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Abstract

Crude oil spillage has tremendous environmental impacts and poses severe
pollution problems worldwide due to the continuous activities and operations
in the oil and gas sector. This has resulted in the urgent need for clean-up
techniques such as the use of natural adsorbents which are considered a
low-cost, readily available, efficient, eco-friendly, and easy-to-deploy method
of handling oil spillage due to their high oil sorption capacity, high oil selec-
tivity, oleophilic, enduring, reusability and biodegradable properties. Empty
palm fruit bunch (EPFB) and coconut coir were used as precursors to pro-
duce activated carbon (modified with Lauric acid solution) for oil spill reme-
diation. The influence of varying parameters was investigated using a batch
experimental procedure and the results showed that the crude oil adsorption
capacity increased with a corresponding increase in contact time, initial oil
concentration, temperature, agitation speed, and particle size but a decrease
in adsorbent dosage. The combination of surface morphological modification
and hydrophobicity enhancement resulted in significantly improved adsorp-
tion capacity for crude oil removal (2710.0 mg/g and 4859.5 mg/g for
EPFBAC, 4 and CCAC 4 respectively), as evidenced by both FTIR and SEM
analyses. The experimental isotherm data were analysed using various iso-
therm models and the best-fitted isotherm model was the Freundlich model
with a correlation coefficient (R?> = 0.991 and R? = 0.999) for EPFB., and
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CCACy, 4 respectively. The kinetic behaviour of the adsorption process was
best described by pseudo-second order with R? values of 0.970 and 0.999 for
EPFBAC. 4, and CCACy 4 respectively while Boyd model revealed that the ad-
sorption was controlled by an internal transport mechanism and film diffu-
sion was the rate-limiting step. The crude oil adsorption was chemisorption
and endothermic owing to the positive enthalpy values (AH° = 183.890
KJ/mol for EPFBAC; » and AH° = 69.656 K]J/mol for CCACy »), the positive
value of entropy (AS” = 0.68 KJ/mol'K for EPFBAC.s and AS’ = 0.295
KJ/mol-K for CCACL,) suggested that the adsorption process was accompa-
nied by an increase in the degree of randomness or disorder at the interface
between the adsorbent and the adsorbate. A temperature rise led to a decline
in Gibbs energy (AG’), suggesting that adsorption became more feasible and
spontaneous at higher temperatures and the significant activation energies for
EPFBAC. s (E. = 183.889 KJ/mol) and CCACp, (E, = 69.656 KJ/mol) indi-
cated the existence of a substantial energy barrier that must be overcome to
initiate the reaction. The results from the prepared adsorbents showed the
significant capability to be used as a low-cost, re-generable and eco-friendly
adsorbent in oil spill clean-up and is recommended to exploit its usage on a
large scale.
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1. Introduction

The progressive increase of industrialization in Nigeria and the world has resulted
in a continuous increase in environmental pollution due to the over-reliance on
the use of fossil fuel and petroleum products for energy generation. Despite re-
cent technological advances, accidental crude oil spillage and its refined products
occur frequently during routine operations of exploration, extraction, transporta-
tion, storage, refining and distribution which has resulted in environmental deg-
radation and economic losses [1]. Consequently, serious efforts have been de-
voted to reducing these hazardous pollutants such as PAHs, CO,, NOy and
thereby avoiding their dangerous and harmful effects on animals, plants and hu-
mans [2]. The constant negligence of the oil exploration companies has resulted
in water bodies being polluted leading to the destruction of useful aquatic lives;
farmlands rendered un-cultivatable due to loss of soil fertility, bioaccumulation of
heavy metals on grown crops due to crude oil polluted soils and the spontaneous
increase in related diseases; economic losses due to sporadic shut down in pro-

duction operations as a result of pipeline vandalism [2]-[4]. Oil spills in water
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pose significant environmental hazards, necessitating effective removal methods
such as mechanical (skimmers, boomers), biological (bioremediation, phytore-
mediation), chemical (dispersants, solidifiers, emulsion breakers) and adsorption
(natural sorbents, zeolites, synthetic polymers, activated carbons) employed to
address this challenge [5]. Amongst these several chemical and physical methods,
the adsorption technique using activated carbon is considered to be superior to
other techniques because of its capability to efficiently adsorb a wide range of dif-
ferent types of adsorbates; its simplicity of design and is considered a more eco-
nomically viable process for the treatment of oil spillage [6]. The choice of
method depends on various factors such as the type of oil spilt, the extent of the
spill, the environmental conditions, and the sensitivity of the affected area. How-
ever, commercial activated carbons are considered expensive which has led to
many researches into cheaper and more viable substituents that are less expen-
sive, biodegradable, reusable, environmental-friendly and are endowed with rea-
sonable adsorptive capacities [7]. Hence, the efficiency of the adsorption process
lies in choosing the suitable adsorbent which should be easily and readily avail-
able with no economic value [8]. Recently, several waste materials particularly
from agricultural waste products whose disposal has been an environmental
problem have been successfully utilized as precursors to produce activated car-
bons for the adsorption of oil in water. This has prompted a growing research in-
terest in the production of activated carbons from renewable and cheaper pre-
cursors which are mainly agricultural and industrial by-products, such as the
male flower of coconut tree [9], avocado seed [10] [11], coconut shell [12], jute
fibre [13], rubber wood sawdust [14], corncob [15], coconut coir/husk [16], oil
palm fruit empty bunch [17] [18], bamboo [19] and oil palm fibre [20].

Oil palm (Elaeis guineensis) is mostly cultivated as a source of palm oil pro-
duction in tropical regions such as Nigeria in West Africa and several other
countries such as Malaysia, Indonesia, and Thailand in Southeast Asia etc and
has resulted in the exponential generation of waste such as empty palm fruit
bunch (EPFB), palm mesocarp fiber (PMF), palm kernel shell (PKS), palm oil
mill effluent (POME) and boiler ash etc, which further creates enormous envi-
ronmental challenges such as fouling, the attraction of pests, emission of green-
house gases (GHGs), underground water pollution, thermal shock and emission,
soil acidification etc, thus; posing serious threats to humans and the environ-
ment [21]-[23]. It was projected that by the year 2020, 49 MT/yr of palm oil
produced would generate an estimated 19.6 MT/yr of waste [24]. Empty palm
fruit bunch (EPFB) is considered a lignocellulosic material as it consists of an
average estimate of (30% - 50%) cellulosic content, (15% - 35%) hemi-cellulosic
content with hydrophilic properties and (20% - 30%) lignin content with hy-
drophobic properties and has strong structural stability properties, thus; it has a
great potential as a basic precursor for the production of activated carbon (ad-
sorbents) when chemically modified to adsorb pollutants such as dye, heavy
metals, crude oil and petroleum products [25]-[27]. Lauric acid (used as a

chemical activating agent) is a substance with a high hydrophobicity degree that
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tends to aggregate or dissolve in non-polar solvents or phases rather than in wa-
ter. This behaviour arises because hydrophobic substances are typically non-polar
or have non-polar regions that minimize their interaction with polar water
molecules. The measurement or assessment of hydrophobicity degree can be
important in determining how a substance behaves in different environments,
including its solubility, dispersal characteristics, and interactions with other sub-
stances. It plays a significant role in fields such as drug delivery, environmental
remediation, and surface chemistry. Hence, this research aimed to utilize modi-
fied adsorbents by enhancing the hydrophobicity and surface morphology of the
adsorbents for the recovery of oil spilt in an aqueous solution.

2. Experimental Methods
2.1. Materials

The Empty Palm Fruit Bunch (EPFB) and coconut coir used in the preparation
of the activated carbon were obtained from the National Institute for Oil Palm
Research (NIFOR) in Abak Local Government Area, Akwa Ibom State, Nigeria.
The crude oil used was obtained from Sterling Oil Exploration & Energy Pro-
duction Company Ltd (SEEPCO), Nigeria.

2.2. Preparation of Adsorbent

The Empty Palm Fruit Bunch (EPFB) and coconut coir were washed using dis-
tilled water thereafter dried to constant weight at 105°C for 24 h in a laboratory
drying oven (DHG-9101 model) to remove excess water content and other vola-
tile component. The crushed samples were carbonized in a muffle furnace at the
temperature of 700°C for 1 h in the absence of oxygen. The samples were im-
pregnated by immersing them in a 30% concentration of diluted Phosphoric
acid (H;PO,) solution for 24 h and thereafter dried in a laboratory drying oven
at a temperature of 105°C for 12 h. To enhance the hydrophobicity of the ad-
sorbents (EPFBAC and CCAC), the pre-treated samples were further activated
by pouring 2.0 L of boiled 0.4 M Lauric acid solution into a container containing
75 g each of EPFBAC and CCAC. The mixtures were stirred and kept for 12 h
before being filtered and the resultant adsorbent samples were washed with
n-hexane several times to remove any excess Lauric acid solution before being
dried in a laboratory drying oven at 80°C. The % Weight Gain (W.G) of the
EPFBAC and CCAC were calculated according to Equation (1).

(1)

(%)W.G _ ( pre-treated weight —original Welght]><1oo

original weight

The hydrophobicity degree (H.D) of EPFBACLA and CCACypx refers to the
extent to which the materials or substances tend to avoid or repel water, prefer-
ring to interact with non-polar substances. In this experiment, 1.0 g of the ad-
sorbents were placed separately in a beaker with 20 mL of water and agitated for
5 min. This was followed by adding 20 mL of n-hexane to the beaker and agitat-

ing it for 5 min. The mixtures were kept for 15 min for the two immiscible
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phases to separate. The adsorbents were subsequently filtered, dried and weighed
to determine the actual amount that was being transferred to the organic phase
and the result expressed in terms of the percentage of adsorbent transferred into
the organic phase. The degree of hydrophobicity of the adsorbent was calculated
based on Equation (2).

(2)

(%) HD = weight of afjs_orbent !n n —hexane <100
original weight

The activated carbons (EPFBAC; , and CCAC; ) produced were allowed to
cool and later crushed and sieved into various particle sizes (63 pm to 500 pm)

and thereafter labelled and stored in air-tight enclosed plastic containers.

2.3. Proximate Analysis

The physicochemical properties of EPFBAC. 4 and CCAC_ 4 was determined us-
ing proximate analysis to determine the moisture content [28], the volatile mat-
ter content [29], the ash content [30], the bulk density [31], pH [32] and the spe-

cific surface area [33].

2.4. SEM and FTIR Analysis of the Adsorbents

Scanning electron microscope (SEM) photographs of EPFBAC., and CCACy 4
were obtained by using the SEM machine (JEOL JSM-6360LV) when about 20
mg of the samples were sputter-coated with a platinum layer in a sputtering
machine (Eiko IB-5 Sputter Coater) which was operated in an Argon atmos-
phere using a current of 6 mA for 3 mins and the SEM machine was left for 2
mins to stabilize before setting the parameters to be used. The coated samples
were then transferred to the SEM specimen chamber and the imaging was done
at an accelerating voltage of 15 kV, pressure at 0.003 Pa, eight spot size, four ap-
erture and set at 1000 magnification.

Fourier transform infrared spectroscopy (FTIR) of EPFBAC; 4, and CCACya
was done by using an FTIR Spectrometer (Perkin-Elmer SPECTRUM-2000)
where the samples were dried and 2 mg of each sample was powdered and mixed
with 300 mg of anhydrous KBr (Merck). The mixed samples were then pressed
under vacuum to obtain the pellets for spectroscopy and the FTIR spectra were

investigated between the wavelength ranges of 400 - 4000.0 cm™.

2.5. Batch Adsorption Equilibrium and Kinetics Studies

The experimental procedure for the batch adsorption studies was carried out by
measuring 250 mL of the synthesized crude oil spill into a 500 mL beaker and
was performed for different parameters such as contact time, mass of adsorbent,
initial crude oil concentration, agitation speed, particle size and temperature.
The batch adsorption equilibrium studies were carried out separately for EPFBACy 5
and CCAC. 4 by measuring exactly 2.5 g of the adsorbents into a 500 mL beaker
containing varying initial concentrations (11,664, 19,440, 27,216, 34,992 and
42,768 mg/L) of the synthesized oil spill and then agitated using an orbital
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shaker (Rotamax 120, Reidolph) at 20 rpm for 1 h. The adsorbed EPFBAC; » and
CCAC. were filtered off and the filtrate was thereafter homogenized for 30
mins to form an emulsified solution. The equilibrium concentration of the
emulsified solution for each measured sample was determined using a UV-Vis
spectrophotometer at a wavelength of 380 nm. Similarly, the batch adsorption
kinetic studies were also carried out separately for EPFBAC, 4 and CCAC, 4 by
measuring exactly 2.5 g of the adsorbents into a 500 mL beaker containing
19,440 mg/L initial concentration of the simulated oil spill and agitating it in an
orbital shaker at 20 rpm and a temperature of 25°C for varying contact time of
(5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 min).

For each batch run, the amount of crude oil adsorbed per unit mass of activated
carbon at equilibrium g., (mg/g), at time, £ g: (mg/g) and the % removal of crude
oil was determined using Equation (3), Equation (4) and Equation (5) respectively.

_ (CO _Ce)*v (3)
qe - M
C,-C,)*V
q = % (4)
. (Co —Ce)*loo
% removal of crude oil =~————— (5)

(o]

where C, = initial concentration of solution (mg/L), C. = equilibrium concentra-
tion (mg/L), C; = concentration of solution at time, t, (mg/L), V' = volume of the

solution (mL) and M = mass of adsorbent used (g).

2.6. Thermodynamics Studies

As similarly described in the batch adsorption equilibrium and kinetics studies,
the thermodynamics studies were also conducted separately when using
EPFBAC. 4, and CCACy 4 by using a Laboratory thermostatic shaking water bath
(Model DKZ. XMTD-8222) at 20 rpm and at varying temperatures of (23°C,
25°C, 27°C, 29°C and 31°C) for 1 h. The thermodynamics parameters such as
Gibbs free energy change (AG"), enthalpy change (AH°), entropy change (AS")
and activation energy were used to describe the thermodynamic behaviour of the
adsorption of crude oil onto EPFBAC; 4, and CCAC; 4 as shown in Equation (6),
Equation 7 and Equation (8) respectively.
The Gibbs free energy change (A G’) was calculated by using Equation (6).

AG° = —RTInKc (6)
where; K. is the equilibrium constant of the adsorption which is obtained from
Equation (6.1).

C. (adsorbent)

°  C,(solution) (5:0)

where C. (adsorbent) and C. (solution) are the equilibrium concentration of the

crude oil on the adsorbent and in the solution respectively.
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The enthalpy change (AH°) and entropy change (AS’) were estimated from
the slope and intercept of the plot of In K. versus (1/T) respectively as shown in
Equation (7).

AS®  AH°
R RT

InK, = (7)

Also, the activation energy was calculated from the slope of the plot of In K.
versus (1/T) as shown in Equation (8).

InK, = |nA—5(1j (8)
RAT

3. Results and Discussion
3.1. Characterization of Adsorbent

As shown in Table 1, EPFBAC. 4 and CCAC. had a low ash content of <5.0%
which indicates some functional properties to be used to produce porous carbon
with high yield. It is shown that various organic materials can be transformed
into highly carbonaceous activated carbon depending on the type and concen-
tration of chemical activator used as a typical ash content of activated carbon is
<10%. The presence of excess ash in activated carbon tends to impede the pores
and invariably reduce the surface area of activated carbon; thus, decreasing the
adsorptive properties of activated carbons [34] [35].

The moisture content of EPFBAC, 4, and CCAC., was shown to be <5.0%
which met the standard requirements for packaging, transporting and storage of

materials required for some commercial activated carbons [33].

Table 1. Proximate analysis of adsorbents.

Physical Properties EPFBACLa CCACLa
Specific surface area (m?/g) 701.400 791.000
Moisture content (%) 1.800 1.500
Bulk density (g/cm?) 0.333 0.370
Volatile matter content (%) 1.110 1.500
Ash content (%) 0.620 1.530
Ph 7.120 6.820
Weight Gain (%) 2.300 2.300
Hydrophobicity Degree (%) 70.000 80.000

The volatile matter content of 1.11% and 1.5% for EPFBAC; » and CCACy s
respectively is an indication of the additional influence of the chemical activators
such as Phosphoric acid and Lauric acid in changing the surface structure by
degrading the organic material of the biomass and enhancing the adsorptive
properties of the activated carbon [36]. The pH level was slightly alkaline which
is suitable for neutralizing an acidic soil and favouring the adsorption of cationic
pollutants due to the electrostatic interactions between the adsorbate and the
adsorbents [37].
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3.2. FT-IR Analysis of the Adsorbents
The FT-IR spectra of EPFBAC,  before and after adsorption were observed to

have similar functional groups as that of CCACy.a before and after adsorption is
shown in Table 2. An absorption band revealed the presence of various func-
tional groups which played a crucial role in the adsorption of crude oil mole-
cules onto the surface and pore space of the adsorbents as enumerated in Table
2 [38]-[42]. The presence of hydroxyl (-OH) group on the surface of the ad-
sorbent hypothetically repelled the crude oil molecules in the adsorption me-
dium; thus, reducing the adsorption uptake [43] [44].

However, the introduction of chemical activating agents (Lauric acid) to the
raw empty palm fruit bunch and coconut coir fibre which are rich in the hy-
droxyl group of cellulose, hemicellulose and lignin, encouraged esterify the
cation process to occur [45]. Thus, the replacement of hydroxyl groups with the
alkyl chain from the chemical activating agents led to the creation of a non-polar
layer on the surface of the adsorbents. It is also believed that the increase in the
hydrophobicity degree and the contact area of both EPFB., and CCACp 4 ad-
sorbent enhanced and provided more superior sites for higher oil adsorption
capacity. Hence, these enhanced hydrophobic functional groups for both
EPFB, 4 and CCAC; 4 confirmed that crude oil was adsorbed at the hydrophobic
sites of the adsorbents [46] [47].

Table 2. FT-IR analysis of the functional groups in the adsorbents.

Absorption peaks of  Absorption peaks of  Absorption peaks Absorption peaks

F ti 1 ti
Hnctonat grotps present i ppERACLA before EPFBACL, after of CCACya before  of CCACL4 after

the Adsorbents
roent Adsorption (cm™) Adsorption (cm™) Adsorption (cm™) Adsorption (cm™)
-OH stretching of the
3550.7 - 3761.8 3535.8 - 3779.7 3511.2 - 3638.2 3500.6 - 37634.2
alcohol group
-NH stretching of the amine
3286.5 - 3448.7 3225.3 - 3481.5 3229.3 - 3458.3 3287.9 - 3443.0
group
C-H asymmetric stretching
3025.6 - 3117.1 3033.4 - 3159.9 3005.0 - 3108.1 3096.3
of alkene group
C-H symmetric stretching of
2917.5 - 2973.6 2911.3 - 2950.6 2865.3 - 2953.4 2929.7 - 2995.9
alkane group
-OH stretching of the
.. 2486.4 - 2797.0 2453.6 - 2753.3 2525.3 -2773.0 2533.8 - 2795.2
carboxylic acid group
C=C stretching of the
2071.2 - 2280.1 2049.6 - 2297.8 2064.2 - 2164.9 2054.2 - 2257.0
alkyne group
C=0 stretching of the
1642.9 - 1932.8 1609.3 - 1947.8 1600.8 - 1732.1 1654.5 - 1732.8
carbonyl group
C=C stretching of aromatic
. 1481.6 - 1592.1 1393.0 - 1530.1 1483.9 - 1567.2 1504.7 - 1582.3
benzene ring group
C-O stretching of the
1050.2 - 1236.2 1011.1 - 1295.2 1056.7 - 1192.9 1165.6 - 1228.2

alcohol group

3.3. Surface Morphology Analysis of the Adsorbent

The surface morphology of raw empty palm fruit bunch, raw coconut coir,

pre-treated empty palm fruit bunch and pre-treated coconut coir activated car-
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bon material surfaces were examined by SEM and the images of the adsorbent
showed highly irregular size and shape as illustrated in Figures 1(a)-(c) and
Figures 2(a)-(c). Based on Figure 1(a), the raw coconut coir exhibited distinc-
tive morphological features, including small pores and rod-like structures with

uneven porosity and irregular sizes.

(a) (b) (©)

Figure 1. SEM photographs of (a) raw coconut coir before chemical activation.
Magnification: 10,000x; HV: 500 KV; WD: 5.5 mm; Spot: 3.0; Det: LVD; ITMA: 10 pm.
SEM photographs of activation (b) pre-treated coconut coir after chemical activation.
Magnification: 10,000x; HV: 500 KV; WD: 5.2 mm; Spot: 3.0; Det: LVD; ITMA: 10 pm.
(c) SEM photographs of (c) pre-treated CCACrLa after adsorption. Magnification:
10,000x; HV: 15 KV-image; BSD Full; 208 pm; ITMA: 80 um.

(a) (b) (©)

Figure 2. SEM photographs of (a) raw palm fruit bunch before chemical activation.
Magnification: 1000x; HV: 10 KW; WD: 9.6 mm; Spot: 5.0; Det: SE; ITMA: 10 um. SEM
photographs of (b) pre-treated empty palm fruit bunch after chemical activation.
Magnification: 1000x; HV: 10.0 KV; WD: 10.0 mm; Spot: 5.0; Det: SE; ITMA: 50 um.
SEM photographs of (c) pre-treated EPFBL.a after adsorption. Magnification: 1500x; HV:
15 KV-image; BSD Full; 179 um; ITMA: 50 pm.

These characteristics suggested a complex and heterogeneous microstructure.
The sharp edges observed on the rod-like structures further indicated that the raw
coconut coir possesses good crystallinity, implying a well-ordered molecular ar-
rangement within its fibrous composition. The raw empty palm fruit bunch
(EPFB) sample in Figure 2(a) showed that the fibres were still bound to each other
due to the presence of cuticle pores on the surface and had slightly smooth and flat

surface due to the presence of wax which coats the surface of the fibre [48].
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As seen in Figures 1(a)-(c) and Figures 2(a)-(c), the surface morphology of
untreated empty palm fruit bunch and coconut coir materials were different
from the treated ones as the treatment significantly altered the physicochemical
properties and porosity of the adsorbent materials and also; the treatment with
lauric acid resulted in the partial removal of the protective thin wax layer on the
adsorbent surface, as evidenced in Figure 1(b) and Figure 2(b). This treatment
also caused perforations due to the leaching of structural materials, which ex-
posed the active sites on the adsorbent surface. Consequently, the perforations
caused by the leaching of structural materials led to the creation of available
pores and a large internal surface area on the adsorbent surface. This increased
surface area and pore volume enhanced the adsorbent’s capacity for adsorption,
allowing it to bind and remove target molecules or substances more effectively
[49] [50]. Figure 1(c) and Figure 2(c) demonstrated that after adsorption, both
EPFBAC, 4, and CCAC,, exhibited uneven and irregular surfaces with signifi-
cant rough, heterogeneous pores layers indicating that these structural charac-
teristics provide a high potential for crude oil adsorption. The SEM images pro-
vided visual confirmation that the adsorbent surface features a porous structure
with cracks and macro-pores. This porous architecture facilitated the easy diffu-
sion of crude oil molecules into the pore structures and onto the surface of the

adsorbent; thus, enhancing the adsorption process.

3.4. Factors Influencing the Batch Adsorption Equilibrium Studies

The batch adsorption equilibrium studies for the adsorption of crude oil onto

EPFB..4 and CCAC, 4 were investigated as follows.

3.4.1. Effect of Contact Time

The impact of contact time on crude oil adsorption onto EPFB and CCAC
pre-treated with Lauric acid was observed across varying durations, with inter-
vals of 5 minutes, spanning a total of 50 minutes. As illustrated in Figure 3, the
initial adsorption onto EPFB, 4 and CCAC, 4 occurred rapidly within the first 5 -
15 minutes, gradually slowing down as the process advanced, ultimately reach-
ing saturation at an equilibrium contact time of 45 - 50 minutes, respectively.
This swift initial adsorption can be attributed to the significant concentration
gradient between the adsorbate and the adsorbent’s solid surface, along with the
abundance of available active sites for adsorption [10]. However, as the process
progressed, the rate of crude oil adsorption onto EPFB., and CCAC., de-
creased. This was due to the increased prominence of intra-particle diffusion,
which led to higher mass transfer resistance for crude oil molecules moving
from the adsorbent’s surface to its internal adsorption sites [16] [51]. As the ad-
sorption progressed towards equilibrium, the active sites on the adsorbent’s sur-
face gradually became saturated, leading to a corresponding decline in the ad-
sorption rate [52]. EPFB; 4 and CCAC, » exhibited notable adsorption capacities
of 1943.15 mg/g and 1943.85 mg/g, respectively, along with a high % removal of
crude oil (99.96% and 99.99%, respectively).
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This efficacy can be attributed to the ample availability of large surface areas
(active sites) and a substantial solute concentration gradient conducive to crude
oil adsorption. The process was further facilitated by rapid pore diffusion into
the intra-spatial particle matrix, ultimately achieving equilibrium at 45 - 50
minutes. Consequently, there was a swift diffusion onto the external surface of
the adsorbents [11] [53].

L L L L . 100.0
1944.0 4

F99.98
) 1943.5 F99.96 &
= . S
o ~
E 1943.0 99.94 F
z S
8 19425 F99.92 3
& <
@) F99.90 ©
= 1942.0 =
-2 Looss 3
519415 g
2 F99.86 =
< —=—Adsorption Capacity for CAC o\c

1941.0 1 f —#—Adsorption Capacity for EPFB( | 99.84

i —=—% removal using CAC .
—#—% removal using EPEB
1940.5 A 99.82
T T T T T
0 10 20 30 40 50

Contact Time (mins)

Figure 3. The influence of contact time on the adsorption of crude oil
onto EPFBr.a and CCACya.

3.4.2. Effect of Adsorbent Dosage

The impact of adsorbent dosage on crude oil adsorption onto EPFB and CCAC
pre-treated with Lauric acid was investigated by varying the dosage from 2.2 g to
3.0 g. As depicted in Figure 4, the % removal of crude oil exhibited an immedi-

ate increase with rising adsorbent dosage, reaching equilibrium at 99.93% and
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Figure 4. The influence of adsorbent dosage on the adsorption of crude
oil onto EPFB1.4 and CCACpa.

99.98% for EPFB. 4 and CCACL s, respectively. This phenomenon can be attrib-
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uted to the augmented surface area, pores, active sites, and the number of un-
saturated sites available for adsorption [54].

In contrast, the adsorption capacity demonstrated a decrease with escalating
adsorbent dosage. The maximum adsorption capacities of 2204.659 mg/g and
2204.227 mg/g were achieved when 2.2 g of EPFB. 4 and CCACp were util-
ized, respectively. This decline in adsorption capacity can be attributed to the
increase in adsorbent dosage, leading to more active sites available for the ad-
sorption process. Since there was a constant amount of crude oil to be ad-
sorbed, the rise in active sites resulted in an enhanced percentage removal of
crude oil [55].

3.4.3. Effect of Initial Crude Oil Concentration

The impact of initial crude oil concentration on crude oil adsorption onto EPFB
and CCAC pre-treated with lauric acid, as depicted in Figure 5, revealed that an
increase in the initial crude oil concentration augmented the adsorption capac-
ity. However, this escalation also resulted in a diminished% removal of crude oil
from EPFBL, and CCACy 4. This indicates that while the adsorbents could take
up more crude oil at higher concentrations, the efficiency of the adsorption
process decreased due to the saturation of available adsorption sites. This decline
in the % removal can be attributed to the insufficient availability of active sites
on the adsorbent for crude oil adsorption beyond a certain concentration
threshold. These active sites became saturated, leading to a plateau in adsorption
efficiency. With further increases in crude oil concentration, no additional ad-

sorption occurred, resulting in crude oil remaining in the final solution [56].
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Figure 5. The influence of initial crude oil concentration on the adsorption
of crude oil onto EPFBr.a and CCACLa.

3.4.4. Effect of Agitation Speed
The influence of agitation speed on the adsorption of crude oil onto EPFBACy 4

and CCAC; s was explored within the range of 20 - 100 rpm for 60 minutes.
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Figure 6 illustrates that elevating the agitation speed correlated with higher ad-
sorption capacity and percentage removal of crude oil. This observation vali-
dated the notion that heightened agitation speed enhanced the rate of mass
transfer; thus, reducing surface-oil film resistance. Consequently, residual
crude oil can more readily access the surface of the activated carbon [57]. At
100 rpm, the maximum sorption was attained, yielding an adsorption capacity
of 1943.72 mg/g and 1943.67 mg/g, with a corresponding % removal of crude
oil of 99.99% and 99.98% when utilizing 2.5 g of EPFBAC 4 and CCAC,, re-
spectively.
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Figure 6. The influence of agitation speed on the adsorption of crude oil onto
EPFBr.a and CCACpa.

3.4.5. Effect of Temperature

The impact of temperature on crude oil adsorption onto CCAC pre-treated with
Lauric acid was examined across various temperatures, as illustrated in Figure 7.
Notably, with increasing temperature, there was a concurrent rise in both ad-
sorption capacity and percentage removal of crude oil. The maximum sorption
was achieved at 31°C, yielding adsorption capacities of 1943.82 mg/g and
1943.28 mg/g, along with percentage removals of crude oil of 99.99% and 99.96%
for EPFB. 4 and CCAC 4, respectively.

This temperature-dependent enhancement in % removal of crude oil can be
attributed to several factors. Firstly, the increase in kinetic forces and the
weakening of hydrogen bonds and Vander Waals forces at higher tempera-
tures strengthened the physical interaction between crude oil molecules and
adsorbent active sites [9]. Additionally, chemical interactions between the ad-
sorbents and adsorbate, the creation of new adsorption sites, or accelerated in-
tra-particle diffusion of adsorbate species into the pores of activated adsorb-
ents may occur at higher temperatures [58]. Moreso, increasing the tempera-
ture enhanced the diffusion rate of crude oil molecules across the external

boundary layer and into the internal pores of the adsorbent particles. This en-
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hancement in diffusion is attributed to the decreased solution viscosity and the
increased solubility of crude oil in water at higher temperatures [59]. This in-
verse relationship between oil viscosity and penetration rate into the adsorbent
interior surfaces further accentuates the impact of temperature. Notably, the
temperature range of 23°C to 31°C chosen for the batch adsorption experi-
ment corresponds to the sea surface temperature (SST) within the Niger Delta
region of Nigeria. This selection ensured that the experimental conditions
closely mimic the natural environmental conditions of the area; thus, enhanc-
ing the relevance and applicability of the findings to real-world scenarios in

this region [60].
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Figure 7. The influence of temperature on the adsorption of crude oil onto
EPFBLa and CCACLa.

3.4.6. Effect of Particle Size

The impact of particle size on crude oil adsorption onto EPFB and CCAC
pre-treated with Lauric acid was explored across varying particle sizes, as de-
picted in Figure 8. Notably, an increase in particle size correlated with a simul-
taneous increase in both adsorption capacity and percentage removal of crude
oil. The maximum sorption was attained at a particle size of 500 pm, yielding
adsorption capacities of 1943.08 mg/g and 1943.53 mg/g, along with percentage
removals of crude oil of 99.95% and 99.98% for EPFB; , and CCAC; 4, respec-
tively.

Figure 8 illustrates that as the particle size increased, both the adsorption
capacity and% removal of crude oil increased accordingly. This observation
supports the notion that the adsorption capacity rises as the surface area of the
adsorbent decreases where larger particles of adsorbents possess a larger sur-
face area, facilitating interstitial packing and promoting a faster rate of adsorp-
tion. This is due to the increased volume-to-surface-area ratio and the result-

ing enhanced surface area available for adsorption. The interstitial packing of
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larger particles provided additional sites for adsorption, leading to a faster rate
of adsorption and higher adsorption capacity. Thus, this confirms that particle
size distribution influences both adsorption capacity and the rate of adsorption
[16].
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Figure 8. The influence of particle size on the adsorption of crude oil onto EPFBL4
and CCACra.

3.5. Batch Adsorption Isotherm

The adsorption isotherms, which are essential for studying the interaction be-
tween the adsorbent and adsorbate, were analysed using plots of the adsorption
capacity of crude oil at equilibrium (g.) versus the equilibrium concentration of
crude oil (&). Figure 9 and Figure 10 depict these isotherms for crude oil ad-
sorption onto EPFBAC; 4 and CCAC; 4, respectively. Five isotherm models were
applied: Langmuir, Freundlich, Temkin, Toth, and Redlich-Peterson models and
the suitability of these isotherm equations in describing the adsorption process
was evaluated based on correlation coefficient (R*) values. Figure 9 showed that
the Freundlich isotherm model yielded the highest adsorption capacity of
4264.082 mg/g for EPFBAC, s, followed by the Redlich-Peterson, Toth, and
Langmuir models. In contrast, the Temkin model was found to have the least
adsorption capacity of 3901.258 mg/g. This indicates that the Freundlich model
best describes the adsorption process for EPFBAC; s, suggesting multilayer ad-
sorption on a heterogeneous surface.

In contrast, the Redlich-Peterson model was observed to have the highest ad-
sorption capacity of 4219.194 mg/g for CCAC.,, followed by the Sip, Toth,
Freundlich and Langmuir model but the Temkin model was found to have the
least adsorption capacity of 3829.936 mg/g as shown in Figure 10. Hence, this
result validates the suitability of two and three-parameter models in analysing

the adsorption isotherm studies.
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Figure 10. Isotherm plots for the adsorption of crude oil onto CCACra.

Table 3 showed that the Freundlich isotherm model had the best fit to the
experimental data with an R? value of 1.00 and 1.00 for EPFBAC; 4 and CCACp»

respectively which suggested that the crude oil adsorption progressed from a

multilayer adsorption process to a homogeneous process. Thus, the multilayer

process contributed to the monolayer adsorption mechanism of crude oil ad-

sorption from oil spillage by both EPFBAC, 4, and CCACpand also suggested

that alkaline-based chemical activation enhanced the process of crude oil ad-

sorption onto the adsorbent surfaces by providing more hydrophobic reactive
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sites [61]. The K value was 7.22 x 10> mg/g and 8.20 x 10> mg/g for EPFBAC_ »
and CCAC, 4 respectively indicating that as the K, value increased, the adsorp-
tion capacity of both EPFBAC; 4 and CCAC;, 4 also increased.

Table 3. Adsorption Isotherm constant for the removal of crude oil using EPFBAC1. and CCACra.

Adsorbents Adsorption Isotherm Models
Redlich-Pet
Langmuir Freundlich Temkin Toth Sip eqneh-ete
rson
m  9.42 K 722 A m 2.11 ms
4 o 2077 4 < d - A 51xX10°
(mg/g) 10° (mg/g) x10* (L/g) (mg/g) 10  (mg/g)
EPFBACLa Ko KT as
0.0635 N 140 B 1.6988 0.392273 - B 6.7 x10%
(L/mg) (L/mg) (L/g)
T 0.07385 Bs - B 0.308204
R? 1.000 R? 1.000 R> 0.922 R? 0.9906 R? - R? 0.9914
@n 966x K 820 A . qn 198X qm 433x  5309x
(mg/g) 10° (mg/g) x10* (L/g) (mg/g) 10"  (mg/g) 107 10°
KL 00654 N 149 B 1.34 x Kr 0.42117 as 1.92 x B 6.395 x
CCACLA  (L/mg) ' 10°  (L/mg) (Lig) 107 102

T 0.07152 Bs 0.6786 B 0.3217
R?  1.000 R?>  1.000 R* 0.9010 R? 0.983 R? 09845 R? 0.9845

According to Liu et al (2010) [62], adsorption is considered favourable when
(1 < n < 10), and a higher (n) value indicates stronger adsorption intensity. In
this study, the (n) values were greater than unity (n = 1.40) and (n = 1.49), indi-
cating that the crude oil was favourably adsorbed on both EPFBAC.. and
CCAC,.4, respectively. This suggests strong adsorption interactions between the
adsorbents and the crude oil. Similar results were reported on crude oil sorption
by cotton fibres, rice husks (acetylated and unacetylated) and thermally treated
rice husks, respectively [47] [52] [56].

3.6. Batch Adsorption Kinetics

Several kinetic models such as the pseudo-first order, pseudo-second order, in-
tra-particle diffusion and Boyd models were used to analyse the kinetic behav-
iour and mechanism of crude oil adsorption onto EPFBAC;, and CCAC; 4
which further provided insights into the adsorption process and the role of dif-
ferent forces in the sorption mechanism. The adsorption kinetic model constants
for the removal of crude oil are shown in Table 4 which demonstrates the coef-
ficient of correlation (R*) for the pseudo-second-order kinetic model for both
EPFBAC. s (R* = 0.970) and CCACy 4 (R* = 0.983) was much higher and closer
to unity compared to that of the pseudo-first-order kinetic model and intrapar-
ticle diffusion models. This indicates that the pseudo-second-order kinetic
model provides a better fit to the experimental data, suggesting that the adsorp-
tion process is likely governed by chemisorption mechanisms rather than physi-
cal adsorption. The pseudo-second-order kinetic model suggested that the rates

of surface reaction and chemical reaction (chemisorption) were predominant in
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the crude oil adsorption process onto EPFBAC; » and CCACy 4. This was likely
facilitated by the high hydrophobic nature of the modified adsorbents, which
enhanced the affinity of the adsorbents for the hydrophobic crude oil molecules.
The faster rates of transport of crude oil from the liquid phase to the adsorbent
phase further support the efficient removal of crude oil by these modified ad-
sorbents [61] [63]. The observation that the intraparticle diffusion model had a
greater contribution to surface sorption, as indicated by the large intercept
(boundary layer effect; C), suggests that while chemisorption may dominate the
overall adsorption process, the rate-controlling step could still be influenced by
intra-particle diffusion. This indicates that even though chemisorption reactions
occur rapidly on the surface of the adsorbents, the diffusion of crude oil mole-
cules within the adsorbent particles may still play a significant role in determin-
ing the overall rate of adsorption. Therefore, both surface sorption and in-
tra-particle diffusion contribute to the complex kinetics of crude oil adsorption
onto EPFBAC. » and CCACy. 4 [64]. The coefficient of correlation and the thick-
ness of the boundary layer for both EPFBACLa (R* = 0.9064; C = 1940.205) and
CCACrs (R* = 0.8776; C = 1944.043) indeed validates the presence of some de-
gree of boundary layer control in the adsorption process. This suggested that
while intra-particle diffusion plays a significant role, it was not the sole
rate-limiting step. Other processes, such as surface reaction kinetics and mass
transfer limitations at the liquid-solid interface, might have also influenced the
overall rate of adsorption. Therefore, a combination of factors, including both
intra-particle diffusion and boundary layer effects, contributed to the observed
kinetics of crude oil adsorption onto EPFBAC; » and CCACy 4 [65].

Table 4. Adsorption kinetic model constants for the removal of crude oil using CCACxkon.

Adsorbents

Pseudo-first order =~ Pseudo-second order Intra-particle Diffusion
Kf q Ks q Kip C q
(mg/g) (g/mg. ecal R2 (g/mg. ecal R? (mg/g. e,cal 2
min) (mg/g) min) (mg/g) min'’?) (mg/g) (mg/g)

EPFBACLa 1943.15 1.3847 1942.71 0.7763 0.0768 1943.316 0.970 0.4781 1940.205 1942.498 0.9064

CCACrLa

1943.85 1.3199 1943.34 0.790 0.05715 1944.104 0.983 0.57207 1940.21 1944.043 0.8776

The linearity test of the plot of B, against time was used to distinguish between
the film and particle-diffusion controlled adsorption mechanism as shown in
Figure 11 and Figure 12.

According to Bulut ef al 2008 [66], which stated that if the plot is a straight
line passing through the origin, the adsorption rate is governed by particle diffu-
sion; otherwise, it is governed by film diffusion. In the context of this study, the
observed deviation from a straight line passing through the origin in the in-
tra-particle diffusion plots suggests that film diffusion, rather than particle diffu-
sion, may have contributed to the overall adsorption rate. This deviation could
arise from variations in the mass transfer rate during different stages of the ad-

sorption process, highlighting the dynamic nature of the adsorption phenomena
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[67]. Figure 11 and Figure 12 showed the linear Boyd model plots for crude oil
adsorption onto EPFBAC, » and CCACy s respectively, did not pass through the
origin, confirming that the adsorption mechanism was film-diffusion controlled;
thus, highlighting the importance of external mass transfer resistance in these
adsorption processes and in designing and optimizing the adsorption systems
for crude oil removal. Similar results were reported indicating that the adsorp-
tion kinetics followed a pseudo-second-order model with the intra-particle dif-
fusion and Boyd model confirming that the intra-particle and film-diffusion
controlled mechanism occurred through the internal transport diffusion mecha-
nism [44] [53] [61] [68].
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Figure 11. Boyd model plot for the adsorption of crude oil onto EPFBACLa.
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Figure 12. Boyd model plot for the adsorption of crude oil onto CCACra.
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3.7. Thermodynamic Studies

The thermodynamics parameters were evaluated to confirm the nature of the
adsorption.

The effect of temperature on the adsorption of crude oil onto EPFBAC; 4 and
CCAC_ s were evaluated over the temperature range of 296 - 304 K. The adsorp-
tion capacity and percentage removal of crude oil increased with an increase in
temperature, as shown in Table 5 and Table 6, respectively. This indicates that
the process was endothermic, meaning it required energy input to proceed.

The thermodynamic parameters were determined at different temperatures
for EPFBAC, s and CCAC¢, are listed in Table 5 and Table 6, respectively.

Table 5. Thermodynamics studies on the removal of crude oil using EPFBACy 4.

Temperature % Removal AG° AHo AS° E.
(K) 9-M8/8) it crudeoil (KJ/mol) (Kj/mol) (KJ/molK) (KJ/mol)
296 1942.650 99.930 -17.890 183.890 0.680 183.889
298 1942.900 99.940 —18.520 183.890 0.680 183.889
300 1943.320 99.970 —-19.850 183.890 0.680 183.889
302 1943.550 99.980 -21.020 183.890 0.680 183.889
304 1943.820 99.990 —23.470 183.890 0.680 183.889

Table 6. Thermodynamics studies on the removal of crude oil using CCACra.

Temperature qe % Removal AG° AR AS° E.
(X) (mg/g) of crude 0il (KJ/mol) (KJ/mol) (KJ/mol-K) (KJ/mol)
296 1942.500 99.923 -17.636 69.656 0.295 69.656
298 1942.620 99.929 -17.636 69.656 0.295 69.656
300 1942.940 99.945 -17.636 69.656 0.295 69.656
302 1943.070 99.952 -17.636 69.656 0.295 69.656
304 1943.280 99.963 -17.636 69.656 0.295 69.656

The negative values of AG® at different temperatures indicated that the ad-
sorption was thermodynamically favourable, feasible and spontaneous; suggest-
ing that the process was favoured under the given conditions which implied that
the adsorption occurred naturally without the need for external energy input. A
decrease in the AG® values with increasing temperature indicated that the ad-
sorption process was spontaneous and more favourable at lower temperatures
[69]. The positive values of AH° for both EPFBAC. s (AAH°® = 183.890 K]J/mol)
and CCACpa (AH° = 69.656 KJ/mol) implied that the adsorption reaction of
crude oil was endothermic. The increase in adsorption capacity with tempera-
ture was a result of the increased rate of diffusion of crude oil molecules across
the external boundary layer and the internal pores of the adsorbent particles.
This was due to the decrease in the viscosity of the solution as the temperature
increased, allowing the molecules to move more freely and interact with the ad-
sorbent more effectively [70]. Furthermore, the increase in the% removal of
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crude oil and the adsorption capacity at higher temperatures is likely due to a
combination of increased pore size distribution, enhanced kinetic forces leading
to greater mobility of crude oil species, improved diffusion rates, reduced viscos-
ity, and possible structural changes in the adsorbent which collectively contrib-
ute to more efficient and effective adsorption at elevated temperatures [9] [66].
It is validated that the magnitude of the enthalpy is said to be about 20 - 40
KJ/mol for physisorption and 60 - 400 KJ/mol for chemisorption [71]. Hence,
the absolute magnitudes of enthalpy for the adsorption of crude oil onto
EPFBAC; 4 (183.890 kJ/mol) and CCAC 4 (69.656 kJ/mol) falls within the range
associated with chemisorption suggesting that the adsorption of crude oil onto
these adsorbents involves significant chemical bonding between the crude oil
molecules and the adsorbent surfaces. This implies that the adsorption process
was likely driven by strong chemical interactions rather than weak van der
Waals forces typical of physisorption. The positive values of AS” for both
EPFBAC. 4 (AS® = 0.68 KJ/mol-K) and CCACLs (AS = 0.295 KJ/mol-K) indi-
cated that there was an increase in disorderliness and randomness at the ad-
sorbent-adsorbate interface during the adsorption of crude oil from water due to
the highly ordered crude oil molecules in the hydrophobic layer of both
EPFBAC, s and CCAC,, at adsorption equilibrium; thus resulting in a gain of
more translational entropy [72]. These results demonstrate that the thermody-
namic behaviours of an adsorption system are dependent on the type of adsorb-
ent and adsorbate being investigated. It is also influenced by the particle size or
physical form of the adsorbent, its physical properties and the surface functional
groups of the adsorbent as well as the characteristics and nature of the adsorbate.
Morrison et al (2011) [73] defined activation energy, E,, as the minimum kinetic
energy needed by the adsorbate molecules to react with the active sites available
on the surface of the adsorbent; hence, the large values of E, for EPFBACy (£, =
183.889 KJ/mol) and CCACya (£, = 69.656 KJ/mol) showed the presence of a
high energy barrier to initiate the reaction which also verified the adsorption of
crude oil onto EPFBAC; 4 and CCACy 4 is a chemical adsorption. This elucidated
the fact that the values of E, were consistent with the magnitude of the activation
energy for chemical adsorption which is usually between 40 and 400 KJ/mol [74]
[75]. These results were also consistent with the values of enthalpy in Table 5
and Table 6, which indicated that the crude oil adsorption on EPFBAC, , and
CCAC_.4 took place via chemical adsorption. These results demonstrate that the
thermodynamic behaviours of an adsorption system are dependent on the type
of adsorbent and adsorbate, the particle size or physical form of the adsorbent,
its physical properties and the surface functional groups of the adsorbent as well
as the characteristics and nature of the adsorbate.

4. Conclusion

The impact of crude oil exploration and operations across the globe has resulted
in the high risk of oil spillage and the accompanying environmental hazards.

The current remediation techniques that are widely used in oil spill response are
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the physical, chemical, thermal and biological method; where the use of me-
chanical recovery and/or sorbents to remove oil from surface waters is highly
preferable. The modified adsorbents had a very high adsorption capacity and%
removal of crude oil. The adsorption kinetic studies followed Pseudo-second
order model and adsorption isotherm studies best fitted Freundlich model. The
modification of the surface morphology was evidently showed in the FTIR and
SEM analysis. The thermodynamic studies showed that the reaction was chemi-

sorption and endothermic in nature.
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