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ABSTRACT 

	Oil spill remediation using agricultural wastes has become an attractive technique due to its simplicity, low cost and effectiveness. In this work, Pentaclethra macrophylla seed pods, which are readily available agricultural wastes were modified in order to increase their hydrophobicity. The effect of the modification was studied using FTIR analysis. Batch oil sorption tests were conducted using both the raw and modified pods. Results from the FTIR analysis provided evidence of successful modification of the pods and the adsorption of oil onto the raw and modified pods. Isotherm studies revealed that the oil sorption on the raw pods was best described by the Freundlich isotherm, whereas for the modified pods, the Langmuir isotherm gave the best fit. Pseudo-first order kinetic model best described the oil sorption on the raw seed pods, with equilibrium oil sorption capacity of 6281 mg/g. For the modified pods, pseudo-second order model best suited the sorption, with equilibrium oil sorption capacity of 14286 mg/g. The sorption on both the raw and modified pods was partly controlled by intra-particle diffusion mechanism. The higher oil sorption capacity of the modified pods indicates their higher potential for application as an environmentally friendly alternative for oil spill remediation and treatment of industrial effluents before disposal.
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1. INTRODUCTION 

Oil spills can occur at any point during the extraction, shipping, refining, storage, and usage processes, causing environmental degradation. According to estimates, up to 100 million gallons of crude oil leak into marine habitats annually (Barros et al., 2014). This has a negative impact on human life, aquatic life, local economy, tourism, and leisure activities (Machalowski et al., 2020). As a result, enormous efforts are being made to create an effective way of cleaning up oil spills. In aquatic environments, a variety of mechanical, biological, chemical, and adsorption techniques are employed to remove oil spills. Adsorption technology has been the method of choice due to its efficiency, affordability, and ease of use (Lv et al., 2018). Owing to their availability, renewability, and biodegradability, agricultural waste materials are becoming increasingly common as sorbents. Both the wastes themselves and how they are disposed of typically pose environmental risks. As a result, turning them into useful items will contribute to the development of pollution-reduction solutions. The main drawback of using agricultural materials in oil spill mop is that they are hydrophilic due to their high hydroxyl content (Omer et al., 2020). However, this can be remedied by modification techniques that give the materials hydrophobic qualities (Yusof et al., 2015). One of the most popular methods of modification is acetylation, which converts lignocellulosic materials from hydrophilic to hydrophobic by substituting hydrophobic acetyl group for hydrophilic hydroxyl group. In the acetylation reaction, the lignocellulosic material is heated together with acetic anhydride in the presence or absence of a catalyst (Nwadiogbu et al., 2014).
A variety of agricultural materials have undergone acetylation to increase their ability to absorb oil. These materials include corn silk (Asadpour et al., 2015), jute fibre (Teli and Valia, 2016), Borassus aethopum coir (Arinze-Nwosu et al., 2019), cocoa pods and oil palm fruit empty bunch (Onwuka et al., 2018). Pentaclethra macrophylla (commonly called African oil bean) is a leguminous tree belonging to the Leguminosae family and Mimosoideae subfamily (Yusuf-Babatunde et al., 2020). Typically found in the wet lowlands of West and Central Africa, it is the sole member of the genus (Nwokocha et al., 2023). The tree usually grows on soils that have sufficient drainage and receive between 1500 and 2700 mm of rainfall annually (Iloabachie et al., 2022). This species exists in both wild and cultivated forms, with a maximum height of approximately 21 meters and a maximum circumference of roughly 6 meters. 
Pentaclethra macrophylla is primarily grown for its edible seed, which can be processed to produce oil. The fruit is a green pod that grows darker with age, measuring up to 36–46 cm in length and 5–10 cm in breadth. At maturity, each pod has eight to ten seeds, which are released as the pod cracks open violently and the valves curl up. Usually used as a snack or culinary garnish, these seeds are roasted or fermented. The roots, stem bark, leaves, fruits and seeds of the tree have been reported to be major ingredients for herbal medicines in many countries (Onyenibe et al., 2022; Nnamani et al., 2020). The empty dry seed pods decompose slowly and usually pollute the surrounding area, though they are used in certain areas as cooking fuel. There have been reports on the application of the seed pods for the adsorption of heavy metals (Uchechukwu et al., 2015; Nsude et al., 2024) and the generation of activated carbon (Okey-Onyesolu et al.,  2016; Chimi et al.,  2023; Ogbeh et al., 2024). This work focuses on the application and modification of the seed pod for crude oil sorption. 

2. methodology 

2.1 Preparation and Characterization of Adsorbents
Pentaclethra macrophylla seed pods were obtained from the environment of Awka town in Anambra State, Nigeria. They were washed with tap water to remove dust and extraneous materials. Then they were washed with distilled water and sundried for 12 hours, after which they were oven dried to constant weight at 65⁰C. The dried samples were ground and then sieved with BS410/1986 laboratory sieves using a mechanical shaker to obtain particles of size 425 – 600 microns. 
A portion of the ground samples were modified using acetic anhydride under moderate conditions according to the solvent-free acetylation process described by (Asadpour et al., 2015). The substrate was contacted with the modifier in a ratio of 1:20 (g dry PMSP/mL acetic anhydride) at 30oC for 1 hour in the presence of 1% iodine as a catalyst. The modified sample was then dried to constant weight and cooled. 
Using an attenuated total reflection (ATR) mode on a Nicolet iS5 spectrometer, Fourier-Transform Infrared (FTIR) spectra were obtained over the spectral range of 4000-400cm-1. 
2.2 Batch Adsorption Tests
In order to mimic an actual oil spill, the crude oil for the sorption experiments were exposed to air for 24 hours. A weighed portion (0.2 g) of the raw and modified PMSP were contacted with 100 g/L of the crude oil at room temperature following the method of (Onwuka et al., 2016). The sorbents were taken out using sifting nets after the allotted amount of time, dried for 30 minutes at 60 oC, and then weighed again. Using equations 1 and 2, the oil sorption capacity and the amount of crude oil adsorbed per unit weight of adsorbent (q) were calculated.
Oil sorption capacity =  	(1)
qt  =  	(2)

where: W0 (g) – weight of adsorbent before oil sorption, W1 (g) – weight of the oil-loaded sorbent, Co (mg/L – initial crude oil concentration, Ct (mg/L) – crude oil concentration at time t, V (L) – volume of the solution, and m (g) – mass of the sorbent.

3. results and discussion

3.1 Infra-red spectroscopy
The Fourier-Transform Infrared (FTIR) spectra of raw PMSP (RPMSP) and modified PMSP (MPMSP), before and after crude oil sorption, are shown in Figs. 1 and 2, respectively. 
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Fig. 1. FTIR spectra of raw and modified PMSP before crude oil sorption
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Fig. 2. FTIR spectra of raw and modified PMSP after crude oil sorption

The absorption band at the region of 3300 – 3400 cm-1 and the peak at 1610 cm-1 are attributed to O-H stretching and bending vibrations, respectively (Purwaningrum et al., 2021). The peaks at 2910 cm-1 and in the range of 1317 – 1426 cm-1 correspond to the C-H stretching and bending vibrations, respectively, which constitute the basic structure of lignocellulosic materials (El-Gheriany et al., 2020). The peaks at 1724 cm-1 and 1508 cm-1 correspond to the C=O stretching vibration of acetyl group and C=C stretching of aromatic ring, respectively (Roy et al., 2024). The peaks in the region of 1029 – 1232 cm-1 are attributed to C-O stretching vibration of acetyl group (Abdullah et al., 2015). The spectra of the modified PMSP showed increased intensity of the peaks owing to the acetylation effect. The FTIR spectra of the raw and modified PMSP are consistent with those of other cellulosic materials reported by other researchers (Mahmoud, 2020; Onwuka et al., 2018).
The spectra of the oil-treated RPMSP and MPMSP (Fig. 2) show the appearance of intense and sharp peaks at 2921cm−1, 2852 cm−1 and 1376.12 – 1456.40 cm−1 which correspond to CH3, CH2 and C-H bending of crude oil. This provides evidence that crude oil actually adsorbed on the sorbents (Kudaybergenov et al., 2013). 

3.2 Effect of Initial Crude Oil Concentration and Isotherm Studies
The effect of initial crude oil concentration on the oil sorption capacity of RPMSP and MPMSP is shown in Fig. 3. The oil sorption capacity of the adsorbents increased with an increase in the initial crude oil concentration from 50 to 125 g/L. Further increase in the oil concentration resulted in lower oil sorption capacity. This finding is similar to that of Onwuka et al. (2018), who observed that as initial crude oil concentration increased to 2.5 g/100 mL, the oil sorption capacity of unmodified cocoa pods (CP) and modified oil palm empty fruit bunch (OPEFB) increased. Sorption equilibrium was reached for both the modified CP and unmodified OPEFB at 1.25 and 3.75 g/100 mL, respectively. Subsequently, the oil sorption capacity declined as the initial crude oil concentration increased. 
The oil sorption capacity increased with increase in initial oil concentration because the concentration gradient caused mass transfer of the oil from the bulk to the adsorbent's surface. However, there are only a finite number of active sites in each adsorbent, and these sites saturate at increasing oil concentrations, leaving a large amount of oil un-adsorbed (Najaa-Syuhada et al., 2017). Furthermore, resistance to the mass transfer driving force for adsorption may result from the saturation of the adsorbent's surface, which could cause the adsorbed oil to desorb, resulting in lower oil sorption capacity (Basu et al., 2018). For the different initial crude oil concentrations considered, MPMSP had higher oil sorption capacity than RPMSP. This is likely due to the increased surface area and pore volume of MPMSP, as earlier observed, which provided more active area for sorption.
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Fig. 3. Effect of initial oil concentration on the oil sorption capacity of raw and modified PMSP

The sorption equilibrium was further studied by applying various isotherm models to the experimental data. Adsorption isotherms can be used to establish the surface properties of a sorbent and its affinity for a sorbate (Amrutha et al., 2023). The isotherm models applied were the Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich isotherm plots as expressed in equations (3) – (6), respectively (Santos et al., 2015; Shah et al., 2021). 
	(3)
ln qe  =  ln KF  +  ln Ce	(4)
qe =  ln KT  +    ln Ce	(5)
	(6)
	(7)
where: Ce  – equilibrium concentration of the adsorbate, qm and qe  – maximum monolayer and equilibrium adsorption capacity, respectively, KL – Langmuir or equilibrium constant of adsorption, KF – Freundlich constant, n – measure of the intensity of adsorption, KT – equilibrium binding constant, B – Temkin constant, KD – Dubinin-Radushkevich constant, and  – Polanyi potential.
The isotherm plots for the oil adsorption on raw and modified PMSP are shown in Fig. 4 and the isotherm parameters obtained from the plots are listed in Table 1. Fig. 4 shows that for adsorption on RPMSP, the Freundlich isotherm gave the highest R2 value (0.8599), suggesting that it is the most suitable isotherm for describing crude oil sorption on RPMSP. This implies that the surface of RPMSP is heterogeneous in nature. The obtained value of n is 1.984 (Table 1). This value is greater than 1, suggesting that the oil sorption process was favorable (Samson et al., 2022). However, for adsorption on MPMSP, Fig. 4 shows that the Langmuir isotherm gave the highest R2 value (0.9950), showing that it is the most suitable isotherm for describing crude oil sorption on MPMSP. Thus, the crude oil sorption on MPMSP took place by monolayer coverage. The maximum monolayer sorption capacity of MPMSP is 11.990 g/g. A dimensionless constant called the separation factor (RL), which is expressed in equation 8 can be used to estimate the affinity between MPMSP and crude oil. 
RL   =   	(8)
where: Co  – initial oil concentration. The adsorption is favorable if 0<RL<1, unfavorable if RL>1, irreversible if RL=0, and linear if RL=1 (Santos et al., 2017). The RL values obtained using various initial concentrations of crude oil for adsorption on MPMSP are between 0 and 1 (Table 1). This indicates the favorability of the oil sorption. 
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Fig. 4. a) Freundlich, b) Langmuir, c) Temkin, d) Dubinin-Radushkevich isotherms for oil sorption on raw and modified PMSP



Table 1.	Isotherm parameters for oil sorption on raw and modified PMSP
		Isotherm model
	Parameter
	MPMSP
	RPMSP

	Freundlich isotherm
F
	KF (g/g)(L/g)1/n
	2.778
	0.431

	

	n
	3.647


	1.984

	Langmuir isotherm

	qm (g/g)
	11.990
	7.911

	
	b (L/g)
	4.52 x 10-2
	1.28 x 10-2

	
	RL
	0.307 – 0.129
	0.610 – 0.342

	Temkin isotherm
	KT (L/g)
	0.639
	0.094

	
	B
	1.9951
	2.3636

	Dubinin-Radushkevich isotherm
	qm (g/g)
	10.371
	5.081

	
	KD (mol2/kJ2)
	0.081
	0.192


3.3 Effect of Contact Time and Kinetic Studies
The effect of contact time on crude oil sorption capacity of the raw and modified PMSP is shown in Fig. 5.
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Fig. 5. Effect of contact time on the oil sorption capacity of raw and modified PMSP
The oil sorption capacity of MPMSP and RPMSP increased with an increase in contact time. The sorption process was fast at first and then slowed down. This could be because of the high concentration gradient at the beginning which drove the diffusion of the oil from the bulk to the sorbent’s surface and pores. However, with time, the adsorbed oil began to clog the sorbent’s pores, making it challenging for oil to diffuse into the interiors of the sorbent (Basu et al., 2018). MPMSP exhibited a higher oil sorption capacity than RPMSP for the entire sorption duration. The sorption capacities of RPMSP and MPMSP were 7.43 and 11.80 g/g, respectively, after 15 minutes of contact. The higher oil sorption capacity of MPMSP is likely due to the increment of its surface area and hydrophobicity by the acetylation process. A similar trend was reported for crude oil adsorption on raw and acetylated Borassus aethopum coir (Arinze-Nwosu et al., 2019) and Siamese senna seed pods (Obi et al., 2024).
To understand the kinetics of the oil sorption on RPMSP and MPMSP, various kinetic models were applied to the sorption data. These models are the pseudo first order, pseudo second order, intra-particle diffusion, and film diffusion kinetic models as expressed in equations (9) – (12), respectively (Oladimeji et al., 2019; Nnaji et al., 2016):
ln (qe – qt) = ln qe – k1t	(9)
    	(10)
qt = Kid t0.5 + C	(11)
ln (1 – F) =  t	(12)
where: qt and qe – amounts of oil adsorbed in mg/g at time t (min) and at equilibrium, respectively, k1, k2, Kid, and Kfd – pseudo first order, pseudo-second order, intraparticle diffusion, and film diffusion rate constants, respectively, C – an integration constant which gives information about sorption mechanism, and F –  fractional equilibrium attainment.
The kinetic plots for crude oil adsorption on raw and modified PMSP are shown in Figure 6 and the kinetic parameters obtained from the plots are listed in Table 2.
[image: C:\Users\IFY OBI\Desktop\Fig. 7 Raw-1-01.jpg]

Fig. 6. a) Pseudo-first order, b) Pseudo-second order, c) Intra-particle diffusion, d) Film diffusion kinetic plots for oil sorption on raw and modified PMSP


Table 2.	Kinetic parameters for oil sorption on raw and modified PMSP 
	Kinetic model
	Parameter
	MPMSP
	RPMSP

	
	qe, exp (mg/g)
	11795
	7430

	Pseudo-first order model
	qe (mg/g)
	9463
	6281

	
	k1 (min-1)
	0.2347
	0.0882

	Pseudo-second order model
	qe (mg/g)
	14286
	10000

	
	k2 (g/mg.min)
	2.45 x 10-5
	1.67 x 10-5

	Intra-particle diffusion model
	kid (mg/(g.min1/2))
	2261.50
	1774.50

	
	C
	3422.00
	-101.93

	Film diffusion model
	Kfd (min-1)
	0.2348
	0.0883



Fig. 6 shows that for adsorption on RPMSP, the pseudo-first order model yielded higher R2 value than the pseudo-second order model. This shows that the oil sorption on RPMSP obeyed the pseudo-first order model. The conformity to the pseudo-first order model suggests that the oil sorption process on RPMSP involved physisorption (Onwuka et al., 2016). The equilibrium sorption capacity and rate constant were 6281 mg/g and 0.0882 min-1, respectively (Table 2). For adsorption on MPMSP, the pseudo-second order model gave higher R2 value than the pseudo-first order model (Fig. 6). This shows that the oil sorption on MPMSP obeyed the pseudo-second order model. The conformity to the pseudo-second order model suggests that the oil sorption process on MPMSP was by chemisorption. The equilibrium sorption capacity and rate constant were 14286 mg/g and 2.45 x 10-5 g/mg.min, respectively (Table 2).
The intra-particle diffusion and film diffusion model plots (Fig. 6 c and d) were linear but did not pass through the origin. This shows that intra-particle diffusion took part in controlling the rate of oil sorption on both MPMSP and RPMSP, but it was not the sole mechanism (Shin and Kim, 2016). Low value of integration constant (-101.93) was obtained for the sorption on RPMSP whereas a high value (3422.00) was obtained for the sorption on MPMSP. The low and high values of integration constant point to the possibility of physisorption and chemisorption being involved in the sorption on RPMSP and MPMSP, respectively (Nnaji et al., 2016). This is in agreement with the observation that the sorption on RPMSP obeyed the pseudo-first order model whereas the sorption on MPMSP obeyed the pseudo-second order model. The Kid value for sorption onto MPMSP (2261.50 mg/g.min1/2) was higher than that for RPMSP (1774.50 mg/g.min1/2). Likewise, the Kfd value for sorption onto MPMSP (0.2348 min-1) was higher than that for RPMSP (0.0883 min-1). This shows that acetylation improved the adsorptive potential of PMSP since higher K values indicate an increase in the adsorption rate and a better adsorption mechanism.
3.3 Effect of Adsorbent Dose on Sorption Capacity
The effect of adsorbent dose on crude oil sorption capacity of the raw and modified PMSP is shown in Fig. 7.
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Fig. 7. Effect of adsorbent dose on the oil sorption capacity of raw and modified PMSP
Increasing the adsorbent dose from 0.2 to 1.0 g resulted in reduction of the oil sorption capacity of RPMSP and MPMSP from 3.97 to 3.11 g/g and 9.54 to 6.86 g/g, respectively. This drop in oil sorption capacity could be the result of sorption sites aggregating and overlapping as sorbent dose increases, which lowers the total exposed surface area. As a consequence, there is a decrease in the amount of sorbate absorbed per unit mass of sorbent, which lowers the sorption capacity (Nnaji et al., 2016; Basu et al., 2018). A comparable pattern was reported by Shittu et al. (2020), who discovered that increasing the sorbent dosage from 1 g to 5 g caused the crude oil sorption capacity of alkaline treated sponge gourd to decline from 3528.6 mg/g to 834.3 mg/g. Similarly, Obi et al. (2023) reported a decrease in the crude oil sorption capacity of unmodified and modified Napier grass from 5.414 to 4.276 g/g and 6.825 to 5.268 g/g, respectively, on increasing the sorbent dose from 0.2 to 1.0 g.


4. Conclusion

Pentaclethra macrophylla seed pod, a readily available agricultural waste, was discovered in this study to be an effective sorbent for removing crude oil from an aqueous solution. The sorption capacity of the pod increased significantly after modification by acetylation. Oil sorption on both the raw and modified pods were affected by changes in the initial oil concentration, contact time, and sorbent dosage. Adsorption on the raw pod was best described by the Freundlich isotherm, whereas for the modified pod, the Langmuir isotherm gave the best fit. Kinetic analysis revealed that the pseudo first order kinetic model best represented adsorption on the raw pod, while the pseudo second order model best suited adsorption on the modified pod. The sorption on both the raw and modified pods was partly controlled by intra-particle diffusion mechanism. Due to its high oil sorption capacity, availability, and biodegradability, modified PMSP can serve as a substitute sorbent for oil spill clean-up. 
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