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Abstract
The dependence of Nigerian Government on foreign technology for oil spill cleanup in its water bodies does not add local 
content value in the development of the Nation’s economy. Acetylation of natural cellulose gives a material with high sorp-
tion capacity for oil in water. This research investigates crude oil sorption from water using acetylated and unacetylated 
lignocellulose. Oil palm empty fruit bunch (OPEFB) and cocoa pod (CP) were acetylated under mild conditions. The 
acetylated (modified) and unacetylated (unmodified) sorbents were used to sorb oil from water, and their sorption capacities 
and mechanisms were compared. Paired t test showed there was significant difference in the sorption capacities of modi-
fied and unmodified sorbents. Sorption of oil from water was found to be time and concentration dependent. Equilibrium 
studies showed that CP has higher sorption capacity than OPEFB and acetylation enhanced the crude sorption capacities of 
the sorbents. Crude oil sorption from water is a monolayer process that might have progressed from multilayer processes. 
Kinetic studies showed that sorption of crude oil by the sorbents was diffusion-controlled with the aid of physisorption and 
chemisorption mechanisms. Fourier transform infrared and scanning electron microscope analyses showed clear evidence 
of successful acetylation and oil sorption.
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Introduction

Niger delta region of Nigeria is the oil producing base of the 
country. Recently, oil spills in this region have escalated to 
serious dimensions due to pipeline vandalization and activi-
ties in the oil industry such as oil exploration, transportation, 
discharge from tankers. Most water bodies in this region 
are polluted with different hydrocarbon fractions. It was 
reported by Egwu (2012) that the oil industry spills incident 
rate has increased to about 80% between 1976 and 2008. In 
Nigeria, oil spills have led to loss of many lives, destruction 
of arable farmlands, fishing industry, recreational facili-
ties, cultural areas and polluted water and air. The greatest 
concern is the long-term effects of both acute and chronic 
contaminations that can cause diseases (cancer in various 

forms, rashes in children, etc.) for decades or more of such 
spills (Kaku Professional Engineers Limited, Nigeria 2012). 
At the moment, Nigerian oil industry is dependent on for-
eign experts, international oil companies and other foreign 
organizations to a large extent for spill management. This 
cannot add local content value in development and transfer 
of technology (Egwu 2012). Thus, there is an urgent need 
to develop a cost-effective method for cleaning up oil that 
will be based on cheap agro by-product raw materials found 
readily within the environment.

Natural fibers are lignocellulose which are made up of 
lignins, hemicellulose and cellulose having hydroxyl groups 
with varying reactivity. The surface of lignocellulosic mate-
rials is hydrophilic in nature due to the presence of hydroxyl 
groups. Chemical modification of lignocellulose is a good 
alternative to synthetic polymers which have strong affinity 
for organic compounds in water. Acetylation has received 
considerable attention more than any other chemical modi-
fication technique known (Rowell et al. 1994). Hydrophobic 
treatment of lignocellulosic materials like cotton (Adebajo 
and Frost 2004), rice straws (Sun et al. 2002), kenaf and 
jute (Rowell and Stout 1998; Rowell et al. 2002), rice husk 
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(Thompson et al. 2010), corn cobs (Nwadiogbu et al. 2014), 
Delonix regia pods (Onwuka et al. 2016) by acetylation reac-
tion has been reported to show very high capacity to sorb oil 
from spill sites. Agricultural waste sorbents such as empty 
fruit oil palm bunch (Elaeis guineensis) and cocoa pods are 
abundantly available in different parts of Nigeria, and no 
studies have been done yet on their modification under mild 
condition and their ability to sorb oil.

The oil palm empty fruit bunch (OPEFB) is part of the 
wastes generated from the preliminary steps for processing 
oil palm mill which involves removing the fruits from its 
bunches by a combined unit of sterilizer and rotary drum 
thresher (Kwasi 2002; Katamanee 2006). Oil palm cultiva-
tion cut across all the nine states of Niger Delta (Akwa Ibom, 
Abia, Rivers, Edo, Imo, Ondo, Bayelsa, Cross River and 
Delta) (PIND 2011). Palm oil mills produce a large amount 
of solid wastes. The remainder of the oil palm consists of 
huge amount of lignocellulosic materials such as oil palm 
fronds, trunks, palm kernel and empty fruit bunches. The 
residues contain 7.0 million tonnes of oil palm trunks, 26.2 
million tonnes of oil palm fronds and 23% of empty fruit 
bunch (EFB) per tonne of fresh fruit bunch (FFB) processed 
in oil palm mill. These residues may cause environmental 
pollution problems and spread diseases (Udoetok 2012).

Cocoa (Theobroma cacao) is produced in 14 states in 
Nigeria, and its exports have been and will continue to 
be a significant factor in the economic growth of Nigeria. 
Unfortunately, Nigeria cocoa output has declined from over 
300,000 to 155,000 tonnes with average annual growth rates 
declining by 8.3% during 1992–1996 periods (Daramola 
2004). One of the factors responsible for this decline was 
the fact that most soils in southern Nigeria, where cocoa is 
mostly grown, and in parts of the humid tropics are acidic 
due to nature of their parent materials, high rainfall regime 
and intensity and associated leaching of nutrients and weath-
ering (Adejobi et al. 2013).

This research is aimed at investigating how acetylation 
of natural cellulose will affect its ability and mechanism to 
remove crude oil from aqueous medium.

Methodology

Sample collection and preparation

Oil palm empty fruit bunch (OPEFB) and Cocoa pods (CP) 
were collected from a local farm at Achina town in Aguata 
local government of Anambra state, Nigeria. The sam-
ples were cut and ground in a mortar, and then thoroughly 
washed with distilled water to remove foreign materials and 
water-soluble components. The washed samples were ini-
tially air dried for 12 h and then oven-dried to a constant 
weight at 65 °C for 36 h.

The material was then sieved with laboratory sieves to 
obtain homogenous particle sizes using the BS410/1986 
laboratory test sieve. A mechanical sieve shaker was used 
to separate the sorbent into the desired particle size (i.e., 
425–625 µm).

Acetylation of the agro‑waste

Method described by Sun et al. (2004) and Onwuka et al. 
(2016) was adopted in acetylating these materials, although 
little modification was included. A portion (2 g) of sorbent was 
placed in a 250-mL conical flask containing 60 mL of acetic 
anhydride and 0.6 g (1% of the solvent) N-bromosuccinimide 
(NBS). The flask was placed in a temperature-controlled water 
bath set at 70 °C for 90 min, under atmospheric pressure. Then, 
the conical flask was removed from the water bath and the hot 
reagent was decanted. The material was thoroughly washed 
with ethanol and acetone to remove unreacted acetic anhydride 
and acetic acid by-product. The products were allowed to dry 
in an oven set at 60 °C for 16 h and later cooled in a desiccator 
and stored in a plastic container prior to analysis and crude oil 
sorption studies.

Oil sorption capacity

To simulate the situation of oil spill and minimize experimen-
tal variation, the crude oil sample was held in beakers for 1 day 
in open air to release volatile hydrocarbon contents. The raw 
and acetylated samples were subjected to crude oil sorption 
test.

To 100 mL of distilled water in a 250-mL beaker, 2.5 g 
of crude oil was added. A portion (0.5 g) of the sorbent was 
added into the mixture in the beaker and left unperturbed for 
10 min. After 10 min, the sorbent was removed using siev-
ing net and left to drain by hanging the net over the beaker 
in an oven for 4 h at 60 °C. The drained sample was weighed 
and recorded. This was repeated at different times (5, 10, 15, 
20 and 25 min) at constant concentration and also at differ-
ent initial concentrations of crude oil (1.25, 2.5, 3.75, 5.0 and 
6.75 g/100 mL of water) at constant time. The sorption capac-
ity of the sorbent samples was calculated using the expression

and was recorded as gram per gram of sorbent. The pro-
cedure was carried out in triplicates and the mean of the 
results reported.

(1)Oil Sorption Capacity =
New Weight Gained

Original Weight
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Statistical analysis

Paired sample t test in SPSS version 16 was used to compare 
the oil sorption capacities of the acetylated and unacetylated 
sorbents.

Scanning electron microscope (SEM) analysis

About 20 mg of the oven-dried sample was sputter-coated 
with a gold layer in a sputter machine (quantum sputter) for 
a 90 s. The SEM machine (Phenom World) was allowed 
to stabilize for 120 s 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 (FTIR) analysis

The FTIR spectra were recorded using Shimadzu-8400S 
Fourier Transform Infrared Spectrometer (FT-IR) over 
the spectral range of 4000–500 cm−1 with a resolution of 
4 cm−1. This was carried out at the National Research Insti-
tute for Chemical Technology (NARICT) Zaria.

Results and discussion

Scanning electron microscope (SEM) analysis

Figure 1a, b shows notable variform sphericity particles of 
silica on the organic matrix of unmodified (unacetylated) and 
modified (acetylated) OPEFB (Kudaybergenov et al. 2012) 
which consist of cellulose, hemicellulose and lignin (Abdul-
lah et al. 2011; Embrandiri et al. 2012). Figure 1a shows that 
unmodified OPEFB is solid with tiny pores which could be 

due to the coverage by plant surface wax. This according to 
Chung et al. (2011) could be attributed to the presence of 
crystallites in the unmodified sorbent. It was observed from 
Figs. 1b and 2b that the surface of the sorbents was rough-
ened with different degree of wrinkles and grooves during 
the modification process. This increases the surface area of 
the modified sorbents. This could be as result of the removal 
of surface wax, namely lignin and hemicellulose from the 
sorbent, by the treatment with acetic anhydride (Johar et al. 
2012). This was similarly reported by other researchers 
(Chung et al. 2011; Wang et al. 2012; Onwuka et al. 2016). 

Figures 1c and 2c show that the pores which can store 
crude oil were covered completely in OPEFB and par-
tially in CP. Thus, surface of crude oil-treated OPEFB was 
smoother than that of unmodified and modified OPEFB 
while macropores were seen in crude oil-treated CP. This 
is evident that crude oil was successfully sorbed on the sur-
faces of these sorbents.

Fourier transform infrared (FTIR) spectra analysis

The IR spectra of unmodified, modified and crude oil-treated 
OPEFB and CP are presented in Figs. 3 and 4, respectively.

FTIR spectra of the unmodified and modified sorbents 
showed evidence of acetylation with intense ester bands 
appearing and/or enhanced at 2931.90 cm−1 (C–H stretch 
in methyl and methylene groups), 1739.85–1753.35 cm−1 
(carbonyl C=O stretching of ester), 1375.29–1464.02 cm−1 
(C–H in –O(C=O)–CH3), 1246.06–1255.70 cm−1 (C=O 
stretching of acetyl group) and 1020.38–1028.09  cm−1 
(C–O stretching vibrations in cellulose) (Adebajo and Frost 
2004; Azeh et al. 2013; Onwuka et al. 2016). The intense or 
enhanced hydrophobic bands in the modified spectra are as 

Fig. 1   SEM micrograph for unmodified (a), modified (b) and crude oil-treated (c) OPEFB
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a result of substitution of hydroxyl groups at the surface of 
the lignocellulose, with acetyl groups.

Enhanced bands/peaks were clearly observed from 
the spectra of crude oil-treated sorbents, at about 
2860.24–2931.90  cm−1 (C–H stretch in methyl and 
methylene groups), 2278.01–2384.10 cm−1 (CH3 group, 

stretching vibrations of aliphatic CH3 group) and 
1375.29–1464.02 cm−1 (C–H in –O(C=O)–CH3). These 
are hydrophobic functional groups, and hence, this con-
firms that crude oil was actually sorbed at the hydrophobic 
sites of the sorbents (Ibrahim et al. 2009; Kudaybergenov 
et al. 2012).

Fig. 2   SEM micrograph for unmodified (a), modified (b) and crude oil-treated (c) CP

Fig. 3   FTIR spectra for unmodi-
fied [green (1) spectra] and 
modified [red (2) spectra] and 
crude oil-treated [black (3) 
spectra] OPEFB

Fig. 4   FTIR spectra for 
unmodified [red (7) spectra] 
and modified [green (8) spectra] 
and crude oil-treated [black (9) 
spectra] CP
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Oil sorption studies

Effect of initial crude oil concentration

Figure 5 shows that oil sorption capacity of the modified 
sorbents was higher than that of the unmodified sorbents. It 
was observed that oil sorption capacity of modified OPEFB 
and unmodified CP increases with increase in the initial 
crude oil concentration up to 2.5 g/100 mL. Unmodified 
OPEFB and modified CP achieved equilibrium at 3.75 and 
1.25 g/100 mL, respectively. After equilibrium was achieved, 
there was a decrease in oil sorption capacity with increase in 
the initial crude oil concentration.

The increase in oil sorption capacity can be attributed to 
adsorption of crude oil molecules at the hydrophobic reac-
tive sites and also diffusion into the pores or hollow lumen of 
the sorbents (Wang et al. 2012). The decrease, on the other 
hand, could be attributed to increase pressure and desorption 
occurring at these reactive sites when the sites are already 
saturated by crude oil molecules (Thompson et al. 2010).

Equilibrium studies of oil sorption

Sorption capacities of the unmodified and modified samples 
were estimated by analyzing the isotherm data using com-
mon adsorption isotherm models. The correlation of equi-
librium data using an equation is essential for practical sorp-
tion operations since the adsorption isotherms are important 
in describing how adsorbates will interact with adsorbents 
(Hashem et al. 2007). Coefficient of determination (R2) val-
ues within 0.43 ≤ R2 ≤ 0.83 is moderate (Dowine and Heath 
1974). The two isotherm equations adopted in this study to 

describe the sorption equilibrium are the linearized forms 
of Langmuir and Freundlich isotherm models.

Langmuir isotherm

Langmuir adsorption isotherm is applicable to monolayer 
sorption onto a surface having homogeneously distributed 
identical binding sites over the surface sorbent. The theory 
can also be adopted for a number of systems where the cov-
erage is low, but it is more appropriate for the description 
of chemisorption. The Langmuir model was chosen for the 
estimation of maximum sorption capacity to biomass surface 
saturation.

The linearized form of Langmuir model is expressed as

where Qe is the mass of the solute sorbed per unit mass 
of sorbent (g/g), a is the maximum oil sorption capacity 
(OSC) (g/g) to form a complete monolayer on the surface 
bound at high Ce (g/100 mL), and b is the Langmuir coef-
ficient related to the affinity between the sorbent and sorbate 
(100 mL/g). Ce is the equilibrium adsorbate concentration 
in solution (g/100 mL). The plot of Ce/Qe against Ce gives a 
linear relationship which enables the values of a and b to be 
calculated from the intercept 1

ab
 and slope 1

a
 of the plot (Gupta 

and Rastogi 2007).

Freundlich isotherm

The Freundlich adsorption isotherm is a special case for het-
erogeneous surface and is usually used to model adsorption 
from solution. Thus, Freundlich model equation describes 
non-ideal sorption onto heterogeneous surfaces involving 
multilayer sorption. The adsorption isotherm is useful for 
predicting the capacity that an adsorbent has for adsorbing 
adsorbate (Weber 1973). The equation can be confidently 
used to explain nonlinear adsorption in a narrow range of 
adsorbate concentration. The steeper the isotherm, the more 
effective is the adsorbent. As the concentration increases, 
the effective capacity at the concentration level desired for 
adsorption increases (Weber 1973). The linearized Freun-
dlich model equation can be expressed as

where Qe is the amount of adsorbate adsorbed per unit 
weight of sorbent, K is Freundlich constant which is the 
relative indication of adsorption capacity (100 mL/g), Ce is 
the equilibrium concentration of the adsorbent in solution, 
and n is the constant, related to the intensity of adsorption on 
the adsorbent. A plot of logQe against logCe gives a straight 
line with a slope 1/n and an intercept of logK.

(2)
Ce

Qe

=
1

ab
+

Ce

a

(3)LogQe = logK + (1∕n) logCe

0

1

2

3

4

5

6

7

8

9

0 2 4 6 8

Unmodified
OPEFB
Modified
OPEFB
Unmodified CP

Modified CP

O
SC

 (g
/g

)

Initial Crude Oil Conc. (g/100 mL)

Fig. 5   Effect of initial crude oil concentration on oil sorption capacity 
(OSC) of the sorbents



	 Applied Water Science (2018) 8:86

1 3

86  Page 6 of 10

The summary of data obtained from equilibrium mod-
eling of crude oil sorption is presented in Table 1. The 
Langmuir theoretical monolayer sorption capacity, a, for the 
optimum unmodified and modified OPEFB, and unmodified 
and modified CP is 3.04 and 6.48 g/g, and 3.97 and 6.65 g/g, 
respectively. This means that both unmodified CP and modi-
fied CP have higher crude oil sorption capacity than OPEFB. 
Based on the coefficient of determination (R2) values pre-
sented in Table 1, it can be deduced that the experimental 
data fitted the Langmuir model better than the Freundlich 
model as the R2 values of the Langmuir model tend to be 
much closer to 1 than those obtained from the Freundlich 
isotherm. Hence, adsorption of crude oil from water by the 
sorbents is a chemisorption or monolayer sorption process. 
It was observed that the values of coefficient of determina-
tion for Freundlich isotherms of the modified sorbents are 
moderate. This suggests that crude oil sorption by modi-
fied sorbents could have progress from multilayer sorption 
process to homogeneous process. Thus, multilayer process 
contributed to monolayer sorption mechanism of crude oil 
sorption from aqueous solution by these modified sorbents.

The coefficient of determination values for Langmuir and 
Freundlich isotherms of modified sorbents was found to be 
higher than those of the unmodified. This suggests that acetyla-
tion enhances the process of crude oil sorption on to the surface 
of the sorbents by providing more hydrophobic reactive sites. 
Thus, there could be a relationship between extent of acetyla-
tion and crude oil sorption capacity of the modified sorbents. 
Thompson et al. (2010) reported similar findings for rice husks.

Effect of contact time

It can be observed from Fig. 6 that with the exception of modi-
fied OPEFB, all other sorbents (unmodified and modified) 
showed increase in oil sorption capacity with increase in con-
tact time up to 15 min when the sorption process reached equi-
librium. This may be due to adsorption of crude oil on the sur-
face of the sorbents first, before the crude oil starts to penetrate 
the inner microscopic voids (Amer et al. 2007). Kudaybergenov 
et al. (2012) also reported that crude oil is first adsorbed by 
the macropores of the sorbents before it penetrates into the 

micropores until equilibrium time is reached. The results also 
showed that the process was fast and stable because only a 
slight difference in oil sorption capacity was observed between 
the initial and final contact times (Thompson et al. 2010).

Similar findings were reported by Hussein et al. (2009), 
Thompson et al. (2010) and Kudaybergenov et al. (2012) on 
crude oil sorption by cotton fibers, rice husks (acetylated and 
unacetylated) and thermally treated rice husks, respectively.

Kinetics of crude oil sorption

To determine the mechanisms involved in the crude oil sorp-
tion from aqueous solution, the kinetic results obtained by 
calculating the oil sorption capacity (OSC) of sorbents at dif-
ferent contact time were analyzed using pseudo-first-order, 
pseudo-second-order, intra-particle diffusion and liquid film 
diffusion models. Coefficient of determination (R2) values 
within 0.43 ≤ R2 ≤ 0.83 is considered moderate (Dowine and 
Heath 1974).

Pseudo‑first‑order kinetics

Pseudo-first-order equation for crude oil sorption is stated as:

(4)ln OSCt = ln OSC0 − k1t

Table 1   The Langmuir and Freundlich isotherm data

a  means the highest R2 values
Moderate R2 values are bolded

Sample Langmuir model Freundlich model

a (g/g) b (100 mL/g) R2 K (100 mL/g) n R2

Unmodified OPEFB y = 0.3296x − 0.136 3.04 − 2.419 0.9811a y = −0.0571x + 0.5713 3.73 − 17.5 0.1947
Modified OPEFB y = 0.1544x − 0.029 6.48 − 5.324 0.9976a y = −0.0386x + 0.8619 7.28 − 25.9 0.4199
Unmodified CP y = 0.252x − 0.019 3.97 − 13.26 0.9783a y = 0.0201x + 0.5936 3.92 49.75 0.0093
Modified CP y = 0.1504x − 0.066 6.65 − 2.28 0.9961a y = −0.0832x + 0.9328 8.57 − 12.02 0.4579

0

2

4

6

8

10

0 10 20 30

Unmodified
OPEFB

Modified
OPEFB

Unmodified
CP

Modified CP

O
SC

 (g
/g

)

Time (min)

Fig. 6   Effect of contact time on crude oil sorption capacity (OSC) of 
the sorbents
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where OSC0 is the minimum oil sorption capacity of the 
sorbent, OSCt is the oil sorption capacity of the sorbent at 
time t, t is the time in minutes, and k1 is pseudo-first-order 
rate constant. The plot of OSCt against t gives a linear rela-
tionship representing Eq. 4, where k1 is the slope and ln 
OSC0 is the intercept. When the coefficient of determination 
obtained in this plot is moderate, physisorption or surface 
reaction is regarded as either the controlling or the contribu-
tory mechanism in crude oil sorption at that particular time 
(Nwadiogbu et al. 2014; Onwuka et al. 2016).

Pseudo‑second‑order kinetics

Pseudo-second-order rate equation used is as follows:

The plot of 1

OSCt

 against t in Eq. 5 gives a linear relation-

ship with k2 as the slope, and 1

OSC0

 is the intercept. When the 

coefficient of determination obtained in this plot is moderate, 
it implies that chemisorption (chemical reaction) contributes 
or is the rate-controlling step for the mechanism at that par-
ticular time (Nwadiogbu et al. 2014; Onwuka et al. 2016).

Intra‑particle diffusion

Intra-particle diffusion model is commonly used to deter-
mine the possibility of intra-particle diffusion being the rate-
determining mechanism (Srivastava et al. 2006). The model 
involves the transport of the adsorbate to the surface of the 
adsorbent particles and the diffusion of the solute molecules 
into the interior of the pores, which is usually a slow process. 
Equation representing this model is expressed as: (Igwe and 
Abia 2006; Subbaiah et al. 2008)

where k3 is the intra-particle diffusion rate constant, which can 
be evaluated from the slope of the linear plot of OSCt versus 

(5)
[

1

OSCt

]

= k2t +

[

1

OSC0

]

(6)OSCt = k3

√

t + c

t1/2, and c is the intercept. According to Eba et al. (2010), the 
intercept of the plot reflects the boundary layer effect. The 
larger the intercept, the greater the contribution of the surface 
sorption in the rate-controlling step. If the regression of OSCt 
versus t1/2 is linear and the plot passes through the origin, then 
intra-particle diffusion is the sole rate-limiting step. However, 
in the case where the plots do not pass through the origin, it 
suggests that the intra-particle diffusion is not the only mecha-
nism involved in the sorption process due to some degree of 
boundary layer control (Bulut et al. 2008).

Liquid film diffusion

Boundary plays a major role in adsorption when sorbate 
molecules are transported from the liquid phase to the solid 
phase. The liquid film diffusion model may be applied as 
follows: (Bulut et al. 2008; Eba et al. 2010)

where k4 is the liquid film diffusion rate constant, F is frac-
tional attainment which is equal to OSCt∕OSCe , OSCt is 
the oil sorption capacity of the sorbent at a particular time, 
t, and OSCe is oil sorption capacity of the sorbent at equi-
librium. OSCe corresponds to the highest OSC obtained 
within the time range studied. A linear plot of − ln (1 − F) 
against t with zero intercept would suggest kinetics of the 
sorption process is controlled by diffusion through liquid 
film surrounding the solid sorbent. The small intercepts of 
liquid film diffusion plot will suggest that liquid film dif-
fusion model might have some roles to play in the kinetics 
of acetylation (Eba et al. 2010). Data obtained from kinetic 
plots are summarized in Table 2.

Table 2 shows that the coefficients of determination val-
ues obtained from the different kinetic plots were generally 
poor except for unmodified CP. Thus, values of coefficient 
of determination cannot be used to predict the crude oil 
sorption mechanism of these sorbents using the proposed 
models. However, some useful observations can be made 
from the data.

(7)− ln (1 − F) = k4t

Table 2   Kinetic data for crude oil sorption by the sorbents

a  means the highest R2 values
Moderate R2 values are bolded

Sample Pseudo-first order Pseudo-second order Intra-particle diffusion Liquid film diffusion

OSC0 R2 k1 OSC0 R2 k2 c R2 k3 R2 k4

Unmodified OPEFB 3.23 0.1874 − 0.052 3.23 0.1818 − 0.0016 2.96 0.2321 0.1480 0.0683 0.0380
Modified OPEFB 7.16 0.0118 − 0.0014 7.14 8E−30 − 6E−18 6.86 0.0369 0.1280 0.0939 0.0646
Unmodified CP 3.68 0.3414 − 0.007 3.64 0.3266 − 0.0018 3.23 0.4411a 0.2308 0.0173 − 0.0232
Modified CP 7.88 0.0132 0.0008 7.52 0.025 − 0.0002 7.75 0.0004 0.0078 0.0093 0.0206
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Table 2 shows that pseudo-first-order, pseudo-second-
order and liquid film diffusion rate constants are higher 
for the modified sorbents than the unmodified ones. This 
suggests that the rates of surface reaction, chemical reac-
tion (chemisorption) and transport of solute from liquid 
to sorbent phase are faster in the modified sorbents than 
in the unmodified ones. This can be attributed to the high 
hydrophobic nature of the modified sorbents.

The intra-particle diffusion rate constants for modified 
sorbents were observed to be lower than those of unmodi-
fied sorbents. This implies that the diffusion of crude oil 
into the pores of modified sorbents was slower than its 
diffusion into the pores of unmodified sorbents. This may 
be due to reduction in the porosity of the sorbents after 
acetylation.

In the reaction kinetics (i.e., pseudo-first- and pseudo-
second order) of the sorption process, the pseudo-first-order 
rate constants for all the sorbents were found to be lower 
than the pseudo-second-order rate constants. This means 
that surface reaction being the slowest step in the reaction 
kinetics is the rate-controlling step in the sorption process. 
This is supported by the fact that in crude oil sorption by 
unmodified CP, the coefficient of determination values 
(which was moderate) for pseudo-first-order one was higher 
than that of pseudo-second-order one, and this suggests that 
surface reaction is the rate-controlling mechanism in the 
sorption process while chemisorption was partly involved 
in the process. This suggests that rate constants are very 
sensitive to the determination of mechanism of oil sorption 
process, thus indicating the reliability of the rate constant 
technique in predicting oil sorption mechanism. Similar 
findings were reported by Onwuka et al. (2016) for crude 
oil sorption using acetylated and unacetylated Delonix regia 
pods (DRPs). However, these findings contradict reports by 
Asadpour et al. (2016), which states that rate of oil sorption 
onto the OPEFB fibers can be adequately described by the 
pseudo-second-order equation. The findings in this research 
remain logical because chemical reaction (chemisorption) 
cannot occur between the active sites on the surface of the 

sorbents and crude oil without surface reaction (physisorp-
tion) taking place first.

For crude oil sorption by unmodified CP, coefficient of 
determination values for some kinetic models was moderate. 
It was observed that intra-particle diffusion was the rate-
controlling mechanism for the sorption process, but it is not 
the sole mechanism since the line did not pass through the 
origin.

It was also observed that in all the sorption process by 
modified sorbents, there was greater contribution of surface 
sorption in the intra-particle diffusion because the intercepts 
of intra-particle diffusion model for modified samples are 
greater than those found for unmodified samples (Bulut 
et al. 2008). This is supported by the fact that pseudo-first-
order rate constants for sorption by modified sorbents are 
higher than those of unmodified ones which suggests that, 
for sorption process by modified sorbents, surface reactions 
are faster. Thus, acetylated materials are suitable sorbents 
for oil sorption.

Statistical analysis of oil sorption data

Paired t test was used to compare the result of crude oil 
sorption capacities of unmodified and modified OPEFB and 
CP at different factors (i.e., contact time and initial crude oil 
concentration). Table 3 shows that there is significant dif-
ference between the oil sorption capacity of unmodified and 
modified sorbents at various contact times and initial crude 
oil concentrations. This is because all the p values are less 
than α = 0.05 which implies that acetylation process actually 
enhanced the sorption capacity of these sorbents.

Conclusion

The sorbents were successfully modified and can also be 
used to remove crude oil from water. Acetylation enhances 
the crude oil sorption capacities of the sorbents, and the 

Table 3   Paired samples t test for crude oil sorption capacity of modified and unmodified sorbents

Paired differences

Mean SD SE Mean 95 % CI of the difference t df Sig. (2-tailed)

Lower Upper

Effect of contact time
OPEFB Unmodified–modified − 3.82600 0.57869 0.25880 − 4.54454 − 3.10746 − 14.784 4 < 0.0001
CP Unmodified–modified − 3.68000 0.30389 0.13590 − 4.05733 − 3.30267 − 27.078 4 < 0.0001
Effect of initial crude oil concentration
OPEFB Unmodified–modified − 3.40800 0.17123 0.07658 − 3.62061 − 3.19539 − 44.504 4 < 0.0001
CP Unmodified–modified − 3.72200 0.56015 0.25051 − 4.41752 − 3.02648 − 14.858 4 < 0.0001
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difference in the crude oil sorption capacities of the modified 
and unmodified sorbents is statistically significant.

Crude oil sorption from water using the modified and 
unmodified sorbents was found to be time and initial con-
centration dependent. Crude oil sorption capacity of CP is 
higher than that of OPEFB. Sorption of crude oil from water 
by these sorbents is a monolayer sorption process which 
started from multilayer processes. Kinetic investigations 
showed that crude oil sorption is diffusion-controlled with 
the aid of physisorption and chemisorption mechanism.
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