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A B S T R A C T

This work investigated the modification of Dacyodes edulis leaf (DEL) by acetylation to give acetylated
Dacryodes edulis leaf (ADEL) and their applications to treatment of crude oil polluted waters. DEL
acetylation was favoured by low temperature, increased time of acetylation, and in the absence of
catalyst. Crude oil sorption kinetic data were best fitted by liquid film diffusion and pseudo-first order
kinetic models for DEL, but pseudo-second order kinetic model best fits crude oil sorption data by ADEL.
Equilibrium crude oil sorption data were best fitted into Langmuir and Freundlich isotherms for ADEL and
DEL respectively. Results suggest that ADEL is more suitable for crude oil sorption than DEL, therefore,
possesses more potential for application in treatment of oil spillage.
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1. Introduction

Crude oil exploration is an important activity of man consider-
ing that it is a major source of energy for vehicular, domestic and
industrial activities. Consequently, crude oil explorations often
cause spills that result in pollutions of affected sea and land
regions. Aquatic lives, vegetation and man have suffered severely
from crude oil pollutions there is therefore the need to direct
recent research towards discovering efficient materials for clean-
up of crude oil polluted waters (COPOWs). However, materials
which are biodegradable, cheap, environmentaly friendly and
readily available make this area of scholasticism challenging.
Interestingly, the use of agricultural by-products meet these
required attributes, therefore, they are reportedly in vogue for
applications in clean-up of COPOWs [1–3]. Chemical modification,
by acetylation, of agricultural byproducts have been reported to
enhance the effectiveness of the materials by decreasing the
density of the hydroxyl functionality [4]. Examples of acetylated
materials used for crude oil sorption studies include: corncobs, rice
husks, banana fibre [2,3,5] and kapok fiber for gasoline oil [6]
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Plants are important in our everyday existence. They provide
our foods, produce the oxygen we breathe, and serve as raw
materials for many industrial products such as clothes, foot wears
and so many others. Plants also provide raw materials for our
buildings and in the manufacture of biofuels, dyes, perfumes,
pesticides, adsorbents and drugs. Dacryodes edulis, however, is an
odiferous fruit tree found in equatorial and humid tropic climates
and originates from Central Africa and Gulf of Guinea area [7].
Much work has been done on Dacryodes edulis. For example,
Ikhuoria and Maliki [8] characterized the oil from Dacryodes edulis
pear, Okwu and Nnamdi [9] investigated the phytochemical
contents and medicinal values of Dacryodes edulis exudates. The
inhibitive effect of exudate gum from Dacroydes edulis on the acid
corrosion of aluminium was studied by Umoren and co-workers
[10]. Also, Oguzie et al. [11] studied DEL extract as an alternative
steel corrosion inhibitor. However, there appears not to be any
work(s) on the application(s) of Dacryodes edulis leaf (DEL) in crude
oil polluted water.

Classes of oil sorbents may include organic synthetic [12],
inorganic mineral and agro-based products [13]. Notably, many
organic synthetic products such as polypropylene and polyure-
thane, used as commercial oil sorbents present challenges because
they are relatively expensive [14] and pose disposal problems due
their xenobiotic nature [15]. Teas et al. [16] reported perlite,
graphite, clay and so on as examples of inorganic mineral oil
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sorbents which possess environmental disposal challenges caused
by slow degradation [16]. Agro-based products are the class of
sorbents which now attract great interest because of their
improved properties over the organic synthetic and inorganic
mineral sorbents. Amongst these properties are: good oil
absorbency, ready availability, inexpensive and cost savings in
disposal fee [15]. Consequently, studies on some agro-based oil
sorbents such as kapok, milkweed and cotton, were carried out and
results suggest that they possess good oil sorption properties
[15,17].

On one part, the purpose of this work is to assess the physico-
chemical properties of Dacryodes edulis leaf (DEL) for its use as an
environmental clean-up raw material for crude oil polluted water.
On another part, the modification of DEL by acetylation, the
mechanism and thermodynamics of the process were monitored in
detail. Also, detailed kinetic and equilibrium studies of crude oil
and water sorptions by DEL and ADEL were done.

2. Materials and methods

2.1. Material preparation

DEL was sourced locally from beneath trees near the University
of Nigeria Nsukka campus. Thorough washing was done with water
and properly air dried (during harmattan). They were size reduced
and sieved through 20 and 25 British Standard Sieve (BSS Sieves) so
that particle sizes in the range 707 � 841mm were used. Reagents
and chemicals, of analytical grades, used were from British Drug
House (BDH) and include acetic anhydride, N-Bromosuccinimide
(NBS), Acetone, Ethanol and n-Hexane, and were used without
further purification.

The sieved material (100 g) was extracted with a mixture of
acetone and n-hexane (4 : 1v

v) for 5 h (to reduce the influence of the
fibre extractibles on acetylation), dried in a laboratory oven
(operated in the range of 60–70 �C) for 16 h and stored in a
desiccator at room temperature thereafter. The extractible content
was calculated on a percentage of the oven-dried test samples.

2.2. Methods

2.2.1. Characterisation of DEL

2.2.1.1. Density determinations. 20 g of the sample was used to fill
up a container of 100 mL volume and the bulk density was then
calculated using the following expression [18]:

Bulk density ¼ w
v

ð1Þ

where w is weight of the sample and v is volume of the container.
After two hundred ‘taps, mechanically, a new volume (v200) was

obtained. The mechanical tapping was performed by raising the
cylinder and allowing it to drop through a safe height, under its
own mass. Tapped density was calculated using the following
expression

Tapped density ¼ w
v200

ð2Þ

where w is weight of the sample and v200 is ‘tapped' volume of the
container.

As described by Ejikeme [18], true density was determined by
the liquid displacement method using xylene as the immersion
fluid. True density was calculated using the following expression

Time density ¼w
vT

ð3Þ
where w is weight of the sample and vT is ‘true volume of the
container.

2.2.1.2. Determination of percentage ash content. 2.0 g of the
sample was weighed into a pre-weighed crucible and burnt over
a Bunsen burner flame until there was no more smoke. The sample
was then placed in the muffle furnace at 600 �C until it turned grey-
white. This was cooled in a dessicator and weighed to a constant
weight. The following expression was used to calculate ash content
[19]:

Ash contentð%Þ ¼ wash

wsample
� 100 ð4Þ

where wash is weight of ash and wsample is weight of sample.

2.2.1.3. Percentage moisture content. 2 g of the ground sample was
weighed into a pre-weighed crucible. The crucible and the content
were weighed again. This was then put in the oven at 101 �C for 2 h
after which it was removed, cooled and weighed until a constant
weight was obtained. The expression used to calculate the
moisture content is [19]:

Moisture contentð%Þ ¼ wsample � wdry

wsample
� 100 ð5Þ

where wsample is the weight of sample before drying, wdry is weight
of sample after drying.

2.2.1.4. Determinations of cellulose, hemicellulose and
lignin. Compositions of cellulose, hemicellulose and lignin in
DEL were determined as described elsewhere [5].

2.2.2. Determination of mineral composition
Available XRF equipment is portable AMPTEK(R) for Energy

Dispersive X-ray Fluorescence (EDXRF) measurements. Sample
preparation was done by pulverizing the sample to fine powdery
form using an agate mortar and a pellet of the sample was formed
using a CARVER model manual pelletizing machine at a pressure of
6-8 Torr. The pelletized sample was inserted into the sample holder
of the XRF system and was bombarded by X-ray fluorescence
spectrometer with a Ag anode at a voltage of 25 kV and current of
50 mA for 1000 counts or approximately 18 min in an external
chamber setup. The equipment model is PX 2CR Power Supply and
Amplifier for XR-100CR Si-pin Detector. Characteristic X-ray of the
sample was detected by the solid state Si-Li detector system and
spectrum acquisition was done using ADMCARsoftware. The
spectrum analysis was done using the ADMCA plus Fundamental
Parameter (FP-CROSS) software which translates the peak areas
into concentration values.

2.2.3. Acetylation of DEL
The method of Nwadiogbu et al. [2] was adopted for DEL

acetylation as briefly described. The combination ratio during
acetylation was in a ratio of 1:20 (w/v of DEL: acetic anhydride).
Respectively, the reaction temperature, time and amount of
catalyst (NBS) were varied from 30 �C to 100 �C, 1 h to 3 h and
0–4%. After acetylation, DEL was thoroughly washed with ethanol
and acetone to remove unreacted acetic anhydride and acetic acid
(as by-product). The new product, acetylated dacryodes edulis leaf
(ADEL), was dried in an oven at 60 �C for 16 h prior to analysis. The
extent of acetylation was determined from the infrared spectra of
ADEL samples by calculating the ratio of the intensity of the acetyl
C¼O band (around 1740–1745 cm�1) to the intensity of the C��O
signals of cellulose (at about 1020–1040 cm�1) [20]:

R ¼ I1740
I1020

ð6Þ



Table 1
Proximate analyses on African pear leaf.

Parameter Value

Ash (%) 12.881
Moisture (%) 3.960
Cellulose (%) 43.400
Hemicellulose (%) 28.270
Lignin (%) 19.000
Bulk density (g/cm3) 0.296
Tapped density (g/cm3) 0.315
True density (g/cm3) 1.075
Carr's index 6.032
Porosity (%) 70.698
Hausner Index 1.064
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The effects of three factors, namely: (i) temperature, (ii) time
and (iii) catalyst, on acetylation were investigated and the data
were statistically analysed for significance using SPSS version 21.

2.2.4. Sorption capacity studies
DEL and ADEL samples, 1 g each, were allowed to absorb water

at 5–120 min time intervals. Afterwards, the water loaded samples
were drained on the filter paper for ten minutes under vacuum
filtration. The water absorption capacity (g/g) was calculated using
Eq. (7):

Water absorption capacityðQwÞ ¼ Swet � Sdry
Sdry

ð7Þ

where AW stands for amount of wet sorbent and AD stands for
amount of dry sorbent.

2 g of sorbent (DEL or ADEL) was put in a 250 mL beaker
containing 100 mL (87 g) of crude oil at 30 �C. With small agitations
on a mechanical shaker, this was allowed to stand for 120 min. The
sorbents were removed from the beakers using sieve nets and the
nets were allowed to drain-off the excess oil. Afterwards, the oil-
loaded sorbents were re-weighed and the crude oil sorption
capacity (absorbency) was calculated using Eq. (8):

AbsorbencyðqÞ ¼ Soil � Si
Si

ð8Þ

where Si is the initial weight of the dry sorbent, Soil is the weight of
the sorbent with crude oil.

Adsorption kinetic experiments were done at 30 �C on a
mechanical shaker using 250 mL beakers containing 100 mL (87 g)
of crude oil and 2 g of sorbent at 5–120 min intervals. The sorption
capacity of the sorbents at different time intervals were calculated
using Eq. (9) [21]:

Adsorption capacityqt ¼
ðC0 � CtÞv

m
ð9Þ

where C0 and Ct are respectively initial crude oil concentration and
crude oil concentrations after different adsorption times in mg/L
uints, m (g) is the mass of the sorbent and v is the volume of crude
oil in L unit.

Equilibrium adsorption experiments were done at 30 �C on a
mechanical shaker using 250 mL beakers containing 500–1300 g/L
of crude oil and 2 g of sorbent (DEL and ADEL) for 120 min. The
sorbents were removed from the beakers using sieve nets and the
nets were allowed to drain. The crude oil equilibrium sorption
capacity (g/g) was calculated using Eq. (10) [22]:

Adsorption capacityðqeÞ ¼ ðC0 � CeÞv
m

ð10Þ

where C0 and Ce are the initial and the equilibrium crude oil
concentrations (g/L) respectively, v is the volume of dye solution
used (L) and m is the weight of the sorbent (g).

2.3. Some physical properties of the crude oils

Specific gravity bottles were used to determine the crude oil
density. Ferranti portable viscometer was used to measure the
crude oil viscosity, in poise, and converted to mm2/s.

3. Results and discussion

3.1. Characterisation

The proximate composition of DEL is given in Table 1. Our
results show that the moisture content (3.96%) is very low
compared to the value of 89.00% obtained and reported by
Okaraonye and Ikewuchi [23] for Penniselum purpureum.
Considering the moisture content of any food is an index of its
water activity [24], it is used as a measure of stability and the
susceptibility of microbial contamination [25]. This implies that
DEL will very likely have a long shelf life low microbial
contamination level because of its low moisture content.

Ash content value is 12.881%, higher when compared with
levels found in other leaves- A. africana (4.03%) and R. glabra
(4.34%). DEL ash content indicates it contains good level of mineral
contents because low ash content suggests low mineral composi-
tion [26,27].

Table 1 presents density values as follows: 0.296 gcm�3 (bulk),
0.315 gcm�3 (tapped) and 1.075 gcm�3 (true). Compared to 1.5
gcm�3, 1.3 gcm�3 and 1.2 gcm�3 respectively for flax, jute and coir
[28], value of 1.075 gcm�3 is lower. Reported value of bulk density
for corncob is 0.293 gcm�3 [29] and is lower than 0.296 gcm�3 for
DEL. Lower bulk density has been shown to improve sorption
properties of sorbents due to increased internal surfaces [30]. The
value of tapped density is 0.327 gcm�3 for corncob and is higher for
DEL.

Higher tapped density values consequently are known to cause
materials to be more porous. Evidently, porosity value of 81.5% is
reported for corncob and is higher than 70.698% for DEL. Ejikeme
[18] reported that porosity of a material is made up of voids
between the particles and the pores within the particles. Arguably,
this suggests that more porous materials possess better sorption
properties. Table 1 presents good porosity value for DEL.

The yield of cellulose was 43.4%, higher than the yield for
untreated rice husks (35.0%) [31]. Cellulose is a polymeric
component that enhances the hydrophilicity of lignocellulosic
materials due to presence of poly-hydroxyl groups. Its yield
suggests it is a significant composition of DEL and supported by
SEM result presented in Fig. 2a. Hydrophilic properties of
lignocellulosic materials can be reduced by substitutions of acetyl
groups for the poly-hydroxyl groups, often to improve the
hydrophobic properties of the (modified) materials [2].

Lignin is present in DEL, 19.0% as shown in Table 1. This value is
lower than that of corn cob (16:50 � 2:00%). However, this
contrasts for hemicellulose contents: 28.27% (DEL) lower than
43:1 � 4:00% (corn cob) [32].

Table 2 presents results of the mineral compositions of DEL. The
results reveal the presence of transition metals such as Fe, Cr, Mn,
Cu, Ni, and the likes. Transition metals are known to complex with
water molecule, as such, their presence seem to be responsible for
the hydrophilic properties of materials. This is in agreement with
findings elsewhere [29]. Iron deficiency is common in areas where
high burden of malaria and invasive non-typhoid Salmonella
diseases exist, therefore, it is recommended to restrict iron
supplementation to people with iron deficiency [33]. Zinc is
required for normal immune function because it reduces the
incidence of diarrhea and pneumonia, and is essential for a variety
of lymphocyte functions implicated in malaria resistance [34].
While blood calcium imbalance leads to tetany and convulsions,



Table 2
Mineral composition of DEL.

Parameter Concentration Value Unit
DEL

K 975 � 47 ppm
Ca 4070 � 96 ppm
Ti 160 � 19 ppm
Cr 126 � 20 ppm
Mn 379 � 38 ppm
Fe 1.9027 � 0.0288 %
Ni 859 � 65 ppm
Cu 1792 � 101 ppm
Zn 1577 � 102 ppm
Rb 1580 � 168 ppm
V 127 � 19 ppm
Se 890 � 101 ppm
Co 391 � 44 ppm
Mo 1221 � 207 ppm
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potassium is the principal cation in intracellular fluid which aid
conductions of nerve impulses and muscle contractions, and
copper is an essential micro-nutrient necessary for the haemato-
logic and neurologic systems [35]. Selenium is a constituent
Fig. 1. FTIR spectra of: (a
element of the entire defence system that protects the living
organism from harmful action of free radicals [35]. Brief highlights
of some elements suggest that DEL is an important source of these
metals. Except for potassium that has lowest content, calcium,
iron, manganese and zinc have highest contents in DEL than values
reported for cabbage, pumpkin and water leaves [36].

3.1.1. Physical properties of crude oil
The crude oil sample, Bonny Export, has 33.80 (0API gravity)

value suggesting it is a heavy crude. Its (kinematic) viscosity value
is 6.99 mm2/s and has a density of 0.868 g/cm3. Values of measured
physical properties of the crude oil sample suggest it possesses
intermediate viscosity, is less volatile and has good compositional
uniformity, therefore, translates the crude oil most likely had
stable physico-chemical properties during experiments [15,37].

3.2. Effects of acetylation on DEL

Fig. 1a and b present infrared spectra of DEL and acetylated
Dacryodes edulis leaf (ADEL) respectively. Fig. 1a and b present
prominent absorption peaks and assignments are consistent with
) DEL and (b) ADEL.



Fig. 2. SEM of (a) DEL and (b) ADEL.
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Scheme 1. Proposed DEL acetylation mechanism.
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reports elsewhere [2,4,14,38–44]. Vibrational signals within 3000–
3600 cm�1 are for �OH streching vibrations [38–40]. Signals in the
range 1600–1800 cm�1 are due to C¼O stretching vibrations [41].
Vibrations seen within 1100–1300 cm�1 are characteristic of C-O
stretching signals of carboxylic, esters and ethers [41]. Broad
absorption, due to O-H signal, with center at 3440 cm�1 for DEL
shifted to 3434 cm�1 for ADEL suggesting that polyhydroxyl
functional groups of DEL were involved in the acetylation process.
Similar results for �OH signals in the regions were proposed for
�OH vibrations of untreated kapok fibre [40] and bio-oils [41]. In
addition, Figs. 1a and 1b show remarkable change in intensity
(presented as% transmitance) strongly supporting efficient acety-
lation of DEL. Earlier, findings reported for corn cob [2], cotton [14]
and sugarcane bagasse [42] are in excellent agreement with
presented results that change in absorption intensity suggests
effective acetylation. The implication is that some acetyl functional
groups (from acetic anhydride) effectively attached to the DEL by
replacing the hydroxyl groups. Before acetylation, absorption peak
at 1648 cm�1 for DEL was seen, as Fig. 1a shows, but this signal
shifted to 1640 cm�1 and suggests the presence of hemicellulose
[2]. A new peak appeared at 1738 cm�1 for ADEL, due to
hemicellulose [43], supports the presence of (new) ester groups,
due to DEL acetylation. Similar assignment was reported by [41].
Stretching signals of C¼O attached to lignin [44] are seen around
1522 cm�1 and 1458 cm�1 (DEL) but shifted to 1533 cm�1 and
1456 cm�1 respectively after acetylation. Absorption at 1239 cm�1,
for ADEL, can be ascribed to signals of C¼O of lignin and infrared
spectrum of DEL (Fig.1a) did not show this signal. This gives further
insight that reduction in cellulose content of DEL, due to
acetylation, caused the signal of lignin to appear for ADEL (shown
in Fig. 1b). A peak at 1048 cm�1, in Fig. 1b and ascribed to the
presence of cellulose and hemicellulose [2,45], is for C��O
absorption and suggests the effective acetylation of DEL to ADEL
as proposed in Scheme 1 below:

Fig. 2a presents the surface of DEL suggesting/revealing its
rough. After acetylation, Fig. 2b presents a distinct change in the
surface morphology of DEL supporting it was effectively acetylated
to ADEL. This surface change seems smooth and thick, and most
likely explains the hydrophobicity of the surface after acetylation.
The thickened structure shown in Fig. 2b suggests that after
acetylation, DEL became bulkier due to attachments of acetyl
groups (which are heavier than the hydroxyl groups), as such the
area of the internal surfaces will decrease after acetylation. Surface
area is a factor known to affect rate of a reaction such that smaller
particles possess larger exposed or assessed surfaces than larger
particles which possess smaller assessed surfaces. Arguably, ADEL
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particles have smaller surfaces for easier assess than DEL particles,
hence, the surface area required for crude oil sorption possessed by
ADEL particles are larger than those of DEL.

The elemental composition of DEL before (Fig. 3a) and after
(Fig. 3b) acetylation by energy dispersive X-ray (coupled with SEM
measurements) reveals a reduction in oxygen availability as
evidenced by the decrease in peak height of oxygen signal. This
accounts for the successful replacements of �OH groups by acetyl
groups (by acetylation). EDX results support results from infrared
spectroscopy, in that, effective DEL acetylation was due to efficient
replacements of hydrophilic hydroxyl groups of cellulose by the
hydrophobic acetyl groups of the acetic anhydride. Similar results
are reported elsewhere [5].

Fig. 4 presents the effects of time and temperature on DEL
acetylation. The trends observed in Fig. 4 are such that the extent of
acetylation: was highest after three hours at all temperatures; and
was highest for most varied time intervals at 30 �C. In agreement
with this study, other works have demonstrated negative
temperature [46] and positive time [47] effects on acetylation of
agro-materials.

The effects of time, catalyst and temperature on extent of DEL
acetylation were tested for statistical difference and presented on
Table 3. The results show that increasing time of acetylation has
Fig. 3. EDX of (a) D
significant positive effects on extent of DEL acetylation. The effects
of catalyst and temperature had negative effects.

The quantitative contributions of catalyst, time and tempera-
ture on extent of acetylation were determined using linear
regression and gives the following expression (at 95% confidence).

EA ¼ 0:939 � 0:003Cat � 0:008Temp þ 0:011Time ð11Þ
EA represents extent of acetylation, Time means acetylation

time, Temp stands for temperature and Cat means catalyst. Eq. (11)
suggests that: 0.8% percent decrease in EA was due to 1 � rise in
temperature (in K), 0.3% percent decrease in EA was due to 1% g/mL
increase in quantity of catalyst, and 1.1% increase in EA was due to
an increase in time by one minute. Eq. (10) supports that effects of
catalyst and temperature on extent of acetylation are negative but
time effect was positive.

3.3. Kinetics of DEL acetylation

The kinetics of DEL was studied by fitting obtained data in the
intra-particle diffusion rate curve. This is because reports [2,48]
have shown that acetylation kinetics of materials is well accounted
for by the intra-particle diffusion model.

Equation representing intra-particle diffusion is [49]:

qt ¼ ki
ffiffi
t

p
þ c ð12Þ
EL; (b) ADEL.



Fig. 4. Effects of time and temperature on extent of DEL acetylation.
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Plots of Eq. (12) were performed and the following equations
obtained:

at 353 Kel:

Y = 0.0152X + 0.8708, R2 = 0.3962 (13)

at 333 Kel:

Y = 0.0036X + 0.9442, R2 = 0.0147 (14)

at 303 Kel:

Y = 0254X + 0.8871, R2 = 0.4829. (15)

The coefficient of linearity values are less than 50% (that is
�0.5), similar with result obtained elsewhere [2]. Values within
0.43 � R2 � 0.83 are moderate and high [50], therefore, acetylation
profile at 303 Kel is good because coefficient of linearity value (R2)
is 0.4829 at 303 Kel. This supports negative effect of temperature
on DEL acetylation.

It is expected that the plot of qt versus t1/2 would give linear
relationship when intraparticle diffusion is involved in the
acetylation processes and that intraparticle diffusion would be
the controlling mechanism if the line passed through the origin
[49]. However for the case where the plots do not pass through the
origin, the reason has been suggested that the intraparticle
diffusion is not the only mechanism involved in the acetylation
process due to some degree of boundary layer control [51].
Therefore, values of intercept in Eqs. (12)–(14) suggest surface
reaction and intra-particle diffusion kinetics of DEL acetylation.
This is in agreement with results elsewhere [2,48].

3.4. Thermodynamics of DEL acetylation

The thermodynamics of DEL acetylation was studied using the
following equation:

dln½EA�
dT

¼ DH

RT2 ð16Þ
Table 3
Extent of DEL acetylation-correlation effects (at 95% confidence level).

Pearson Correlation

EA Catalyst Temperature Time

EA 1.000
Catalyst �0.207 1.000
Temperature �0.377 0.262 1.000
Time 0.438 �0.28 �0.341 1.0001
Eq. (16) is equivalent/similar to the Gibbs-Helmholtz equation.
Integrating Eq. (16) gives the following equation below

Z½EA�T

½EA�0

ln½EA� ¼ DH
R

ZT

T0

1

T2dT ð17Þ

Solving Eq. (17) gives

ln½EA�T ¼ �DH
RT

þ DH
RT0

þ ln½EA�0 ð18Þ

Eq. (18) allows the plot of ln½EA�T versus T�1 where �DH
R is the

slope, B represents the intercept on Y-axis (ln½EA�0), and A is the

intercept on X-axis (DH
RT0

). DH is the heat of DEL acetylation, T0
is the critical temperature of acetylation (above which DEL
acetylation is not favourable), and ½EA�0 is the critical degree of
DEL acetylation.

Eq. (19) presents the obtained expression for plot using
Eq. (17)

Y = 0.023X � 0.0669. (19)

Acetylation of DEL was assumed to be an equilibrium surface
reaction. From Eq. (19), value of slope allowed the calculation of
heat of DEL acetylation to be �0.1921 J mol�1. This values suggests
that DEL acetylation is an exothermic process. This explains why
DEL acetylation at higher temperatures gave lower values of extent
of acetylation.

The critical temperature of acetylation and critical degree of
acetylation values were calculated as 303 K and 0.9325 respective-
ly. The critical degree of DEL acetylation represents values when
obtained, explains the condition of DEL acetylation. Nwadiogbu
et al. [2] suggested that values above the critical degree of
acetylation imply diffusion mechanism and values below it suggest
surface adsorption mechanism.

The heat capacity (Cp) of DEL acetylation at constant pressure
can be obtained using

DH ¼
ZT2

T1

CpdT ¼ CpðT2 � T1Þ ð20Þ

Cp represents the quantity of heat needed to acetylate DEL
whenever a degree rise in temperature occurs. Value of Cp obtained

was �3:842 � 10�3 J mol�1 K�1. The negative value obtained,
suggests that increasing temperature was unfavourable to DEL
acetylation. The change in entropy of acetylation (DS) was
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calculated using the following equation:

DS ¼ Cpln
T2

T1

� �
þ Rln

P1

P2

� �
ð21Þ

Eq. (21) has a second term (in the right-hand side of the
equation) which vanishes because the process was performed at
the same pressure conditions. Therefore at the studied tempera-
ture conditions, value of change in entropy of DEL acetylation

obtained is �5:8681 � 10�4 Jmol�1K�1. The value of DS is negative
and suggests a degree of orderliness during the acetylation
processes. It can be recalled that DEL acetylation involves the
reaction of acetic anhydride with the �OH sites on the material.
Therefore, the replacements of these (smaller) moities with acetyl
(heavier) groups to give the acetylated DEL material accounts for
the orderliness process.

The Gibb’s free energy is an important thermodynamic
parameter, that can be calculated using

DG ¼ DH � TDS ð22Þ
At the studied temperature conditions, values of DG calculated

become �0.0143 J mol�1 (303 K), �0.0055 J mol�1 (318 K), 0.0033 J
mol�1 (333 K), 0.0150 J mol�1 (353 K) and 0.0268 J mol�1 (373 K).
The values are negative at lower temperatures and positive at
higher temperatures. These suggest that at lower temperatures,
DEL acetylation was spontaneous and favourable. However at
higher temperatures, DEL acetylation was spontaneous due to the
porous nature of DEL but difficult, hence, unfavourable/less
efficient.

3.5. Water and crude oil sorption capacities

DEL and ADEL were subjected to water sorption tests. Studying
DEL acetylation was majorly to observe if the modification of DEL
(by acetylation) can alter its water absorption capacity, as this
increases the hydrophobic properties. Fig. 5 presents the results on
water absorption capacity for DEL and ADEL. Fig. 5 reveals that the
water absorption capacity of DEL, about 1.97 g/g at 120 min, is
higher than the value for ADEL,1.49 g/g at 120 min. Fig. 5 also shows
that the water absorption capacity of DEL was higher, at all times,
than for ADEL. Replacements of the poly-hydroxyl groups of DEL
with acetyl groups are most likely the cause for the observed
reductions in water absorption capacity values. Similar trend has
Fig. 5. Effect of time on wa
been reported earlier [2]. Comparing water sorption capacities of
some microcrystalline celluloses with those of ADEL and DEL, the
microcrystalline celluloses have lower water sorption capacities
[52].

Crude oil uptake values are presented in Fig. 6, as expected,
these values increased with increase in sorption time and
consistent with findings elsewhere [53]. Moreso, crude oil sorption
capacity values for ADEL are always higher than those of DEL, both
attaining maximum values of 3.440 g/g for DEL and 4.990 g/g for
ADEL after 120 min. Kapok fibres (treated and untreated) [54] and
banana fibre (raw and acetylated) [55] had lower crude oil sorption
capacities than ADEL and DEL. In contrast, oil sorption capacities of
barley straw, wheat straw and oat straw are higher than those of
DEL and ADEL as reported by [56]. Considering that oleophilicity is
a measure of enhanced non-aqueous sorption property, Fig. 6
demonstrates that ADEL is more oleophilic than DEL. Explanation
for this is due to the decrease in hydroxy functionality of DEL by
acetylation as ascertained elsewhere [4]. Fig. 6 presents the results
for the effect of time on oil sorption. At all times, ADEL absorbed
more crude oil than DEL.

3.6. Crude oil sorption profiles

3.6.1. Kinetic studies
Understanding the kinetics of crude oil sorption onto DEL and

ADEL is vital for practical applications. Particularly, the industrial
applications can be feasible if some kinetic parameters are
obtained for uses in process designs and scale-up procedures
[49]. To anlyse the kinetic profiles for crude oil sorptions by DEL
and ADEL, experimental data are fitted to adsorption kinetic
models (pseudo-first order, pseudo-second order, intra-particle
diffusion, liquid film diffusion and Elovich). In the present study,
the pseudo-first order, pseudo-second order, intraparticle diffu-
sion, liquid film diffusion and Elovich kinetic models were applied
to investigate the sorption kinetics as shown in equations (23)–
(27) respectively [51,57]:

lnðqe � qtÞ ¼ lnqe � k1t ð23Þ

t
qt

¼ 1
k2q2e

þ t
qe

ð24Þ
ter absorption capacity.



Fig. 6. Effect of time on oil sorption capacity.
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qt ¼ ki
ffiffi
t

p
þ C ð25Þ

lnð1 � FÞ ¼ �klf d�t ð26Þ

qt ¼
1
b
lnðabÞ þ 1

b
lnt ð27Þ

where k1 is the constant of pseudo-first order constant, k2 is the
pseudo-second order constant, ki is the intraparticle diffusion
constant, C is a constant (of integration) which gives information
about sorption mechanism, a is the initial adsorption rate
constant, b is related to the extent of surface coverage and
activation energy for chemisorption, F is fractional equilibrium
Table 4
Kinetic parameters.

Model ADEL DEL

qe,exp (mg/g) 4990.000 3440.000

Pseudo-first order
k1 (mg g�1min�1) 0.0725 0.0751
qe,cal (mg/g) 4793.902 3445.416
R2 0.6486 1.000

Pseudo-second order
k2 (gmg�1min�1) 1.3333 �10�4 (5.000 � 10�5)

qe,cal (mg/g) 5000 3333.33
R2 0.9998 0.9931

Intraparticle diffusion
ki (mg g�1min�1) 130.600 247.870
C 3782.900 1161.000
R2 0.6963 0.7671

Liquid film diffusion
klfd (min�1) 0.0568 0.0751
R2 0.9222 1.000

Elovich
a (mg/g) 1.095 �106 905.475
b (g min mg�1) 2.455 �10�3 1.318 � 10�3

R2 0.8632 0.9167
attainment, klfd is the liquid film diffusion constant, and qt is the
amount of dye biosorbed at time t. The determined model
parameters and constants are given in Table 4.

Table 4 presents R2 values for the tested kinetic models. R2

values for DEL are: 1.0000 (pseudo-first order), 0.9931 (pseudo-
second order), 0.7671 (intra-particle diffusion), 1.0000 (liquid film
diffusion) and 0.9167 (Elovich). Fig. 7a shows how the kinetic
models compare for experimental. Pseudo-first order and liquid
film diffusion kinetic models gave the best fits for crude oil
sorption on DEL because they gave the highest R2 value. A value of
1161.0000 as integration constant from intraparticle diffusion plot
suggests that not only one sorption mechanism was involved [49].
Oil sorption mechanism which was proposed earlier [58] is in
excellent agreement because crude oil removal is most likely due
to surface adsorption, absorption within the fibre (major step/
process) and interfiber capillary distribution. These therefore
support that one mechanism is not enough to account for the crude
oil sorption processes. Pseudo-second order kinetic model gave a
very good fit but predicted adsorption capacity value of
3333.333 mg/g is wide when compared to experimental adsorp-
tion capacity value of 3440 mg/g, therefore very likely implies that
chemisorption was not only involved or was not majorly involved
during crude oil sorption onto DEL.

For ADEL, R2 values are: 0.6486 (pseudo-first order), 0.9998
(pseudo-second order), 0.6963 (intra-particle diffusion), 0.9222
(liquid film diffusion), and 0.8632 (Elovich). These values are
presented in Table 4. The intraparticle diffusion kinetic model gave
the smallest R2 value for crude oil sorption on ADEL. Fig. 7b shows
how the kinetic models compare with experimental data. Pseudo-
second order kinetic model gave the best fit for crude oil sorption
on ADEL as Fig. 7b presents. A value of 3782.900 mg/g is large as
integration constant from intraparticle diffusion plot and suggests
that not only one sorption mechanism was involved during crude
oil sorption by ADEL. This high value of integration constant
possibly suggests chemisorption was involved in the sorption
process [49] and further supported by experimental kinetic data
fits presented in Fig. 7b.

3.6.2. Equilibrium studies
Graphical plot of solid phase concentration versus liquid phase

concentration enables the determination of the equilibrium
sorption isotherm. The equilibrium isotherms for the sorption of



Fig. 7. Predicting the kinetic profile of crude oil sorption on DEL (a) and ADEL (b).

Table 5
Adsorption isotherm parameters.

Model ADEL DEL

Langmuir
qo(g/g) 5.2411 3.8153
b (L/g) 0.01938 0.00911
RL 0.094–0.038 0.180–0.078
R2 0.9985 0.9900

Freundlich
KF(g/g) 1.0186 0.9997
n (g/L) 4.1649 5.5279
R2 0.9904 0.9902

Temkin
B (L/g) 0.7400 0.5017
A (g/L) 1.0520 1.0173
R2 0.9936 0.9877

3214 N.J.N. Nnaji et al. / Journal of Environmental Chemical Engineering 4 (2016) 3205–3216
crude oil onto DEL have been determined. Many theories abound
for explaining sorption equilibrium processes. However, this study
presents three isotherm equations as follows [59,60]:

Langmuir

Ce

qe
¼ 1

qeb
þ Ce

q0
ð28Þ

Freundlich

lnqe ¼ lnKF þ 1
n
lnCe ð29Þ

Temkin

qe ¼ BlnA þ BlnCe ð30Þ
where qe (g/g) are the amounts of adsorbed dye per unit weight

of sorbents (DEL and ADEL) and Ce (g/L) unadsorbed crude oil
concentration in solution at equilibrium, respectively. Langmuir
theoretical saturation capacity is represented by q0 (g/g), b is the
Langmuir adsorption constant (L/g), KF is the Freundlich constant,
Freundlich heterogeneity constant is represented by “n”, and
Temkin constants are represented by A and B. Values of the
parameters from the isotherms are presented in Table 5.
Langmuir isotherm assumes a monolayer sorption on a surface
with non-interacting similar binding sites of uniform energy
values. Plot represented by Eq. (28) enabled the calculations of
Langmuir constants (b = 0.009109 L/g) and Langmuir theoretical
saturation capacity (q0 = 3.8153 g/g) from values of intercept and
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slope respectively, for DEL. The coefficient of determination value,
R2, is 0.9900. This value is high and gave a very good prediction of
the equilibrium data, as shown in Table 5. There is a Langmuir
dimensionless constant (RL), otherwise known as separation factor,
known to predict biosorption efficiency and can be determined
using the following equation [61]:

RL ¼ 1
1 þ bCo

ð31Þ

where Co represents the initial crude oil concentration. Calculating
values of RL using different values of Co gave values of RL range
between 0 < RL< 1, reflecting a favorable sorption process [62]. For
ADEL, plot of Eq. (28) gave Langmuir constants (b = 0.01938 L/g)
and Langmuir theoretical saturation capacity (q0 = 5.2411 g/g) from
values of intercept and slope respectively. The value of q0 for ADEL
is larger than that obtained for DEL suggesting that ADEL has more
saturation capacity. The coefficient of determination value, R2, is
0.9985 for ADEL. This value is high and gave the best prediction of
the equilibrium data, as shown in Table 5. Values of RL calculated
using different values of Co gave RL values in the range 0 < RL< 1,
reflecting a favourable sorption process [62]. Calculated RL range of
values are presented in Table 5. RL values for ADEL are smaller than
those of DEL indicating that crude oil sorption was better by ADEL.
The modification of DEL by acetylation, to give ADEL, was most
likely the reason for the enhanced crude oil sorption. Similar
results are reported earlier from our laboratory [2].

Freundlich isotherm assumes a multilayer sorption on a surface
with non-similar binding sites of non-uniform energy values. Plot
of Eq. (29) enabled the calculations of Freundlich constants
(KF = 0.9997 g/g and n = 5.5279 g/L) from values of intercept and
slope respectively, for DEL. The value of R2 is 0.9902. For ADEL,
calculations of Freundlich constants from intercept and slope are
(KF = 1.0186 g/g and n = 4.1649 g/L) respectively. The value of R2 is
0.9904. Equilibrium constant value predicted by Freundlich
isotherm (KF), has value more than unity, hence, suggests
favourable crude oil sorption onto ADEL. DEL has equilibrium
constant value predicted by Freundlich isotherm (KF) to be almost
unity. Therefore, KF value for ADEL is higher than for DEL
suggesting more favourable sorption process. Freundlich hetero-
geneity constants for DEL and ADEL are higher than unity
suggesting that the crude oil sorption processes were heteroge-
neous.

The Temkin isotherm is represented by Eq. (30). It assumes a
multilayer sorption but differs from the Freundlich mechanism in
that the sorbent binding sites possess logarithmic energies.
Eq. (30) plot for DEL, enabled the calculations of Temkin constants
(B = 0.5017 L/g and A = 1.0173 g/L) from values of slope and
intercept respectively and has R2 value of 0.9877. ‘A’ is Temkin's
constant which is equivalent to equilibrium constant [60]. The
value is more than unity and predicts favourable crude oil sorption
onto DEL. Eq. (30) plot for ADEL, enabled the calculations of Temkin
constants (B = 0.7400 L/g and A = 1.0520 g/L) from values of slope
and intercept respectively and has R2 value of 0.9936. Temkin's
constant, ‘A' which is equivalent to equilibrium constant [60], has a
value greater than unity suggesting favourable crude oil sorption
onto ADEL. Temkin's constant, ‘A', has value larger for ADEL than
for DEL implying that the crude oil sorption by ADEL was more
favourable than by DEL.

Table 5 presents R2 values for the isotherms tested such that the
Langmuir isotherm gave the highest value for crude oil sorption by
ADEL and the Freundlich isotherm gave the best value for crude oil
sorption by DEL.
4. Conclusions

Information from the proximate analyses reveal that DEL has
long shelf life (moisture content) and good mineral composition
(ash level). Therefore, DEL is seemingly not toxic [7], it can be eaten
as vegetables by man and ruminants alike. These results suggest
therefore that modification of DEL by acetylation and subsequent
application in treatment of crude oil polluted water is environ-
mentally safe.

Results of DEL acetylation revealed successful DEL acetylation.
Best acetylation conditions are at increased time of acetylation,
low acetylation temperature and low amount of catalyst. In
agreement with some thermodynamic parameters (heat of
acetylation, Gibb’s free energy and critical temperature of
acetylation), DEL acetylation was effective and can take place
under mild or non-severe temperature and ordinary (atmospheric)
pressure conditions.

Crude oil sorption kinetic data were best fitted by liquid film
diffusion and pseudo-first order kinetic models for DEL. But the
pseudo-second order kinetic model best fits crude oil sorption data
by ADEL. Langmuir and Freundlich isotherms gave the best fit to
the equilibrium crude oil sorption data for ADEL and DEL
respectively.

The crude oil and water sorption properties of DEL were
reduced and enhanced respectively. In contrast, ADEL had its
sorption properties enhanced and reduced respectively for crude
oil and water sorption processes. Therefore, ADEL can be deployed
as a sorbent for oil spillage treatment. Considering that DEL is an
agricultural waste material, it can be easily obtained, abundant,
cheap and economical to modify by acetylation, therefore, ADEL is
highly recommended for non-aqueous sorption processes.
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