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Abstract:

The adsorption of crude oil from water by using Potassium hydroxide (KOH) prepared from coconut coir
activated carbon CCACkon Was investigated by batch adsorption under varying parameters such as adsorbent
dosage, contact time, initial oil concentration, temperature and agitation speed. The morphological
modification significantly increased the hydrophobicity of the adsorbent, thus creating a CCAC with a much
better adsorption capacity for crude oil removal having a maximum adsorption capacity of 4859.5 mg/g at 304
K as evidently proven by FTIR and SEM analysis. The experimental results showed that the percentage of crude
oil removal increased with an increase in adsorbent dosage, contact time and decrease in initial oil
concentration. The experimental isotherm data were analysed using Langmuir, Freundlich, Temkin, Toth, Sip
and Redlich-Peterson isotherm equations and the best fitted isotherm model was Freundlich model with a high
correlation coefficient (R> = 0.999). The kinetic data were properly fitted into various kinetic models with
Pseudo-second order model showing best fit having a correlation coefficient (R* = 0.999) and Boyd model
revealed that the adsorption was controlled by internal transport mechanism and film-diffusion was the major
mode of adsorption. The crude oil adsorption was chemisorption and endothermic in nature (AH° = 134
KJ/mol.K) and the positive value of entropy (AS° = 0.517 KJ/mol.K) showed an increase in disorder and
randomness at the adsorbent-adsorbate interface during the adsorption of crude oil from water. The decrease in
Gibbs energy (4G°) with increasing temperature indicated an increase in the feasibility and spontaneity of the
adsorption at higher temperatures. The prepared adsorbent showed significant capability to be used as a low-
cost, re-generable and eco-friendly adsorbent in oil spill clean-up.
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I. Introduction

Since the evolution and advancement in the field of oil and gas technology, the hazards associated with
oil spills to marine and freshwater environments have significantly increased due to the increase in production,
exploration, transportation, distribution, storage and other related processes of crude oil all over the world.
Hence, oil spills have become a worldwide concern due to its environmental and economic impact [1].
Hazardous chemicals are released from oil spills such as polycyclic aromatic hydrocarbons which have harmful
effect to aquatic and human lives and may require too much time before the effect can be reversed [2].
Numerous ecological disasters have been caused by undesirable petroleum products spills, for example in 1970
and 1971 — the Gulf of Mexico drilling rig incidents; 1978 — the breakdown of the Piper Alpha Platform in the
North Sea; 1989 — the Exxon Valdez spill in Alaska; 1991 — operation Desert Storm that released a huge amount
of oil into the Arabian Gulf; 1999 — the Erika spill in France; 2002 — the Prestige spill in Spain; 2010 — the
British Petroleum (BP) Deep-water Horizon spill in the Gulf of Mexico, and regular petroleum leakages in the
Niger Delta region of Nigeria since 1958 [3]. Apart from financial losses, such incidents cause huge and
sustained devastation in Earth’s ecosystems and harm living organisms [4]. These environmental disasters
together with some local scale incidents seriously endanger the environment; thus, it becomes imperative in
improving oil spill clean-up methods and developing new materials which can be applied for this purpose. The
main oil spill response techniques include burning, skimming, use of dispersants and sorbent materials [5].
However, it is pertinent to note that there is no absolutely perfect technique to be used to tackle a complicated
problem such as oil spillage has these techniques have their inherent limitations. Among these techniques,

DOI: 10.9790/5736-1303024256 www.iosrjournals.org 42 |Page



Adsorption Studies of Oil Spill Clean-up using Coconut Coir Activated Carbon (CCAC)

adsorption is considered as a simple, applicable and low cost technique for oil spill treatment in comparison
with other used techniques. In general, sorbents are used most effectively during the final stage of oil spill clean-
up and for the recovery of small pools of oil which cannot be easily recovered using other oil clean-up
techniques. Sorbent is an insoluble material or mixture of materials used to recover liquids through the
mechanisms of absorption or adsorption, or both [6]. The ideal sorbent material used for oil spill treatment
should have the following characteristics: oleophilicity, enduring, reusable, biodegradable, has high uptake
capacity and high selectivity of oil [7]. Sorbents are materials that have high affinity to attract oil and also repel
water. Sorbent can be grouped as inorganic minerals and synthetic, natural and organic (agricultural) products.
Agricultural sorbents are cheap, efficient, environmentally friendly, and easy to deploy. However, their
efficiency is dependent on sorption capacity, density, wettability, retention rate and recyclability and examples
are cotton, straws, corn cobs, coconut shells, kenaf, kapok fibres, rice coir and silkworm cocoon, hay, sawdust,
bagasse, gorse, and dried palm fronds [8]. However, it is of imperative importance to study the applicability of
using these biodegradable waste materials as natural sorbents for oil spill treatment and comparing them with
other methods of oil spill clean-up from different water surfaces rather than disposing them off [9]. Coconut
fibres can float on the water surface for a very long period of time to collect oil adequately. It has been reported
that coconut coir/coir sorption capacity is higher than commercial synthetic organic material from propylene
[10]. Similarly, kapok, rice coir, banana trunk fibre, acetylation of raw cotton, and cotton grass fibre, have been
reported to be efficient as oil sorbents [11]. The conversion of coconut coir into activated carbon serves a dual
purpose. Firstly, the unwanted agricultural waste is converted into useful, value-added adsorbents and secondly,
the use of agricultural by-products represents a potential source of adsorbents which will contribute to solving
part of the wastewater treatment problem in Nigeria [12]. However, not many studies have been carried out on
coconut coir-based activated carbon for oil spill clean-up. Some of them are adsorption of arsenic on copper
impregnated coconut coir carbon [13], preparation of activated carbon from digested sewage sludge with the
additive coconut coir using ZnCl, as activating agent [10], production of activated carbons from coconut fibres
for removal of phenol, Acid Red 27 dye and Cu®* ions [14] and preparation of activated carbon from coconut
coir for adsorption of basic dye [12]. The most important characteristic of an activated carbon is its adsorption
capacity or uptake which is highly influenced by the activated carbon preparation conditions. This is because
activated carbon preparation variables such as activation temperature, activation time and chemical
impregnation ratio influences the pore development and surface characteristics of the activated carbon produced
[12, 10]. Hence, the objective of this research is to determine the adsorption capacity and % removal of crude oil
spill using coconut coir activated carbon (CCAC).

1. Experimental Methods
2.1 Materials
The coconut coir was obtained from Etinan main market in Etinan LGA, Akwa Ibom State, Nigeria.
The crude oil used was obtained from Mobil Producing Nigeria Unlimited (MPNU).

2.2 Preparation of Adsorbent

The coconut coir samples were washed several times using tap water and finally with distilled water
and 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 some volatile component. Then, the dried sample was crushed and sieved into
smaller size particle (1-2mm) and stored at room temperature for impregnation. The crushed coconut coir
sample was carbonized in a muffle furnace at a temperature of 600 °C for 2 h in the absence of oxygen and the
carbonized sample was pre-treated with KOH pellets at an Impregnation Ratio (1.R) of 1:2. In this case, 63.7 ¢
of CCAC was pre-treated with 31.8 g of KOH dissolved in 1.0 L of deionized water as calculated using
Equation 1.

WKOH
Wac

I.R=

Equation 1

where; Wyoy is the dry weight (g) of KOH pellets and W is the dry weight (g) of activated carbon. The
mixture was then dried in a laboratory drying oven at 105 °C for 12 h to remove moisture and was activated in a
muffle furnace at a temperature of 800 °C for 1 h. The CCAC produced was cooled to room temperature and
washed with 0.1 M HCI solution to remove any residual ash content and with distilled water until the pH of
washing solution reached 6-7. The prepared CCAC was then oven dried at temperature of 105 °C for 2 h and
further crushed and sieved into 63-500um particle sizes and then stored in a desiccator until needed for the
adsorption experiment.
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2.3 Proximate Analysis

In this study, proximate analysis of the CCAC gave details about the moisture content by using the
standard method of ASTM D 2867-91 [15], the volatile matter content was determined according to the standard
method of ASTM D 5832-98 [16], the ash content was determined according to the standard method of ASTM
D 2866-94 [17], the bulk density was determined according to the tamping procedure of ASTM D 2854-96 [18],
pH was determined using the standard method of ASTM D 3838-80 [19] and the specific surface area was
estimated using Sear’s method [20].

2.4 Characterization of Adsorbent

Scanning electron microscope (SEM) micrographs of CCAC were obtained by using SEM machine
(JEOL JSM-6300F field emission) when about 20 mg of the dried adsorbent sample was sputter-coated with a
gold layer in a sputter machine (quantum sputter) for a period of 90 s and the SEM machine was allowed to
stabilize for 2 min before setting the parameters to be used. Imaging of the sample was done at 15 kV, pressure
at 0.003 Pa and set at 1000 magnification. Fourier transform infrared spectroscopy (FTIR) of CCAC was done
by using an FTIR spectrometer (Model FTIR-2000, Perkin Elmer) where 150 mg KBr disks containing
approximately 2 % of the adsorbent sample were prepared shortly before recording the FTIR spectra in the
range of 400-4000.0 cm™ and with a resolution of 4 cm™. The resulting spectra were average of 30 scans.

2.5 Preparation of Simulated oil spill

A typical small oil spill scenario of 19440mg/L of initial concentration was simulated by pouring 19.44
g of crude oil into 1000 mL of brine water (0.035 wt. % NaCl Conc.). The immiscible solution was
mechanically agitated for 15 min using a heavy duty blender (waring commercial blender) to form an emulsified
solution as shown in Appendix 1.

2.6 Preparation of Calibration curve

A serial dilutions of the stock solution of simulated oil spill were prepared for different concentrations
of (2-50 mg/L) and was mechanically agitated for 15 min using a heavy duty blender to form an emulsified
solution which was subsequently analysed using a UV-Vis spectrophotometer (Spectrum Lab 23A, Gallenkomp,
England) at a wavelength of 380 nm to obtain the corresponding absorbance values and a calibration curve of
Absorbance values against Concentration was plotted.

2.7 Batch Adsorption Equilibrium and Kinetics Studies

Each experimental study was carried out by measuring 250 mL of the simulated oil spill of 19440 mg/L
initial concentration into a 500 mL beaker. The batch adsorption studies were performed for different
parameters such as adsorbent dosage, adsorbate concentration, contact time, agitation speed, particle size and
temperature. The batch adsorption equilibrium studies were performed by measuring exactly 1.0 g of CCACkon
into a 500 mL beaker containing varying initial concentration (3888, 11664, 19440, 27216 and 34992 mg/L) of
the simulated oil spill. The mixture was agitated in an orbital shaker (Rotamax 120, Reidolph) at 20 rpm and at a
temperature of 25 °C for 1 h which was necessary to attain equilibrium. The adsorbed CCACkon Was filtered off
using a micro-pore filter/suction funnel and the residual oil-in-water solution was homogenized using a heavy
duty blender for 15 min 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 [21].
Similarly, the batch adsorption kinetic studies were carried out by measuring exactly 1.0 g of CCACoy into a
500 mL beaker containing 19440 mg/L initial concentration of the simulated oil spill and agitating it in an
orbital shaker at 20 rpm and at a temperature of 25 °C for varying contact time of (15, 30, 45, 60, 75, 90, 105
and 120 min). The batch adsorption experimental set-ups for the removal of crude oil using CCAC are shown in
Appendices Il and I11.
For each batch run, the amount of crude oil adsorbed per unit mass of activated carbon at equilibrium g, (mg/g),
at time, t, g, (mg/g) and the % removal of crude oil were determined using Equation 2, Equation 3 and Equation
4 respectively.

(G -Co) *V
Qe = M Equation 2
(G -C) >V
Q= M Equation 3
% removal of crude oil = (Co - %) * 100 Equation 4
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Where C, = initial concentration of solution (mg/L), C, = equilibrium concentration (mg/L), C; = concentration
of solution at time, t, (mg/L), V = volume of the solution (mL) and M = mass of adsorbent used (g).

2.8 Thermodynamics Studies

The thermodynamics studies were conducted similarly to that of batch equilibrium and Kinetics
experiments by measuring exactly 1.0 g of CCACkon into a 500 mL beaker containing 19440 mg/L initial
concentration of the simulated oil spill and agitating it in a shaking water bath (Model DKZ. XMTD-8222;
Gallenhamp) at 20 rpm and at varying temperatures of (23, 25, 27, 29 and 31 °C) for 1 h; the temperature range
was used to depict the sea surface temperature (SST) in the Niger Delta region of Nigeria [22]. The adsorbed
activated carbon was filtered off using a micro-pore filter/suction funnel and the residual oil-in-water solution
was homogenized using a heavy duty blender for 15 min to form an emulsified solution. The concentration of
the emulsified solution for each measured sample was determined using a UV-Vis spectrophotometer at a
wavelength of 380 nm. 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 CCACyon as shown in Equation 5, Equation 6 and Equation 7 respectively.
The Gibbs free energy change (AG®) was calculated by using Equation 5.

AG°® = -RTInK:c Equation 5
Where; K. is the equilibrium constant of the adsorption which is obtain from Equation 5.1.
Ce (adsorbent
Ke = ( ) Equation 5.1

Ce (solution)
where C, (adsorbent) and C, (solution) are the equilibrium concentration of the crude oil on the adsorbent and in
the solution respectively.
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 6.

In K AS° AH°
c = ———- Equation 6
R RT |
Also, the activation energy was calculated from the slope of the plot of In K, versus (1/T) as shown in Equation
7.
Ea(l
INKe = InA - —| = Equation 7
RT |

I11. Results and Discussion
3.1 Characterization of Adsorbent
Table 1: Proximate analysis of CCAC.

Proximate analysis CCACxon
Specific surface area (m2/g) 691.800
Moisture content (%) 1.000
Bulk density (g/cm®) 0.132
Volatile matter content (%) 1.000
Ash content (%) 2.000
Ph 6.690

As seen in Table 1, CCAC had a low ash content of 2.0 % which implies that it can be used to produce high
yield and porous carbon. According to Daud et al. (2004) and Yang et al. (2010), different organic materials can
be transformed into highly carbonaceous activated carbon as a typical ash content of activated carbons is around
5-6 % [23 and 24]. A small increase in ash content causes a decrease in adsorptive properties of activated
carbons and the presence of ash inhibits surface development of the activated carbon [25]. Likewise, high ash
content is undesirable for activated carbon since it reduces the mechanical strength of carbon and thus affects
the adsorptive capacity. The moisture content of 1.0 % showed a decrease as the temperature increased, hence
for some commercial carbons, in order to meet standard requirement for packaging, transporting and storing the
moisture content should be <5 % [20].

3.2 FT-IR Analysis of the Adsorbent

The Fourier Transform-Infrared (FT-IR) spectra analysis of CCACkon before and after adsorption
revealed the presence of several peaks indicating the presence of different functional groups within the
wavelength of 600-4000 cm™ as shown in Table 2. The FT-IR spectra of the CCACkon before adsorption
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revealed a broad and intense absorption peak between 3520.6 to 3666.1 cm™ which represent the presence of —
OH stretching of alcohol group [26]. The medium intense absorption peak from 3212.7 to 3417.5 cm®
corresponds to the —NH stretching of amine group. The peaks between 2875.3 to 2961.5 cm™ and 3030.5 to
3092.8 cm™ were attributed to the presence of C—H symmetric or asymmetric stretching of alkane and alkene
groups respectively [27,28]. A strong and broad absorption peak from 2508.3 to 2694.6 cm™ indicates the
presence of —OH stretching of carboxylic acid and also the peak at 2057.0 to 2119.8 cm™ was observed to be
associated with C=C stretching of alkyne group. The peaks between 1462.4 to 1560.1 cm™ and 1658.5 to 1762.7
cm revealed the presence of C=C stretching and C=0 stretching of aromatic benzene ring group and carbonyl
group respectively [29]. The peaks between 1086.2 to 1140.6 cm™ and 1194.4 to 1248.3 cm™ indicated the
presence of a strong C-O stretching and C—N stretching of alcohol group and amine group respectively [30,31].
The FT-IR spectra of CCACyon after adsorption exhibited similar characteristics as the spectra of CCACkon
before adsorption except for slight increment/ enhancement in the absorption peaks and intensities due to the
crude oil adsorption process as illustrated in Table 2. An enhanced absorption peaks were clearly observed at
3519.7 to 3711.4 cm™ (presence of a strong, broad O—H stretching of the alcohol group), 3284.8 to 3422.2 cm™
(N—H stretching of amine group), 3048.9-3112.8 cm™ (C—H stretching of alkene groups), 2816.1 to 2995.0 cm™
(C—H stretching of alkane group), 2552.1 to 2761.4 cm™ (very strong, broad —OH stretching of carboxylic acid),
2001.6 to 2196.2 cm™ (C=C stretching of alkyne group), 1635.3 to 1704.8 cm™ (C=0 stretching of carbonyl
group), 1521.1 to 1579.5 cm™ (C=C stretching of aromatic benzene ring group), 1132.5 to 1222.3 cm™ (strong
C-O stretching of alcohol group).

Table 2: FT-IR of CCAC

Functional groups present in Absorption peaks of raw Absorption peaks of CCACkon  Absorption peaks of CCACkon

the Adsorbents coconut coir (cm™) before Adsorption (cm™) after Adsorption (cm™)

-OH stretching of alcohol group 3372 3520.6-3666.1 3519.7-3711.4

-NH stretching of amine group - 3212.7-3417.5 3284.8-3422.2

C-H asymmetric stretching of - 3030.5-3092.8 3048.9-3112.8
alkene group

C-H symmetric stretching of 2914 2875.3-2961.5 2816.1-2995.0
alkane group

-OH stretching of carboxylic acid - 2508.3-2694.6 2552.1-2761.4

group
C=C stretching of alkyne group - 2057.0-2119.8 2001.6-2196.2
C=0 stretching of carbonyl group 1652 1658.5-1762.7 1635.3-1704.8
C=C stretching of alkene group 1638 - -
C=C stretching of aromatic 1457 1462.4-1560.1 1521.1-1579.5
benzene ring group
C-O stretching of alcohol group 1068 1086.2-1140.6 1132.5-1222.3

3.3: Surface Morphology Analysis of the Adsorbent

Scanning electron microscopy (SEM) has been extensively used to study the surface morphology of
activated carbons. The surface morphology of raw/untreated coconut coir, treated/modified coconut coir,
treated/modified CCACkon after adsorption were observed based on the SEM images presented in Figures 1(a)
to 1(c). Based on Figure 1(a), the raw coconut coir was observed to have tiny hole-like pores with an uneven
porosity and also rod-like structure with irregular sizes. The sharp edges on the structure indicate that the raw
coconut coir has good crystallinity. As seen in Figures 1(a) and (b), the surface morphology of untreated
coconut coir material was different from the treated one as the treatment significantly altered the
physicochemical properties and porosity of the adsorbent material.

(@) (b) 3 ©

DOI: 10.9790/5736-1303024256 www.iosrjournals.org 46 |Page



Adsorption Studies of Oil Spill Clean-up using Coconut Coir Activated Carbon (CCAC)

Figure 1: SEM Image of (a) raw/untreated coconut coir before chemical activation (b) treated/modified
coconut coir after chemical activation (c) treated/modified CCACyon after adsorption

The treatment with alkaline partially removed the protective thin wax (cellulose, hemicellulose and lignin) on
adsorbent surface as observed in Figure 1(b) and it also showed the appearance of perforation due to the
leaching of structural materials that exposed the active sites on the adsorbent surface; thus, creating available
pores and large internal surface area for the adsorption to take place on the adsorbent surfaces [32,33] and also
the modified surface appeared to be rough, indicating that the surface had been covered with organic molecular
layer [28]. The Scanning electron micrographs (SEM) of CCACkon after adsorption as shown in Figure 1(c)
showed CCACkon to possess uneven and irregular surface with considerable layers of rough heterogeneous
pores which offered high possibility for crude oil adsorption. Thus, ascertained that the relative porous surface
with wide ranging cracks had clearly visible macro-pores which aid in facilitating the easy diffusion of crude oil
molecules into the pore structures and surface of the adsorbent.

3.4 Factors influencing the Batch Adsorption Equilibrium Studies

The batch adsorption equilibrium studies for the adsorption of crude oil onto CCACkon Were investigated as
follows:

i Effect of Contact time

From Figure 2, the adsorption of crude oil onto CCACkon Was observed to be rapid at the initial stage of contact
time 15 to 30 min and thereafter, continued at a slower rate before finally attaining saturation at an equilibrium
contact time of 105 min [34]. The initial high adsorption capacity and % removal of crude oil can be attributed
to the existence of empty active sites on the surface of CCACkon and also due to the reducing strong attractive
forces between the crude oil molecules and the adsorbent as the contact time increased [35,28].

4360 L 1 L 1 L 1 L 1 L 1 L 1 100.00
_=l—1 | oos
" i

1858 = rooee
5 / L so0e 2
=3 1 L =
E L oeee2 §
> 4856 . 3 2
2 L 90 §
% 1 L 99.828 9'1
O O
2854 | =
s L @988 5
= @
o - 9984 2
g 2
7] r =
2 452 L oss2

- —W— Adzorption Capacity L g9.s0

|—®— % removal of crude cil
| |
- 899.78
4850 . ; . ;

T T
0 20 40 60 80 100 120
Contact Time (min)

Figure 2: The effect of contact time on the adsorption of crude oil onto CCACkop.

It was also observed that the adsorption capacity and % removal of crude oil remained constant after 105 min
ostensibly due to the saturation of CCACkoy surface with crude oil particles as well as the equilibrium between
adsorption and desorption process that occurred after the saturation [36]. CCACkon Showed high adsorption
capacity of 4859.25 mg/g and percentage removal of crude oil of 99.98457 % due to a large surface area being
available for the adsorption of crude oil, thereby resulting in a fast diffusion onto the external material surface
which was followed by fast pore diffusion into the intra-particle matrix up to attain the equilibrium at 105 min
[37].

ii. Effect of Adsorbent Dosage

The effect of adsorbent dosage on the adsorption of crude oil was studied by the application of
adsorbent dosage between 0.5 g to 3.0 g for CCACkon. As shown in Figure 3, an increase in the adsorbent
dosage led to a decrease in the adsorption capacity of the adsorbent but increased the % removal of crude oil.
The increase in active sites led to a higher % removal of crude oil but lowered the crude oil adsorption capacity
per unit mass of adsorbent. This is due to the greater number of active sites available on the surfaces of
CCACon for crude oil to be adsorbed at a higher adsorbent dosage [38,35], thus leading to a higher interaction
between crude oil particles and the adsorbents.
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Figure 3: The effect of adsorbent dosage on the adsorption of crude oil onto CCACkon.

In addition, saturation effect also caused a decrease in the % removal of crude oil when the maximum
adsorption capacity had been reached [39]. However, at higher dose of adsorbent, the crude oil was permanently
bounded onto the surfaces of the adsorbent thus; facilitating the storage and transport of waste material [40].
Meanwhile, the decrease in adsorption capacity was essentially due to the higher unsaturated adsorption sites
available during adsorption process [41,42].

iii. Effect of initial crude oil concentration

The effect of initial crude oil concentration on the adsorption of crude oil as shown in Figure 4 revealed
that an increase in the initial crude oil concentration increased the adsorption capacity but decreased the %
removal of crude oil due to the availability of active sites on the surfaces of the CCACkon. As illustrated in
Figure 4, at low initial crude oil concentration, 3888 mg/L for CCACkon, the ratio of surface active sites to
crude oil was high which led to more crude oil molecules interacting with the adsorbent to occupy the active
sites on its surface; hence producing a high adsorption capacity of 971.925 mg/g and % removal of crude oil of
99.99228 % [43]. Conversely, when the initial crude oil concentration was increased, the number of active
adsorption sites was not enough to accommodate crude oil molecules; thus leading to a lower adsorption
capacity of 8746.45 mg/g and % removal of crude oil of 99.98228 % [43,44]. At high initial oil concentration,
oil occupied the sorbent surface thus saturation was reached much faster and high amount of unattached oil was
left [45].
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Figure 4: The effect of initial crude oil concentration on the adsorption of crude oil onto CCACyop.

iv. Effect of Agitation Speed

The effect of agitation speed on the adsorption of crude oil onto CCACkon Was examined at 20-100
rpm for 60 min. From the investigation presented in Figure 5, it can be seen that an increase in the agitation
speed increased both the adsorption capacity and the % removal of crude oil.
Figure 5 showed that the rate of adsorption with removal of crude oil gradually increased with the agitation
speed and the most notable adsorption occurred at 100 rpm. This validated the fact that an increase in agitation
speed increased the rate of mass transfer leading to a reduction in surface film resistance, thereby allowing
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residual crude oil to easily reach the surface of the activated carbon [46]. This result also conformed to the study
reported by Williams and Nur (2018), that there is no spread of sorbent in the sample at low agitation speed but
rather it accumulates causing active sites to be buried [44]. The batch adsorption process was limited to an
agitation speed of < 100 rpm in order to depict open water waves as any speed > 100 rpm was observed to be
very turbulent and erratic in nature resulting in most of the adsorbed crude oil and adsorbent sticking to the
walls of the beaker.
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V. Effect of Temperature

The effect of temperature on the adsorption of crude oil onto CCACkon Was investigated at varying
temperature as shown in Figure 6. It can be seen that the temperature increased with a corresponding increase in
both adsorption capacity and % removal of crude oil.
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Figure 6: The effect of temperature on the adsorption of crude oil onto CCACkon.

As illustrated in Figure 6, an increase in the temperature resulted in a corresponding increase in both the
adsorption capacity and percentage removal of crude oil. This was attributed to the weakening of hydrogen
bonds and Van der Waals force of interaction at higher temperature which resulted in the strengthening of
physical interaction between active sites of the crude oil molecules and adsorbent. Also, as the temperature
increased, the rate of diffusion of crude oil molecules increased across the external boundary layer and the
internal pores of the adsorbent particle because of the decrease in the viscosity of the solution and increase in the
solubility of crude oil in water [47,44]. In addition, an increase in both % removal of crude oil and adsorption
capacity at higher temperature was possibly due to an increase in kinetic forces; that is, the mobility of the crude
oil species inside the adsorbent matrix and also an increase in the porosity and in the total pore volume of the
adsorbent [48]. It is worth noting that the temperature range (23 °C to 31 °C) for the batch adsorption
experiment was used to depict the sea surface temperature (SST) within the Niger Delta region of Nigeria [22].
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vi. Effect of particle size

The effect of particle size on the adsorption of crude oil onto CCACkon Was investigated at varying
particle size as shown in Figure 7. It can be seen that an increase in the particle size led to a corresponding
increase in both the adsorption capacity and % removal of crude oil.
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Figure 7: The effect of particle size on the adsorption of crude oil onto CCACkop.

Figure 7 showed that an increase in the particle size ensued to a corresponding increase in both the adsorption
capacity and % removal of crude oil. It can also be seen that the adsorption capacity increased with a decrease in
the surface area of the adsorbent due to it possessing larger surface area, interstitial packing and the tendency of
faster rate of adsorption. Hence, this validated the fact that the particle size distribution affects both adsorption
capacity and rate of adsorption.

3.5 Batch Adsorption Isotherm

The adsorption isotherm study was analysed using a plot of the adsorption capacity of crude oil at
equilibrium, g versus the equilibrium concentration of crude oil, C, as illustrated in Figure 8 for crude oil
adsorption onto CCACkon. Six isotherm models namely; Langmuir, Freundlich, Temkin, Toth, Sip and Redlich-
Peterson models were used and the applicability of these isotherm equations used to describe the adsorption
process was determined using the correlation coefficients, R® values and other error functions.
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Figure 8 showed that Freundlich isotherm model yielded the highest adsorption capacity of 8628.07 mg/g for
CCACon, followed by Sip, Toth, Redlich-Peterson and Langmuir Model. However, Temkin isotherm model
had the least adsorption capacity of 7913.45 mg/g for CCACon. This was also evidently confirmed by [42] that
Freundlich isotherm yielded the highest adsorption uptake of crude oil.
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Table 3: Adsorption Isotherm constant for the removal of crude oil using CCACxon

Adsorbent Langmuir Freundlich

dn(Mg/g) K. (L/mg) R? Ki (mg/g) N R’
CCACkon 1.39 x 10 0.2440 0.986 2.82x10° 1.63 0.999
Adsorbent Temkin Toth

A (L/g) B R On(Mg/g)  Kr(Lmg) T R?
CCACkon 415743 244 x 10° 0.9621 259 x 10° 0.52102 0.23722 0.992
Adsorbent Sip Redlich-

Peterson

Oms (Mg/g)  as(L/g) Bs R’ A B B R?

CCACion  4.697 x 10 0.06374 0.686  0.9915 7.583 x 10° 1.67197 0.5428  0.9925
7

Table 3 showed that Freundlich isotherm model had the best fit to the experimental data with a R? value of
0.999, thus suggesting the formation of multilayer coverage of crude oil onto the heterogeneous distribution of
active sites on the surface of CCACykon [49,42]. The K value was 2.82x10° mg/g indicating that as the Ky value
increased, the adsorption capacity of CCACkon also increased. According to [50], the adsorption is favourable
when 1 < n < 10, and the higher the n value, the stronger the adsorption intensity, thus the value of n was greater
than unity (i.e, n = 1.63) indicating that the crude oil was favourably adsorbed on CCACkon. On the contrary, a
lower correlation coefficient for Temkin model (R? = 0.9621) was observed which indicated unsatisfactory
fitting between the experimental data and the isotherm model equations for CCACkon.

3.6 Batch Adsorption Kinetics

In order to investigate the mechanism of sorption and potential rate-controlling steps such as mass
transport and chemical reaction processes involved in the crude oil adsorption from the aqueous solution,
several kinetic models such as the pseudo-first order, pseudo-second order and intra-particle diffusion and Boyd
models were used for the analysis. The adsorption kinetic model constants for the removal of crude oil are
shown in Table 4. The result in Table 4 showed that the correlation coefficients for the pseudo-second order
kinetic model for CCACkon (R® = 0.999) was much higher and closer to unity than that of pseudo-first order
kinetic model and intra-particle diffusion, thus; concluded that the adsorption behaviour of crude oil on
CCACon predominantly followed pseudo-second order kinetic model.

Table 4: Adsorption kinetic model constants for the removal of crude oil using CCACkon

Adsorbent Oeexp Pseudo-first order Pseudo-second order

(mg/g) K (g/mg.min) ecal (MY/Q) R? K, (g/mg.min)  ge.ca (Mg/g) R?
CCACkon 4859.25 0.430698 4858.092 0.846 0.00659 4857.138 0.999
Adsorbent Oeexp Intra-particle Diffusion

(mg/g) Kip (mg/gmin™) CMY/)  Geeu(mgl) R
CCACkon 4859.25 1.107923676 4848.39 4859.747 0.8499

This also elucidated the fact that the overall rate of adsorption process was controlled by chemisorption which
involved co-valent forces through the sharing or exchange of electrons between the adsorbents and crude oil
molecules and also that the rates of surface reaction, chemical reaction (chemisorption) and transport of crude
oil from liquid to adsorbent phase was faster due to the high hydrophobic nature of the modified adsorbents
[28,51].
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Figure 9: Boyd plot for the adsorption of crude oil onto CCACyon

Eba et al. (2010) stated that the larger the intercept (boundary layer effect; C) for intra-particle diffusion model,
the greater the contribution of the surface sorption in the rate-controlling step [52]. This implied that the
correlation coefficient and thickness of the boundary layer for CCACkon (R® = 0.8499; C = 4848.39 mg/g)
validated the existence of some degree of boundary layer control in the adsorption process which also indicated
that the intra-particle diffusion was not the only rate-limiting step, but other processes might as well have
controlled the rate of adsorption.

The Boyd model which is widely used for studying the mechanism of adsorption was also used to determine
whether the main resistance to mass transfer was in the thin film (boundary layer) surrounding the adsorbent
particle or in the resistance to diffusion inside the pores. 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 9.

If the plot is a straight line passing through the origin, the adsorption rate was governed by the particle diffusion;
otherwise it was governed by the film diffusion [53]. This deviation may be due to the difference in mass
transfer rate in the initial and final stages of adsorption [54]. Figure 9 showed the Boyd plot for the crude oil
adsorption onto CCACkon to be a linear graph which does not pass through the origin, thus confirming that the
adsorption mechanism was film-diffusion controlled.

3.5 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 CCACyon Was evaluated over the temperature range of 296-
304K. As shown in Table 5, the adsorption capacity and % removal of crude oil increased with an increase in
temperature which indicates that the process was endothermic.

Table 5: Thermodynamics studies on the removal of crude oil using CCACkon

Temperature (K) e % removal of AG° AH° (KJ/mol) AS®° (KJ/mol.K)  Ea
(mg/g) crude oil (KJ/mol) (KJ/mol)
296 4857.55000 99.94959 -18.68400 134.33760 0.51721 134.33760
298 4858.52500 99.96965 -20.06790 134.33760 0.51721 134.33760
300 4858.82500 99.97582 -20.76990 134.33760 0.51721 134.33760
302 4859.02500 99.97994 -21.37700 134.33760 0.51721 134.33760
304 4859.50000 99.98971 -23.20670 134.33760 0.51721 134.33760

The values of the thermodynamics parameters determined at different temperatures are listed in Table 5. The
negative values of AG® at different temperature indicated that the adsorption was thermodynamically feasible
and was a spontaneous process and also the decrease in the AG® values with increasing temperature indicated an
increase in the feasibility and spontaneity of the adsorption at higher temperatures [55].

The positive values of AH® for CCACkon (AH® = 134 KJ/mol) implied that the adsorption reaction of crude oil
was endothermic in nature. This was as a result of increasing the temperature which led to a corresponding
increase in the rate of diffusion of the crude oil molecules across the external boundary layer and in the internal
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pores of the adsorbent particles, owing to the decrease in the viscosity of the solution [47]. Furthermore, an
increase in both % removal of crude oil and adsorption capacity at higher temperature was possibly due to the
increase in pore size distribution and also due to an increase in kinetic forces; that is, the mobility of the crude
oil species inside the adsorbent matrix [48]. It was depicted also that the active surface sites increased
proportionally with the increase in temperature [56].

According to Abidin et al. (2011), the magnitude of the enthalpy is about 20 to 40 KJ/mol for physisorption and
60 to 400 KJ/mol for chemisorption [57]. Therefore, the adsorption of crude oil onto CCACkon can be classified
as chemisorption since its absolute magnitude of enthalpy is 134 KJ/mol, which shows that it is in the range of
chemisorption. The positive values of AS® for CCACkon (AS® = 0.517 KJ/mol.K) signified that there was an
increase in disorderliness and randomness at the adsorbent-adsorbate interface during the adsorption of crude oil
from water due to the highly ordered crude oil molecules in the hydrophobic layer of CCACyoy at adsorption
equilibrium; thus resulting in a gain of more translational entropy [58,59].

Morrison et al. (2011) defined activation energy, Ea, as the minimum Kinetics energy needed by the
adsorbate molecules to react with the active sites available on the surface of the adsorbent [60]; hence, the large
value of E, for CCACkon (E; = 134.338 KJ/mol) showed the presence of high energy barrier to initiate the
reaction which also verified that the adsorption of crude oil onto CCACkoy is a chemical adsorption. This is so
since the values of E, are consistent with the fact that the magnitude of the activation energy for chemical
adsorption is usually between 40 and 400 KJ/mol [61,62].

These results were also consistent with the values of enthalpy in Table 5, which indicated that the crude
oil adsorption on CCACkon 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 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.

IV. Conclusions

In conclusion, CCAC when activated with KOH showed great potentials to be used as alternative
adsorbent in the adsorption of spilled crude oil in water. The advantage of chemical modification of CCAC was
that it yields high value of adsorption capacities and % removal of crude oil and the use of CCAC as adsorbent
showed that it is readily available, cost effective, non-toxic and environmentally-friendly and hence, the
determined parameters for the adsorption process could be useful for the design of industrial plants for oil spill
clean-up. The pre-treatment of CCAC with KOH effectively enhanced its surface hydrophobicity, thus increased
the adsorption capacity and % removal of crude oil. FTIR and SEM analysis elucidated significant
adsorption/uptake of crude oil from water onto CCACkon. The adsorption of spilled crude oil onto CCACkon
exhibited pseudo-second order kinetics and was controlled by film-diffusion and governed by the internal
transport mechanism. All the experimental data fitted well with the non-linear Freundlich isotherm model. The
thermodynamic studies proved the feasibility, spontaneity and endothermic nature of the adsorption which was
controlled by a chemisorption process.
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APPENDICES

Appendix 11: Batch adsorption experiment of crude oil removal using CCAC
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Appendix I11: Adsorbed crude oil using CCAC after batch adsorption experiment
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