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Abstract: Oil spill can be extremely hazardous and environmentally threatening, and therefore
needs to be contained and cleaned up as soon as possible. These serious environmental conse-
quences have long been recognized and considerable research and technological development
has been carried out to develop appropriate remediation techniques. Most of the sorbents in
use for cleanup technologies are synthetic, non-biodegradable and imported. There is need to
develop natural sorbents which are biodegradable, cost effective and readily available in line
with agricultural wastes Luffa aegyptiaca sponge were functionalized by acetylation to increase
their hydrophobic properties and oil sorption capacities. Structural modification from acetyla-
tion of Luffa aegyptiaca sponge was analyzed using Fourier Transform Infrared Spectroscopy
(FTIR). The effect of time and catalysts (KBr and KI) on the acetylation process was examined
to optimize conditions. Sorption behaviours was studied using kinetic models, including first,
Hill second, Pseudo-second and Intra-particle diffusion models. Isotherm models such as
Langmuir, Freundlich and Temkin isotherm model were also used to analyze the crude oil sorp-
tion behaviour. The results reveal that the acetylation significantly enhanced the hydrophobic
properties of the materials. The kinetic studies of all the samples demonstrated that acetylation
process adhered to pseudo-second order kinetics model with high R? values. In the crude oil
sorption analysis, the values of the coefficient of determination indicated that the Freundlich
isotherm model has a better correlation, by implying that the adsorption from acetylation is
heterogeneous and multi-layered. The FTIR spectra confirmed successful acetylation through
the presence of characteristic functional groups. The SEM analysis of the acetylated sample
revealed significant changes in surface morphology, with increased porosity and roughness
compared to the raw samples. The findings demonstrated that the acetylated materials could
serve as effective, natural sorbents for oil spill remediation, offering a sustainable and cost
effective alternatives to synthetic sorbents.

Keywords: Luffa aegyptiaca, acetylation, oil spillage, crude oil sorption

1 Introduction

The potential of many low coat adsorbents for the removal of oil spill have been investigated
by many researchers. These wastes are locally available, inexpensive and biodegradable which
has made researchers study them as alternatives to the imported synthetic sorbent materials
which are expensive and non-biodegradable. These low cost adsorbents include agricultural
by-products and waste materials, fly ash, seaweeds and alginate, peat moss, biomass materials
and many others. The acetylation of corn silk and its application for oil sorption was reported
by Asadpour et al. (2015) [1]. The acetylation was done with acetic anhydride using N-
Bromosuccinimide catalyst. The effect of contact time, concentration of catalyst and temperature
were studied. The result showed that the highest oil sorption was 11.45% weight percent gain
(WPG) and was achieved at 3% catalyst concentration in acetic anhydride and temperature
of 120°C for 6 hours. They observed that the sorption capacity of Tapis and Arabian crude
oil using corn silk was 8.6 and 9.4 g/g respectively. It was found that the best condition for
acetylation was 3 % catalyst for 6-hour reflux at 120°C which showed maximum WPG and oil
sorption capacity of 14.02 and 16.88g/g, and optimum contact time of 30 and 40 minutes for
Tapis and Arabian crude oil respectively. The characteristics of raw and acetylated corn silk
were examined using FTIR and SEM and the treated corn silk was found to have higher sorption
capacity than that of the raw sample. El-Din et al. (2018) [2], analyzed the oil sorption capacity
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of banana peel from local fruit wastes. The research showed that the surface properties, oil type,
oil film thickness, sorption time, temperature and salinity all affect sorption capacity. It was
observed that the best condition for sorption was at an average particle size of 0.3625 mm at
25°C, 15 minutes sorbent time, 3.5% artificial seawater and Smm oil thickness. They noted that
the sorbent can be reused more than 10 times to reach 50% of the first sorption value. It was
concluded that the sorption capacity of banana peel gave a good result as a new and low cost
agriculture waste for oil clean up. The use of a by-product of peat excavation and cotton grass
fibre as a sorbent for oil spills was investigated by Sun et al. (2004) [3]. They observed that
cotton grass fibre has absorbed oil approximately two to three times as much, and two to three
times as fast as the synthetic one. In removing diesel oil from the surface of water, the efficiency
was over 99% up to an absorbing factor of 20 times its own weight. The biodegradable cotton
grass fibre proved to be effective oil sorbent with raw — material cost. Ola et al. (2017) [4],
investigated the efficiency of raw and modified palm fibers as adsorbent for different oils.
Their result revealed that the adsorption capacity of the fibers was found to increase with time,
thickness of oil film, temperature and particle size while it decreases with mass of adsorbent,
they described the adsorption process as monolayer coverage and the maximum adsorption
capacity of palm fibers was found to be 35.71, 22.73 and 21.74g oil/g adsorbent for diesel, crude
and vegetable oil respectively. Reza et al. (2013) [5], studied the application of Phragmites
australis, sugarcane leaves straw and sugarcane bagasse for crude oil sorption in dry (only
oil) systems. The results indicated that sugar cane bagasse had a higher oil sorption capacity
compared to the other due to its higher porosity and lower density. The effect of sorbent contact
time and its particle size on oil adsorption capacity were evaluated for the systems of dry and
crude oil layer on water. The results showed that the maximum adsorption capacity of raw
sugarcane bagasse for dry system and crude oil layer system was about 8 and 6.6g/g respectively.
It was also observed that most oil was adsorbed at the early stage of the process (within a few
minutes) and, afterwards, a small amount of oil will be adsorbed. Nurul et al. (2011) [6], studied
the sorption equilibrium and kinetics of oil sorption using banana pseudo-stem fibers (BP) in
Malaysia. It was observed to be an efficient sorbent for the removal of oil in water and it may
be an alternative to costlier adsorbents such as activated carbon. The studies clearly suggest that
BP exhibits almost 100% adsorption at lower concentration of oil. Equilibrium data fitted well
with the Freundlich model, which suggests a coverage of oil molecules on the surface of BP.
The kinetic data were best fitted to a pseudo second-order kinetic model. The effect of Kapok
fiber treated with various solvents on oil absorbency was investigated by Jintao et al. (2012) [7].
The fiber was treated with various solvents like water, HCI, NaOH, NaClOzand chloroform to
improve the efficiency for oil absorbency the structure of untreated and treated Kapok fiber was
investigated and compared using FTIR, SEM and XRD. The effects of treatment concentration,
temperature and time on oil absorbency were assessed with toluene, chloroform, n-hexane and
xylene as the model oils. The results indicated that except for chloroform, Kapok fibers treated
with other solvents show enhanced oil absorbency, with increase in percentage found to be
19.88%, 30.0%, 21.55% for toluene, chloroform, n-hexane and xylene respectively. In addition,
the solvent-treated Kapok fiber exhibits better re-useability, suggesting its great potential for oil
recovery. Rotar et al. (2014) [8], reviewed the efficiency of using natural sorbent materials for
cleanup of water surface from oil spills. The oil capacity, buoyancy, solubility of hydrocarbons
water and water absorption were the indicators used to compare sorption efficiency determined
that the peat moss carbonized at the temperature of 200 — 250°C and modified by acetic acid
has high sorption capacity. Also the sorbent increased the efficiency of water surface cleaning
up until the water was almost clean and the residual oil content in water was less than 0.03g/L.
As the calcification degree of the sorbent increased, its technical application characteristics
improved. It was observed that the sorbents were porous with rather developed cell structure
allowing them to absorb the products well and retain them for a long time. Acetylation of raw
cotton for oil spill cleanup application was investigated by Adebajo and Frost (2004) [9].

2 Material and Methods
2.1 Materials

Luffa aegyptiaca (Igbo name: sponge gourd (wild vegetable sponge), were obtained from
Luffa trees in the Aba Abia state environment of Abia state, Nigeria. The mature seeds were
collected after the fruits fell off the trees. Each seed was cracked open manually and deseeded.
The husks were washed with clean water, dried under the room temperature for 24 hours, then
left to dry in the oven at 30°C until constant weight was attained. The dried sponges were
ground using a manual grinding machine and sieved. The portions that passed through size
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25 British standard sieves and retained by size 36 were used for further analysis. Figure 1
shows digital images of the unmodified Cucurbita moschata seed. The crude oil samples were
collected from Nigeria National Petroleum Corporation (NNPC) Port-Harcourt Nigeria

Figure 1 Digital image of (a) native, (b) pilled Luffa aegyptiaca sponge and (c) Luffa aegypti-
aca pod

2.2 Methods
2.2.1 Acetylation of the unmodified Luffa aegyptiaca sponge

The acetylation of the samples under mild conditions, in the presence of KBr and KI catalyst,
using acetic anhydride was carried out using the method of Sun et al. (2004) [3]. The amount of
substrate and reactant were combined in a ratio of 1:20. The reaction temperature was 30°C,
time was differently varied from 30 minutes to 240 minutes at 30 minutes intervals and the
catalyst concentration varied from 0.2 g to 1.6 g at 0.2 g interval. The mixture of the raw
sorbents, acetic anhydride and catalyst was placed in a round bottom flask fitted to a condenser.
The flask was placed in an oil bath on top of a thermostatic heating device, thereafter, the flask
was removed from the bath and the hot reagent was decanted off. The sorbents were thoroughly
washed with ethanol and acetone to remove un-reacted acetic anhydride and acetic acid as
by-products. The new products were dried in an oven at 60°C for 16 hours prior to analysis. The
degree acetylation was estimated from the infrared spectra by calculating the ratio (R) between
the intensity of the acetyl C=0 stretching band 1740 - 1745cm ™" and the intensity of the C-O
stretching vibrations of cellulose backbone at about 1020-1040 cm™* as shown below [9].

2.2.2 Effect of acetylation duration

To determine the effect of acetylation duration on the samples, the acetylation reaction was
allowed to take place for 30, 60, 90, 120, 150, 180 and 240 minutes using different samples and
the degree of acetylation was estimated for the various durations. The data from this analysis
were used for kinetic study of the acetylation processes.

2.2.3 Effects of catalyst concentration

To determine the effect of catalyst concentration on the samples 0.200 to 0.206g of the
catalyst were used at room temperature. The degree of acetylation was estimated for the various
catalyst concentrations after 1 hour of reaction.

2.2.4 Effect of contact time

To determine the effect of contact time on the crude oil adsorption behaviour of the adsorbents,
samples were taken from the adsorption system after 1, 3, 5, 10 and 15 minutes of contact. The
amount of crude oil adsorbed, as well as the sorption capacity of the adsorbents at each time
interval were determined. The data from this analysis were used for kinetic and mechanism
study of the adsorption processes.

2.3 Characterization of Adsorbents

The topographical and morphological information about the sample were provided by SEM
through the high-resolution, three dimensional and high depth-of-field images of the sample
surface and near-surface. The surface morphologies of the raw and acetylated adsorbents were
observed with a scanning electron microscope using the method reported by Mohammed and
Abdullah (2019) [10]. About 20 mg of the oven—dried samples were mounted on a metallic stub
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with a conductive carbon tape and coated with a thin layer of carbon to form a conductive layer
around the sample and to prevent accumulation of electron beams. Micrographs of the samples
were obtained after irradiation with a 20kv beam of electrons under vacuum. It revealed spatial
variations in chemical compositions of the samples and their porous natures.

2.4 Crude Oil Sorption

In order to simulate the oil spill situation and to minimize experimental variation, the crude
oil was held in a beaker for one day in open air to release volatile hydrocarbon contents. The
sorption of oil from water was carried out using batch method as reported by Nwadiogbu et al.
(2016) [11]. A portion 0.2 g of each of the raw and acetylated adsorbents was placed in a 250
mL beaker containing 10 g of the weathered crude oil displaced in 100 mL of water at 26°C.
The samples were left in the mixture for 15 minutes with little agitation. The sorbents were
then removed from the beakers using sieving nets. Then the oil-loaded sorbents were dried at
60°C for 30 minutes and re-weighed. The oil sorption capacity was calculated according to the
standard method [12] as shown in equation 3.14 [13].

W1 — Wy

Wo €]

Oil sorption capacity (g/g)

Where Wq and W, are the weight of adsorbent before and after oil absorption, respectively
and the quantity W1 — W is the amount of crude oil adsorbed in grams. The amount of crude
oil adsorbed per unit weight of adsorbent, q. (mg/g) was calculated using equation 2.

(Co — Ce)V
m

@

Je =

Where, Cq is the initial crude oil concentration (mg/L), Cs is the equilibrium crude oil
concentration (mg/L), V is the volume of the solution (L), and m is the mass of the adsorbent

(2)-

The effect of the adsorbent dose on the crude oil sorption behaviour of the adsorbents was
also studied using weight size from 0.2, to 1.0 g of each adsorbent for a sorption duration of 5
minutes. The sorption processes were also performed using 50, 75, 100, 125, and 150 g/L of
crude oil with 0.2g adsorbent for 5 minutes. Data obtained were used for equilibrium studies of
the adsorption processes using the isotherm models stated in Table 1. The effect of contact time
on the oil sorption behaviours of the adsorbents wasted by carrying out the sorption experiments
for a duration of 5, 10, and 15 minutes. The kinetic models presented in Table 2 were used
to investigate the sorption kinetics. Additionally, the sorption processes were performed at
30°C, at operating conditions of 100 g/L crude oil, 0.2 g adsorbent, 5 minutes to determine the
effect of time on the sorption capacity of the adsorbents and for thermodynamic studies of the
adsorption processes.

Table 1 Selected isotherm models investigated

SN Type Linear form Plot Parameters Reference(s)
1 Freundlich model Inge =In Kgp + % InCe IngevsInCe  Slope= %; Intercept =1n K [14]
2 Temkin ge = BlnA+ BInC, ge Vs In Ce Slope = B; Intercept = Bln A [15]
3 Langmuir % = Kqum qC; % vs Ce Slope = ﬁ; Intercept = Kqum [16]
Table 2 Selected kinetic models investigated
SN Type Linear form Plot Parameters Reference(s)
1 First-order Kinetics In6; =1In6y — kit In6; vst ki = Slope; 8p = exp(Intercept) [17]
2 Hill second-order Kinetics 1/6; = 1/600 — kat 1/60: vst 6y = 1/Intercept [18]
3 Pseudo second-order Kinetics ~ t/60; = 1/(k263) +t/00  t/0:vst 6o = 1/Slope [11]
4 Intra-particle Diffusion 0=Kgtt/2+C 6 vst/2 K, = Slope; C = Intercept [19]

Health and Environment e SyncSci Publishing

2.4.1 Oil sorption capacity

The sorption of oil from water was carried out using the methods of Banerjee et al. (2006) [20].
To simulate the situation of oil spill and minimize experimental variation, the crude oil sample
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was held in beakers for one day in open air to release volatile hydrocarbon contents. The raw
and acetylated samples were then subjected to crude oil sorption test. To 100mL of distilled
water in a 250mL beaker, 5 g of crude oil was added. A portion (1 g) of the sorbent was added
into the mixture in the beaker. The mixture was allowed to stand for about 3 minutes with little
agitation. The sorbents were removed from the beakers using a sieve net and left to drain by
hanging the net over the beaker in an oven for 30 minutes at 60°C and weighed. The same
procedure was repeated for the other four samples. The oil sorption capacity was calculated by
taking into account the weight of sorbent, weight of sorbent and oil and weight of sieve net.

Sst - So

So @

Oilsorptioncapacity(g/g) =

Where S, is the initial mass of the dry sorbent, S, is the mass of the sorbent with oil at
the end of the sorption test and the (Ss¢ — S,) quantity is the net oil sorbed (all of the masses
were measured in grams). The amount of crude oil adsorbed (q.) in milligrams per gram was
determined using the following mass balance equation:

Co — Ce)V
Qe = (Co= GV “

m

Where, C, is the initial oil concentration in mg/L, C. is the equilibrium oil concentration in
mg/L, V is the solution in liters, and m is the mass of the adsorbent in g.

Key: Ce is the equilibrium concentration of the adsorbate (mg/L), qe and q,, are equilibrium
and maximum monolayer adsorption capacities (mg/g), respectively. KL is the Langmuir
constant (L/mg) and B are Temkin constants, and Kr [(mg/g)(L/g)l/ ™ and n are Freundlich
constants related to adsorption capacity and intensity, respectively.

2.5 Statistical Analysis

Comparative adsorption between modified and unmodified samples was analyzed using
two-way ANOVA test at a 95% confidence interval in excel version of 2010 p-values less than
the 0.05 significance level showed significant variations in the mean values of oil sorption
capacity.

3 Results and Discussion

3.1 Scanning electron microscopy (SEM) analysis

Figure 2a and Figure 2b sample revealed a surface texture and porosity. The SEM was
determined to verify the presence of macro-pores in the structure of the sample. The morphology
of the raw and acetylated Luffa aegyptiaca sponge are presented in Figure 2a and Figure 2b,
respectively. Figure 2a shows a scanning electronic micrograph of the raw sample at 1500x. It
shows the surface of the morphologies and cross section of the sample observed in Figure 2a
and Figure 2b. The raw sample of Luffa aegyptiaca sponge has a unique structural composition.
Its shape is elongated, fibrous, spongy as the name implies and porous. The results presented
in Figure 2a and Figure 2b shows a rectangular cell shape with large intercellular spaces.
These provide the adsorption support required. 2a shows the surface morphology of raw
Luffa aegyptiaca sponge taken at 1500x magnification, the image exhibits a rough and uneven
surface, suggesting the presence of micro-pores and macro-pores, which could be beneficial
for applications requiring high surface area, such as adsorption. The interconnected porous
structure suggests high porosity, which enhances fluid adsorption and permeability. This aids in
efficient mass transfer for adsorption. The surface shows undulating and interwoven structures,
likely corresponding to the natural fibrous network of Luffa aegyptiaca sponge. The fibrous,
interwoven micro-structure contributes to structural integrity while maintaining flexibility. The
morphology could influence mechanical properties like flexibility and compressibility. The
presence of ridges, depressions and voids indicates a naturally occurring structure, which is
typical for plant-based biomaterials. In Figure 2b the morphology was taken at 500x. When
compared to the raw Luffa aegyptiaca sponge, it exhibits notable changes in the structure due
to acetylation. The acetylated process changed the configuration of the sample; this became
loose, irregular and flaky structures. The presence of granular or aggregated formations suggests
that the modification introduced surface roughening and potential deposition of the reaction
of byproducts. It also showed that the surface of the acetylated sample was more ruptured
along with different degrees of wrinkles which increased the surface area. Unlike the raw Luffa
aegyptiaca sponge which has a more interconnected fibrous morphology, the data in Figure 2b
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seems to have lost some of its structural integrity, due to the chemical alteration of cellulose
and hemicellulose [21]. The acetylation process likely introduced swelling or disruption of the
natural fiber arrangement. The smoother regions interspersed with flaky deposits suggests the
presence of a newly formed layer, possibly an acetyl group modifying the cellulose structure.
From the data presented in Figure 2b, the acetylation process typically enhanced the water
resistance, making the material more suitable for oil absorption. The new rough and fragmented
surface may provide sites for further functionalization, enabling applications in catalysis or
composite materials [22].

Figure 2 (a) SEM micrograph image at mag.1500 x for raw; (b) SEM micrograph image at
mag.500 x for acetylated Luffa aegyptiaca sponge

3.2 FTIR Analysis

The FTIR spectra of both raw and acetylated Luffa aegyptiaca sponge sample in the
range 3553.31 to 506 cm™' are shown in Figure 3a and Figure 3b. The peaks observed
at 350.71,3374.32, 3312.31, 3281.57, 2923.38, 2852.38 1633.66, 1534.37, 1397.71, 1241.21,
1032.18, 616.19, 596.32, 569.56, 561.36, 55.96, 530.04 and 508.22cm ™" are associated with
the raw Luffa aegyptiaca sponge while those observed at 3283.05, 2926.00, 2219.27, 2192.56,
2160.52, 2039.37, 1617.97, 1509.46, 1420.15, 1316.52, 1228.08, 1029.04, 606.48, 573.44,
560.43, 526.65 and 512.81cm ™! in the spectra of the acetylated Luffa aegyptiaca sponge pro-
vide some evidence of acetylation [9]. The acetylated Luffa aegyptiaca sponge spectrum at
3283.05cm’ shows hydroxyl stretching and N-H stretching vibration region. The absorption
indicates significant presence of hydroxyl or amine groups. The broad peak indicates hydrogen
bonding or molecular interactions. The hydroxyl (O-H) stretching is located in the alcohols
(3250-3600 cm™ "), Phenols (3300-3500 cm ™" and carbohydrates (3200-3600cm ™). The
amines (N-H) stretching in primary amines (3300-3500 cm ™! and secondary amines (3200-
3400 cm™ ') with the possible functional groups as Primary amines (-NHs), Secondary amines
(-NHR), Imides (-NH-C=0) and amines (-NHz, -NHR). N-H stretching often appears as a
doublet or broad band. The presence of N-H bands may indicate multiple amine groups and dif-
ferent amine environments. The raw sample at 3503.71cm ™ typically corresponds to a specific
molecular vibration. It is assigned to O-H stretching vibration. The possible functional group
present are hydroxyl (-OH) group, likely from alcohols (primary, secondary or tertiary), phenols,
carboxylic acid (as a broad, weaker band) and Hydrogen bonded O-H (weaker intensity). The
position of the band suggests a relatively strong, free OH stretching vibration. At 3374.32cm™*
and 3312.31cm ™! the wave numbers typically correspond to N-H stretching vibration (primary
or secondary amine) [23]. The possible functional groups are primary amines (-NH2, secondary
amines (-NHR), amides) -NHC=0) and Imides (-NH-C=0). The position and intensity sug-
gest a relatively strong, free N-H stretching vibration. The band shape can indicate hydrogen
bonding (broadening or shifting) and narrowing or splitting. At 2923.38 and 2926.00cm ™ *
the wave numbers are assigned to C-H stretching vibration. The possible functional groups
are alkenes, alkyl chains and cycloalkanes [24]. The position indicates a relatively strong free
C-H stretching vibration, the band shape and width suggest a moderate molecular interaction
(Van dar Waals). These peaks suggest a complex molecule with hydrogen bonding, molecular
interactions and multiple functional groups. At 2219.27, 2192.56, 2160.52 and 2039.37cm ™"
typically corresponds to C= N stretching vibration (nitrile group). The possible functional
groups assigned the wave numbers nitriles (-C= N), Isocyanides (-C= N-R) and Cyanates
(-O-C= N). Its position indicates a relatively strong free C= N stretching vibration. The band
shape and width suggest moderate molecular interactions. Some possible molecular structures
associated with these peaks are alkynes, Isocyanides, Polymers with alkyne or isocyanide groups
and biological molecules. At 1633.66 and 1617.97 cm is assigned to C=C stretching vibration
(alkene) or C=O0 stretching vibration (amide, ketone or aldehyde). Its position indicates a
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relatively strong free C=C or C=0 stretching vibration. The band shape and width suggest
moderate molecular interactions. At 1534.37 and 1509.46cm ™" is assigned to N-H bending
vibration (amide II) or C=C stretching vibration (aromatic) [25]. The possible functional groups
are amides (-N-C=0, amide II), aromatic compounds (C=C, benzene ring), heterocycles (C=N,
C=C) and Imides (-N-C=0). Its position indicates a relatively strong, free N-H bending or
C=C stretching vibration. The band shape and width suggest moderate molecular interactions
(hydrogen bonding). 1397.71cm™! is assigned to C-N stretching vibration (Aliphatic amines),
C-O stretching vibration (alcohols, ethers) and CH3 bending vibration (symmetric). Possible
functional groups associated are aliphatic amines (-C-N), alcohols (-C-OH), esters (-C-O-C)
and methyl groups (-CHs). The spectrum at 1420.15 cm ™" shows CHs bending, CH3 bending
vibration, C-N stretching vibration (aromatic amines), and C-O stretching vibration. Its position
indicates a relatively strong free CH2or CH3 bending vibration [26,27]. The results showed
that the acetylated sample had an appreciable result which could make wastes from the sample
an industrial raw material. The degree of substitution increases with time. The sample could
be a good substitute for adsorption in industrial products where acetylation is applicable. The
disappearance or shifting of the-OH stretch (O-H stretching region) suggests that hydroxyl (-OH)
groups were replaced by acetyl groups (successful acetylation). Slight shifts in the C—H stretch
(C-H stretch region (Alkenes)) bands suggest minor structural changes due to acetylation [28].
The presence of a C=0 stretch in the acetylated sample confirms the formation of acetyl ester or
ketone groups. The minor shifts and changes in peak intensity suggest some alterations in the
aromatic or C=C structures. The increase in C-O stretching peaks indicates an ester formation.
Small shifts in the low frequency region (skeletal vibrations, bending) indicate changes in the
molecular skeleton [29]. (see Figure 3)

08,

FTranamitance

3 £ =0 = = 3 %0 e

S 2000 %0 000
omarirearn ‘Wavenumbers c-1)

g
1029 04
06

Figure 3 (A) Spectra of raw; (B) acetylated Luffa aegyptiaca sponge

3.3 Adsorption Tests

3.3.1 Effect of time on crude oil sorption onto Luffa aegyptiaca sponge

The analysis of crude oil by Luffa aegyptiaca sponge was studied and the results were
presented in Figure 4.

Oil Sorption (g/g)

55 5 5 5 5 5 5 5 5 5 5 10 15 20
wt. wt. wt. wt. wt. wt. wt. wt. wt. wt. wt. wt. wt. wt. wt.
12 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (Mins)

Figure 4 Effect of contact time on oil sorption capacity of raw and acetylated Luffa aegyptiaca
sponge

The oil sorption capacity of both the Raw Sample C (RSC) and Acetylated Sample C (ASC)
increase initially with contact time. The maximum oil sorption capacity for both samples is
achieved at around 5 minutes. The oil sorption capacity of both RSC and ASC increases rapidly
during the initial stages of contact. This can be attributes to the availability of active sorption
sites on the surface of the samples, which facilitates the adsorption of o0il [30]. After reaching
a peak at around 5 minutes, the oil sorption capacity of both samples gradually decreases and
then levels off. This indicates that the sorption sites become saturated, and the samples reach an
equilibrium state where the rate of oil adsorption equals the rate of oil desorption. ASC exhibits
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a higher maximum oil sorption capacity compared to RSC, as evident from the graph. The rate
of oil sorption of ASC appears to be faster than the RSC, as indicated by the steeper increase in
oil sorption capacity during the initial stages of contact.

3.4 Equilibrium Studies

3.4.1 Adsorption Isotherm model studies

Adsorption equilibrium studied was done using adsorption isotherms to determine the surface
properties of the adsorbents. The Freundlich, Langmuir and Temkin isotherms, as expressed in
Table 1 and presented in Figure 4a-4f. Results of the sorption isotherm for Freundlich model of
adsorption of acetylated Luffa aegyptiaca sponge. (see Table 3)
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Figure 5 (A) Freundlich model (raw); (B) Freundlich model (acetylated); (C) Langmuir model
(raw); (D) Langmuir model (acetylated); (E) Temkin model (raw); (F) Temkin model
(acetylated) of crude oil adsorption for Luffa aegyptiaca sponge.

Table 3 Isotherm parameters for crude oil adsorption on Luffa aegyptiaca sponge

Isotherm model RSC ASC
Freundlich model
Intercept (log Kr) 0.4291 0.5662
n (g/L) 1.391 1.587
Kp(g/g)(Lig)t/™ 1.54 3.67
R? 0.9560 0.9773
Langmuir model
Qo (1/slope) g/g) 5.0378 8.6810
1/Qo (slope) 0.1985 0.1152
Intercept (1/QoB) 0.2182 0.1753
B(L/mg)(1/Qo x intercept) 0.656
R2 0.9117 0.9542
Temkin model
Intercept 2.5188 3.524
Slope 1.0645 1.3724
R? 0.9365 0.9662
b (Temkin Constant at 30°C) 1.0645 J/mol 1.3724 J/mol
K7 (Temkin Binding constant at 30°C) 10.66 L/g 13.04 L/g

Figure 5a represents the Freundlich model of adsorption for acetylated Luffa aegyptiaca
sponge. The value of 1/n is 0.6303 is between 0 and 1 indicating favourable adsorption. The R?
value is 0.9773 with a high correlation coefficient which suggests that the Freundlich isotherm
model very well describes the adsorption behaviour of the acetylated Luffa aegyptiaca sponge.
The higher intercept (Kr) (0.5662) suggests strong adsorption capacity due to acetylation,
which likely increased surface functionality. The Freundlich adsorption capacity (Kz) is
0.5662. The R? value which is close to 1 suggests that the Freundlich model describes the
adsorption process better. This confirms that the adsorption follows multilayer coverage on a
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heterogeneous surface rather than the monolayer adsorption. The value of 1/n 0.6303 suggests
a moderately strong adsorption. If 1/n < 1, it signifies that adsorption is favourable, which
aligns with the trend in Figure 5a. The adsorption of the acetylated Luffa aegyptiaca sponge
on the adsorbent follows the Freundlich isotherm model better, as indicated by the high R?
value. The results suggest a heterogeneous adsorption process where the adsorbent surface
has sites with varying affinities for the adsorbate. This also implies that as concentration
increases, adsorption efficiency decreases, aligning with the characteristics of the Freundlich
model. In Figure 5b, represents the Langmuir isotherm model for adsorption, where the ratio of
equilibrium concertation to the amount adsorbed (C./q.) was plotted against the equilibrium
concentration (Ce). From the equation for Langmuir isotherm model the linear regression has a
high correlation coefficient (0.9542), indicating a good fit for the Langmuir model. The slope
(1/qmaz) gives 0.1152, the inverse of this gives the maximum adsorption capacity(qmaaz), Which
represents the highest amount of adsorbent can hold. With the intercept 1/qma K1 is 0.1753
the Langmuir constant (K,), is determined [11,31]. From the results presented above. The R?
value 0.9542 suggests that the data fits the Langmuir isotherm model reasonably well but not
perfectly as the Freundlich isotherm model by comparing the R? value for the raw and acetylated
results above for Langmuir model R? or the raw sample gave 0.9773 (better fit) and R? value
for the acetylated sample gave 0.9542 (weaker fit). The Temkin isotherm model assumes that
the adsorption energy of molecules decreases linearly with surface coverage due to interactions
between adsorbate and adsorbent. Figure Se and 5f represents the Temkin adsorption isotherm
for raw and acetylated Luffa aegyptiaca sponge representing a linearized Temkin isotherm with
the slope of 1.0645 / 1.3724 and intercept 2.5188 / 3.524 respectively. The acetylated sponge has
an R? of 0.9662, which is higher than the raw sample. This indicates a better fit of the Temkin
model to the adsorption process for the acetylated sample. The acetylated sample has a higher b
(13724) compared to the raw sample (1.0645). This suggests that the heat of adsorption (b) is
lower for the acetylated sample, indicating a more uniform adsorption energy distribution [32].
The acetylated sample has a higher intercept (3.524 against 2.5188), indicating the equilibrium
binding constant K7 is also higher (13.04 against 10.66). However, the acetylation process
improved the adsorption performance as shown by the higher R%, b, and K values suggesting
that acetylation enhances the surface properties, making the sample a better adsorbent. But the
Freundlich isotherm model has a better correlation, by implying that adsorption from acetylated
is heterogeneous and multi-layered rather than homogeneous and mono-layered. The Langmuir
and Temkin isotherm models are less suitable for this adsorption process. Thus, acetylation
proved a beneficial modification for improving the adsorption capacity of Luffa aegyptiaca
sponge.

3.5 Kinetic Studies

3.5.1 Kinetic studies of crude oil sorption on Luffa aegyptiaca sponge

Figure 6a represents the first order kinetic model for sorption of oil on raw Luffa aegyptiaca
sponge. The R? value is 0.0169, indicating a very poor fit of the first order model to the
experimental data. This suggests that the sorption process does not follow a first order model to
the data. This suggests that the sorption process does not follow first-order kinetics. The low Ky
value (0.012) suggests a slow sorption rate, implying that equilibrium takes a long time to be
reached. Figure 6b shows the first order kinetic model for sorption of oil on acetylated Luffa
aegyptiaca sponge. The rate constant K; is 0.0247 this is higher than that of the raw sample.
This suggests that acetylation treatment improved the sorption kinetics, possibly due to enhanced
surface properties or better interaction with oil molecules. The calculated ge (1.954), which is
higher than that of raw sample (1.142). This indicates that acetylation increases the oil sorption
capacity, likely due to increased hydrophobicity. The R? value (0.0945) is very low, meaning
the first-order model does not fit well. This low correlation suggests that other models might
describe the kinetics more accurately. Figure 6¢ represents the Hill second order kinetic model
for sorption of oil on raw Luffa aegyptiaca sponge. The R? value is very low, indicating that the
second order model does not accurately describe the sorption kinetics of oil on the raw Luffa
aegyptiaca sponge. This suggests that there are other kinetic models that might better explain
the sorption process. The high calculated equilibrium adsorption capacity qe value indicates a
relatively high adsorption capacity of the sponge for oil. However, due to the poor fit (low R?),
this value may not be reliable. The value of K> suggests that the adsorption process is slow under
the given experimental conditions. This could be due to the limitations in available adsorption
sites, or diffusion constraints. The second order kinetic model suggests a slow adsorption rate
and a high theoretical adsorption capacity. However, the extremely low R? value indicates
that this model does not effectively describe the actual sorption kinetics. Figure 6d shows
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the Hill second order kinetic model for sorption of oil on acetylated Luffa aegyptiaca sponge
when compared with the raw sample the higher adsorption capacity (which had a higher ge),
this lower value suggests that acetylation might have altered the material’s surface properties,
possibly reducing the active sites for oil sorption. The calculated K> indicates that the sorption
rate is faster than that of the raw sample. This suggests that surface modification might have
improved the reaction kinetics by increasing the availability of active sites or enhancing the
interaction between the oil and the sorbent. The low R? value suggests that the second order
model does not fit the experimental data well. Figure 6e shows the Pseudo second order kinetic
model for sorption of oil on raw Luffa aegyptiaca sponge. The linear behaviour suggests that
the adsorption follows a pseudo-second order kinetic model, implying that the rate of sorption
depends on the square of the number of available adsorption sites. The positive slope confirms
that adsorption increases with time. The coefficient of determination of the data from Figure 6f
(R2-0.9512) suggests a very strong correlation, indicating that the model effectively describes
the adsorption process. The increased R? value when compared to the data from the raw Luffa
aegyptiaca sponge, suggests that acetylation improves the fit of the kinetic model, likely due
to chemical modifications enhancing the adsorption capacity. A lower slope was observed in
the result above when compared with the data obtained from the raw Luffa aegyptiaca sponge,
meaning it can hold more oil at equilibrium. The low value R? observed from figure. Figure
6g and 6h indicates a very poor correlation between the data. Suggesting that intra-particle
diffusion is not fit for the rate controlling step in the sorption process. The high intercept value
suggests that an external boundary layer resistance is significant. (see Table 4)
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Figure 6 (A) First order (raw); (B) First order (acetylated); (C) Second order (raw); (D)
Second order (acetylated); (E) Pseudo-second order (raw); (F) Pseudo-second order
(acetylated); (G) Intra-particle diffusion; (H) Intra-particle diffusion (acetylated).
Kinetic model(s) for crude oil sorption of Luffa aegyptiaca sponge

4 Conclusion

The raw Luffa aegyptiaca sponge has highly porous, fibrous and spongy structure. It shows
interconnected micro- and macro —pores which is beneficial for adsorption applications. The
natural structure includes ridges, depressions, and voids, typical of plant-based biomaterials.
The acetylation process significantly alters the morphology of the sponge. Acetylated samples
show higher surface area and roughness. Acetylated sponge loses some structural integrity due
to chemical alterations of cellulose and hemicellulose. The observed changes are favourable
for adsorption despite structural weakening. New absorption bands in the acetylated sample
spectrum provide clear evidence of chemical modification through acetylation these changes
indicate the introduction of new functional groups and alteration of existing ones. Both raw and
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Table 4 Kinetic parameters for crude oil sorption on Luffa aegyptiaca sponge

T Raw sample Luffa Acetylated Sample Luffa
ype aegyptiaca sponge aegyptiaca sponge
First order kinetics
Intercept (C) 0.1328 0.6701
qge calc (mg/g) 1.142 1.954
R? 0.0169 0.0945
(Slope) K1 (min—1) 0.012 0.0247
Second order kinetics
Intercept 0.9789 0.5462
ge calc mg/g 172.41 73.53
R2 0.0068 0.1134
(Slope) 0.0058 0.0136
Ks 3.44 x 1072 3.39
Pseudo second order kinetics
Intercept -0.2478 1.186
qe calc mg/L 0.9335 1.178
R2 0.879 0.9512
(slope) 1.0713 0.8488
K2 4.56 0.606
Intra-particle Diffusion
Kd (slope) -0.0452 -0.0976
C(intercept) 1.3164 2.1087
R2 0.0266 0.0767

acetylated samples showed bands corresponding to hydroxyl (OH) and amine (NH) stretching
vibrations. Hydroxyl (-OH), alcohols (primary, secondary, tertiary), phenols, carboxylic acids,
and hydrogen-bonded -OH. Primary amines (-NH2), secondary amines (-NHR), amides and
imides. There is evidence of structural changes in the acetylated samples: band shifts and new
peaks indicate changes in C-H stretching vibrations, suggesting alkylation or addition of acetyl
groups. Changes in band intensity and position point to altered hydrogen bonding, increased
molecular interaction, and possible van der Waals forces. Furthermore, the presence of broader,
split, or doublet bands suggests a complex molecular environment with multiple hydrogen-
bonding interactions within the modified sponge structure. The adsorption process appears
to be heterogeneous, suggesting that the adsorbent surface has sites with varying affinities
for the adsorbate. This supported by the better fit of the Freundlich isotherm model. The
acetylation enhances the adsorption capabilities of the sample. Making it a better adsorbent.
This is indicated by the improved R?, b, and KT values.

The acetylated sample shows a more uniform adsorption energy distribution and a higher
equilibrium binding constant suggesting improved adsorption performance. Statistical analysis
ANOVA revealed a strong significant relation between the variables provided.
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