the oil sorption capacity of mMCNT-MFC (~1 g/g for various oils) falls within a
slightly lower to comparable range, e.g., a chitosan/cellulose aerogel showed 13.8—-28.2 g/g capacity, reusable for at least
50 cycles but the structural integrity and recyclability of mCNT-MFC highlight its practical advantages [23].
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Table 4. Kinetics of oil sorption by mCNT-MFC composite foam

Oil Absorption Capacity

Type Oil Dfégtsifyzggﬁgf) Weight before oil o)

0s 90 s

Engine Qil 0.84 -0.91 0.80 1.15

Red Palm Oil (RPO) 0.90-0.93 0.75 0.67
Rice Bran Oil (RBO) 0.913-0.920 0.72 1.00
Peanut Qil (PO) 0.912-0.920 0.81 0.94

Figure 6. Oil sorption experiment with different types of oil before and after absorption of oil: a) Red palm oil, b) Rice
bran oil, and c) Peanut oil

The oil sorption capacity of the mCNT-MFC composite foam over time, as depicted in Figure 7, shows slightly
distinctive absorption behaviours for four (4) different oils. Engine oil demonstrated the fastest absorption, starting at
0.80 g/g and rising to 1.04 g/g by 90 seconds, with an adsorption rate of 0.014 s, indicating a high affinity for this low-
viscosity oil. RPO, on the other hand, showed the slowest absorption, starting at 0.75 g/g and reaching only 0.67 g/g by
90 seconds, with an absorption rate of 0.007 s~'. This slower rate likely results from its higher viscosity, which restricts
penetration into the foam [19][21]. RBO and PO exhibited a moderate absorption capacity, both with an adsorption rate
of 0.011 s%, reflecting a balance between absorption rate and oil flow within the foam. These results highlight the foam’s
suitability for rapid absorption of low-viscosity oils, which is advantageous for quick cleanup in spill scenarios.
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Figure 7. Oil sorption capacity with time for different types of oils

4.0 CONCLUSION

In summary, 3D microfibrillated cellulose foam derived from sugarcane bagasse cellulose embedded with CNT and
magnetic particles as an oil sorbent material has been successfully developed. The mMCNT-MFC composite foam consists
of a porous network of microfibrillated cellulose and exhibits ultralightweight, hydrophobicity, and high selectivity
towards oil. The mCNT-MFC composite foam has an adsorption capacity of 5.05 g/g, which is achieved when the samples
are prepared using 0.75% CNT, -140 °C freezing temperature, and 20 minutes sonication time. The mMCNT-MFC is a
versatile oil sorbent material that can absorb engine and vegetable oil. Moreover, the sample can be recycled due to its
intact structure with proper removal of the absorbed oil prior to the next oil sorption process.

Despite these promising results, some limitations remain. The present study was carried out in laboratory conditions
with freshwater, and therefore, further testing in saltwater systems is necessary to assess performance in realistic marine
spill scenarios. Additionally, large-scale synthesis, process economics, and long-term stability under repeated use require
further investigation before industrial deployment can be realized. Future work should also focus on optimization of the
foam structure for higher sorption capacity, evaluation of its biodegradability in natural environments, and cost-benefit
analysis compared with existing commercial sorbents. Nevertheless, the current study presents a promising opportunity
to use agricultural waste materials to help reduce oil spill incidents, which could yield substantial environmental
advantages.
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