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Abstract Removal of oil spillage from the environment is a
global concern. Various methods, including the use of fibers as
sorbents, have been developed for oil spill control. Oil palm
empty fruit bunch (OPEFB) fiber is a plant biomass that may
be acetylated by acetic anhydride using N-bromosuccinimide
(NBS) as a catalyst; here, the extent of acetylation may be
calculated in terms of weight percent gain (WPG). The mod-
ified fiber was used to remove Tapis and Arabian crude oils.
The optimum time, temperature, and catalyst concentration
were 4 h, 120 °C, and 3 %, respectively, and these parameters
could achieve an 11.49 % increase in WPG. The optimized
parameters improved the adsorption capacity of OPEFB fibers
for crude oil removal. The acetylated OPEFB fibers were
characterized by using Fourier transform infrared spectrosco-
py and field emission scanning electron microscopy to ob-
serve the functional groups available and morphology.
Kinetic and isotherm studies were conducted using different
contact times and oil/water ratios. The rate of oil sorption onto
the OPEFB fibers can be adequately described by the pseudo-
second-order equation. Adsorption studies revealed that
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adsorption of crude oil on treated OPEFB fiber could be best
described by the Langmuir isotherm model.

Keywords Oil spill - Sorption capacity - Oil palm empty fruit
bunch fiber - Acetylation - Kinetic and isotherm studies

Introduction

Fossil fuels are important raw materials and energy sources
used worldwide. However, improper handling of these fuels
(e.g., during loading, transportation, and unloading) and hu-
man commercial activities can bring about hazardous impacts
to marine life and the environment (Boopathy 2000). Oil leak-
age produces unpleasant odors and green algae blooms, which
can cause drastic changes to the sea color and landscape
(Annunciado et al. 2005). These problems have encouraged
academicians, researchers, and industrial personnel to develop
methods for oil removal. A robust and effective methodology
must be developed to recover leaked oil and eradicate possible
hazards caused by oil pollution. The existing management
approach for oil spills includes the use of oil booms, skim-
mers, oil dispersants, oil gelling agents, in situ burning, bio-
remediation, and oil sorbents (Adebajo et al. 2003; Angelova
et al. 2011; Asadpour et al. 2013; Zahed et al. 2010).
Sorbent materials have the potential to eradicate oil spill
issues by cleaning and collecting the leaked oil. These mate-
rials can be categorized into three types, namely, inorganic
materials, synthetic organic polymers, and organic natural ma-
terials. Synthetic sorbents, such as polypropylene and poly-
urethane, are utilized to retrieve oil in commercial applications
(Adebajo et al. 2003). These sorbents generally have high oil
sorption capacity, good buoyancy, and application simplicity
but are non-biodegradable and can persist in the environment
for long periods of time. Inorganic materials, such as
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vermiculite, organoclay, perlite, and exfoliated graphite, are
also used as oil sorbents (Bastani et al. 2006; Carmody et al.
2007; Tryba et al. 2003). Unfortunately, most of these mate-
rials have low oil sorption capacity, low buoyancy, and poor
reusability, except exfoliated graphite (Toyoda and
Inagaki 2003), which is expensive. Organic sorbents,
such as those from agricultural wastes, are candidate
materials for oil sorption because they are relatively
cheap and easily accessible. Kapok, kenaf, corn cob,
cotton, peat moss, milkweed floss, sawdust, barks, ba-
gasse, barley straw, and rice straw have been tested and
proven as effective sorbents for oil spill cleanup
(Annunciado et al. 2005; Asadpour et al. 2013).
Natural organic sorbents are fully biodegradable and
do not leave environmentally harmful residues.

In the situation where sorbents are used for cleaning oil
spill incident, recovering from soaked materials is an impor-
tant step to reduce their impacts on aquatic environment.
However, it is possible that some sorbents may not be collect-
ed during the recovering process due to their sinking. This
effect can be expressed in term of buoyancy. From
“Standard Test Method for Sorbent Performance of
Adsorbents” described in ASTM 726-06, if 10 % or more
of the sorbent material has sunk, then the sorbent is considered
to have failed as a sorbent.

Oil palm (Elaeis guineensis) is endemic to West Aftrica but
now cultivated and considered the most important economic
plantation crop in tropical countries. Oil palm fruits are a
major source of edible oils and can produce around
38.5x10° t of oil annually (i.e., 25 % the total edible oil and
fat production in the world) (Shuit et al. 2009). Oil
palm empty fruit bunch (OPEFB) is an abundantly
available natural fiber that is extracted from empty fruit
bunch (EFB) for various uses (Isa et al. 2008). Of the
55.73x10° t of oil palm biomass annually produced in
Malaysia, 17.0x10° t come from OPEFB. More than
half the quantity of OPEFB products originate from this
fiber (Shuit et al. 2009). The fiber can be obtained
directly from the mill at low cost, making it an appro-
priate choice as a feedstock for various applications.
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One of the main components of OPEFB is lignocellulose,
which is composed of cellulose (43.0 %), hemicelluloses
(35.8 %), and lignin (16.4 %) (Hamzah et al. 2011).
Cellulose and hemicelluloses are hydrophilic, whereas the lig-
nin is hydrophobic. These limitations are overcome by chem-
ically modifying the fiber components. A method commonly
used to do so involves changing the functional groups at-
tached to cellulose, lignin, and hemicelluloses into hydropho-
bic groups through chemical modification (Asadpour et al.
2014b; Sidik et al. 2012; Sun et al. 2002). Alteration using
acetic anhydride and fatty acids has been extensively applied
by various researchers (Asadpour et al. 2014a, 2016; Sun et al.
2004), and results reveal that acetylation is an efficient way to
enhance the properties of the fibers. Acetylation im-
proves the quality of the fiber from its extremely hy-
groscopic nature, which causes swelling and shrinking
via changes in humidity. Although it can improve fiber
strength, dimensional stability, and decay resistance, the
anhydride generally reacts with the hydroxyl groups of
wood components and prepares the oleophilic surface
by transforming some hydroxyl groups in lignocellulose
into oleophilic groups (Asadpour et al. 2015; Sun et al.
2002; Teli and Valia 2013a, b).

To improve sorption capacity, several researchers have ex-
amined various methods for wood acetylation with or without
catalysts. A variety of catalysts have been tested to speed up
the reaction rate of acetic anhydride with wood. 4-
Dimethylaminopyridine (DMAP), N-methylpyrrolidine
(MPI), N-methylpyrrolidone (MPO), and N-
bromosuccinimide (NBS) have been used as acetylation cata-
lysts in chemical synthesis (Sun et al. 2002; Teli and Valia
2013a; Wang and Wang 2013). NBS, in particular, is commer-
cially available, inexpensive, non-poisonous, and efficient
(Karimi and Seradj 2001).

Hydroxyl groups in the cellulosic structure of lignocellu-
losic materials are converted into O—CO-CHj; (acetate
groups) when subjected to acetylation (Eq. (1)). This reaction
changes the hydrophilic properties of cellulosic material into
hydrophobic by blocking cell wall fiber hydroxyl groups with
acetyl groups (Sun et al. 2002).

0
4
D — i—o\c /CH3 + H;C—C :
0

Acetic acid (D)

The present research aims to explore the oil sorption capac-
ity of raw and acetylated OPEFB fibers prepared in acetic
anhydride by using NBS as a catalyst in an oil/water mixture.
The impact of various factors, such as NBS content, reaction

temperature, and time of acetylation, on oil sorption was ex-
amined for light (Tapis) and heavy (Arabian) crude oils.
Fourier transform infrared (FTIR) spectroscopy and field
emission scanning electron microscopy (FESEM) were
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utilized to investigate the reaction and morphology of the sor-
bent. The pseudo-first-order and pseudo-second-order models
were used for kinetic studies, and the Langmuir and
Freundlich isotherm models were tested to fit the exper-
imental data.

Methods
Materials

OPEFB fibers were used in this study. The fiber was treated
and tested to adsorb both Arabian and Tapis crude oils. Other
chemicals used in this study included acetic anhydride, NBS,
acetone, and ethyl alcohol.

Mechanical treatment of oil palm empty fruit bunch fiber

OPEFB fibers were mechanically treated by manual
hammering. One- to two-centimeter-long fibers were
packed in a plastic bag as single sheets and hammered
for about 10 min. After hammering, the fibers were
subjected to wash by immersion into a 500-mL beaker
containing 0.1 N NaOH. The mixture was stirred for
2 h. The treated fibers were washed with distilled water
several times to remove the alkaline solution and then
dried in an oven at 80 °C for 8 h. Mechanical treatment
was used to eliminate SiO,, which can increase fiber
pore sizes and surface roughness, on the fiber surface.

Preparation of acetylated OPEFB fiber

Acetate groups feature higher molecular weights than hydrox-
yl groups and are thus bulkier than the latter. Thus, the acety-
lated sample is predicted to show larger weight increases,
which are reported in terms of weight percent gain (WPG),
compared with the raw sample (Teli and Valia 2013a). The
acetic acid produced after reaction of the cellulosic material
and acetic anhydride must be washed and removed from the
sorbent material before the fiber is used. A calculated amount
of OPEFB fiber was placed in a 500-mL two-necked round-
bottom flask containing acetic anhydride (solid to liquid ratio,
1 g/30 mL) and NBS (1-3 %) as the reaction catalyst under
atmospheric pressure. A reflux condenser, a thermometer, and
a mechanical stirrer were attached to the flask. The flask then
placed in an oil bath set to 90 or 120 °C for 2—6 h. The flask
was removed from the oil bath after the required time,
the mixture inside the flask was decanted, and the fibers
were thoroughly washed with ethyl alcohol and acetone
to remove unreacted acetic anhydride and acetic acid
by-products. The modified fibers were placed in an ov-
en at 80 °C overnight and weighed to evaluate the
WPG. Each treatment was conducted three times under
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similar conditions, and average values of WPG, which
was calculated according to Eq. (2), are reported.
Weight gain

WPG = ——————— x 100 2
Original weight X @)

To show increase in the hydrophobicity of sorbent, the
method proposed by Sidik et al. (Sidik et al. 2012) was ap-
plied. Base on the method, 1 g of sorbent was mixed with
30 mL of distilled water and was stirred for 20 min. After that,
30 mL of hexane was added and further agitated for 3 min.
After termination time, the beaker was put in the static condi-
tion for 5 min to separate two immiscible phases. The upper
layer of the mixture which placed in the hexane was separated
by decanting. The residual was filtered and dried an oven at
110 °C to reach constant weight and weighed. The hydropho-
bicity degree of hydrophobicity of the sorbent which shows
the presence of adsorbent transferred into the organic phase
was determined as the ratio of the mass of OPEFB fiber trans-
ferred to hexane (g) and the initial OPEFB fiber mass (g), by

Eq. (3).
Degree of hydrophobicity (%)

Weightof OPEFB fiber in hexane

= 3
Initial weight of OPEFB fiber (3)

To investigate how many sorbents are floated on the aquat-
ic system, buoyancy test was carried out. Both types of sor-
bents modified and unmodified were tested to compare their
floating characteristics. The test was carried out in a 500-mL
glass beaker, it was filled with 300 mL water and was slowly
added 30 mL crude oil, and then, 1 g of sorbents was placed in
the middle of the oil slick. The mixture was put on the auto-
matic shaker and set its frequency to 100 rpm and shake for
15 min. At the end of the test, the floated sorbent and oil were
gathered by filter and suction, respectively. The settled mate-
rials which remain in the beaker were collected of the water,
dried, and weighed. The percentage of buoyancy was calcu-
lated with the following equation (Eq. (4)):

Buoyancy = s % 100 4)
wo

where w, and w, are the mass of settled part and initial of

sorbent, respectively.

Characterization of OPEFB fiber and experimental oils

FTIR was performed from 400 to 4000 cm ™', and results were
analyzed to compare the functional groups of the raw and
acetylated fiber samples. The surface morphology and cross
section of the sorbents were observed by FESEM to determine
the surface roughness and pore diameter of the sorbent. The
physical features of the OPEFB fiber, including Brunauer—
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Emmett—Teller (BET) surface area and pore volume, were
measured via N, (g) adsorption in an ASAP 2020 analyzer
(Micromeritics, USA) in liquid N, using the BET method. A
density meter (Anton Paar, Austria) and EV1000 viscometer
(Anton Paar) were used to measure the density and viscosity
of the experimental oils, respectively.

Measurements of oil sorption capacity

In a 500-mL beaker, 40 mL of the crude oil samples (Tapis)
was mixed with 400 mL of standard artificial seawater (3.5 %
NaCl). About 1 g each of the raw and acetylated sorbents was
then added to the oil/water system at room temperature. The
system was kept for 10, 20, 30, 40, or 50 min, and the raw and
acetylated OPEFB fibers were filtered using a mesh screen for
1 min. The OPEFB fibers were then re-weighed to calculate
their oil sorption capacity (g oil/g sorbent) using Eq. (5).

(WS — Wy T Wc)
We

Oil sorption capacity = (5)
where wy is the weight of the wetted sorbent, w, is the initial
weight of the sorbent, and w,, is the weight of water. The
weight of the absorbed water in the sample was measured
using the Karl Fischer technique as well described in ASTM
D1533. The experiment was repeated using heavy crude oil
(Arabian).

To find the effect of oil concentration to water ratio on oil
sorption capacity of sorbent, different amounts of oil in water
from 12,500 to 125,000 mg/L were tested. One gram of the
acetylated sorbent was used in this experiment. The sorption
capacity of the sorbent was measured after 35- and 40-min
contact time for Tapis and Arabian crude oils, respectively.

Results and discussion
Characterization of OPEFB fiber as a sorbent
Morphology identification of sorbent

The main sorption mechanisms include adsorption and ab-
sorption. The oil sorption capacity of sorbents is closely asso-
ciated with the molecular arrangement, chemical properties,
and physical properties of the sorbent; these properties include
surface roughness, hollow lumens, porosity, twists, and
crimps. Oleophilicity and surface energy are significant char-
acteristics associated with the molecular arrangement and
chemical properties of the sorbents, while the adsorption
mechanism and capillary action are related to their physical
configuration (Choi and Moreau 1993).

The physical configuration of the sorbent can be examined
using FESEM images. The surface of OPEFB fibers contains

numerous cylindrical holes of about 10 um in diameter, some
of which are filled with SiO, (Fig. 1a, b). If the SiO, is de-
tached from the fiber surface, the resulting voids can improve
the surface roughness and pore volume of the fibers, which, in
turn, allows the oil to adhere to the surface of the fibers and
diffuse into their porous interior through capillary action.
Most of the SiO, can be removed by hammering (Ghazali
et al. 2009) and washing by 0.1 N NaOH. The treatment re-
sults showed reduced attachment of SiO, molecules and in-
creased surface roughness of the OPEFB fibers (Fig. 1c). The
EDEX result shows that the silica content (atomic) reduced
from 11.29 to 0.28 (as shown in Table 1). However, hammer-
ing treatment also destroyed the hollow tubular structure of
the fibers and made them flat (Fig. 1d). Therefore, because flat
structures and less porosity adsorb less oil, we can conclude
that hammering exerts no effect on the oil sorption capacity of
OPEFB fibers.

The FESEM cross section of the OPEFB fibers is shown in
Fig. le, f. OPEFB fibers have a hollow tubular structure with
diameters of 10-14 pm and a highly porous interior. During
adsorption, the oil penetrates into the porous interior and hol-
low structure of the fiber. We can conclude that the sorption
mechanism in this study involves adsorption of crude oil by
filling the porous interior of the sorbent through capillary
action.

FTIR analysis of sorbent

Figure 2 shows the FTIR spectra of raw and acetylated
OPEFB fibers at different reflux time.
The important bands recognized in the spectra are

3404 cm ' Stretching vibrations of hydroxyl groups (O—H)
present in cellulose, hemicellulose, and lignin of

OPEFB fiber.

2930 cm ' C-H asymmetric stretching of CH, groups.

1740 cm™"  Stretching vibration of the carbonyl group C=0
in ester.

1640 cm™'  Bending mode of the absorbed water.

1375 cm™'  C—H bending vibration in -O~(C=0)-CHj.

1240 cm ' C-O stretching vibration in ester.

Comparison of the raw and acetylated fiber spectra indi-
cates four major differences. Very weak adsorption at
1740 cm ™' in raw fiber FTIR spectrum was dramatically in-
creased in the acetylated fiber which shows an increase in
carbonyl group C=0 in the ester. Although the intensity of
two ester bands around 1375 and 1240 cm ! were increased,
the reduction of the hydroxyl groups at 3404 and 1640 cm ™'
demonstrated the substitution of the hydroxyl groups with the
acetyl group. The effect of reaction time on the FTIR spectrum
was also investigated by the peak intensity of acetylated
OPEFB fibers. As shown in Fig. 2, an increase in reflux time
from 2 to 6 h resulted in an increase in the intensity of the three
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Fig. 1 FESEM images of the a—c surface and d—f cross section of OPEFB fiber

ester bands at 1240, 1375, and 1740 cm™ ! but a decrease in
hydroxyl groups (O—H), demonstrating a raise of acetylation,
which agreed to the data of WPG as will be discussed in
“Effect of different parameters on WPG” section. Although
by comparing the FTIR spectra of the 4 and 6 h, there is no
obvious change in the intensity of spectrum with increase in
the reaction time, increase in carbonyl group in acetylated
fiber create a non-polar layer on the surface of the fiber, which
leads to a dramatic increase in degree of hydrophobicity
(%DH) as approved by the experimental result before and
after acetylation from 21 to 57 %.Thus, all evidence confirms
that the OPEFB fiber was successfully modified.
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Although, increasing the reaction time from 2 to 6 h
increases the intensity of the peak at the relative bands.
This shows the effect of reaction time on the acetyla-
tion degree; nevertheless, there are only minor differ-
ences between the bands at 4 and 6 h. The bands that
appeared at 3600 and 3800 cm ' are due to the O-H
stretch of H,O which appeared at 6-h reflux time.
Varying degree of hydrogen bonding interactions
among hydroxyl groups in the cellulose, hemicellulose,
and lignin will result in wider peak in the OH
stretching vibration region (3000-3800 cm ')
(Barnette et al. 2012).
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Table 1

Before mechanical treatment

After mechanical treatment

The EDEX result of SiO, body before and after mechanical treatment

Element | Weight%  Atomic% Element | Weight%  Atomic%
CK 31.34 41.21 CK 60.01 66.92
OK 47.56 46.94 OK 38.67 32.37

Na K 0.55 0.38 NaK 0.72 0.42

SiK 20.09 11.29 SiK 0.59 0.28

KK 0.45 0.18

Totals 100.00 Totals 100.00

Surface area measurement

The physical properties of raw and treated OPEFB fiber were
analyzed. Table 2 shows surface area and average pore diam-
eter of sorbent. According to the criterion established by the
International Union of Pure and Applied Chemistry (IUPAC),
pore sizes are classified into the following three groups: mi-
cropores (diameter (d) <20 A), mesopores (20 A <d <500 A),
and macropores (d>500 A) (Rouquerol et al. 1994). Based on
the BET analyzes, raw and acetylated OPEFB fibers have a
surface area of 0.4077 and 0.3463 m*/g, respectively. The
BET surface areas of all samples were analyzed in triplicate.
Based on the morphology of fibers discussed in “Morphology
identification of sorbent” section and shown in Fig. 1d—f,
OPEFB fiber has a porous interior and hollow structure, the
main factors which contribute to enhance oil sorption. This
low value of surface area does not explain the apparent high
oil sorption capacity of fibers compared to mangrove bark,
published in our previous work (Asadpour et al. 2014a). It is

<
E
8
E
£
:
= H
3 !
51+ 3 )i —— 6 hreflux
ii —— 4 hreflux
- -=--2hreflux

............ Raw OPEFB Fiber

46

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm?)

Fig. 2 FTIR spectra of raw and acetylated OPEFB fibers

reported elsewhere (Eric et al. 1998) (RAHMAH 2009) that
some intermolecular structures of agricultural biomass col-
lapsed during N, gas adsorption in the BET test. This hap-
pened during dehydration process to dry water molecules by
vacuum drying (conditions of sample preparation before the
N, adsorption). During this process, the intramolecular water
molecules were removed during vacuum drying, which was
followed by the collapsing cellulose chains. Simultaneously,
all the pores in the intermolecular structure are clogged. This
linkage is so strong to repair by N, molecules. Therefore, only
the external surface of fibers was measured (Eric et al. 1998).
The similar result was archived for cotton and kapok fiber
which have high sorption capacity, but BET method showed
the low surface area that only measured the external surface
area which does not represent the true values (Eric et al. 1998;
RAHMAH 2009). It is suggested that the same phenomenon
resulted in measurement of low BET surface area in this study
as well. The average pore diameter of the sorbent was slightly
increased after acetylation.

Effect of hammering on sorption capacity

No significant change in sorption capacity was observed in the
raw and pre-treated samples. As mentioned in “Morphology
identification of sorbent” section, some of the SiO, are re-
moved from the fiber surface during hammering treatment,
and improvements in surface roughness and pore size may
be expected. Although oil adheres to the surface and diffuses
into the porous interior of the fibers, the flat interior
structure of the sorbent cannot adsorb as much oil as
the raw fibers. Thus, oil remained on the fiber surface
and filled up its pores. This theory confirms the results
achieved in this study. Figure 3 illustrates the sorption
capacity of raw, hammered treated fibers. Pre-treatment
(hammering) exerted no significant effect on oil sorption
capacity in this study.
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Table 2 BET surface area and average pore diameter of raw and acetylated OPEFB fiber

Adsorbent BET surface area (m?/g) Adsorption average pore diameter (A°)
Raw OPEFB fiber 0.4077 m%/g 547377 A
Acetylated OPEFB fiber 0.3463 m*/g 63.6576 A

Effect of different parameters on WPG

Optimization of the experimental data was carried out by
changing various parameters affecting WPG and oil sorption
capacity, including reaction time, temperature, and catalyst
percentage. Changes in these parameters were correlated with
the acetylation conditions. The acetylated fibers showed more
hydrophobicity and adsorbed more oil. The maximum oil
sorption capacity was also associated with the maximum
WPG. Table 3 describes the various parameters employed in
each experiment. The experimental data showed that the max-
imum WPG (11.49 %) may be observed at 4 h of reaction
time, refluxing at 120 °C, and 3 % NBS as the catalyst.
Under these conditions, sorption of Tapis and Arabian crude
oils reached 6.80 and 7 g/g, respectively.

One of the main factors affecting acetylation is reaction
time. WPG increased with increasing reaction time up to 4 h
and slightly decreased afterward. Diffusion of the acetylation
agent into the OPEFB fiber molecules increased with increas-
ing time. However, prolonged reaction times negatively af-
fected WPG because the acetic acid released as a by-product
reduced the acetic anhydride concentration and, consequently,
the reaction rate. The optimum reaction time was found to be
4 h, after reflux.

Refluxing temperatures of 90 and 120 °C were tested.
Table 1 shows that a higher WPG could be achieved at the
higher temperature. During acetylation, hydrogen bond net-
works with hydroxyl groups are broken to allow the acylating
agent to modify the intermolecular structure of the fibers.

46
44
42

4
3.8
3.6
34
32

3

Oil sorption capacity (g/g)

Pre-treatment fiber

Raw OPEFB fiber

Arabian crude oil

Fig. 3 Maximum oil sorption capacity of raw and pre-treatment fiber for
Arabian and Tapis crude oils

Tapis crude oil
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High temperature assists the breaking of hydrogen bond net-
works and swelling of the OPEFB fibers to create reactive
chemical sites that are favorable for accepting the acylating
agent; thus, the acetylation process is enhanced. Therefore, a
refluxing temperature of 120 °C is more effective than 90 °C.
Temperatures higher than 120 °C were also tested, and the
results show no significant WPG change. Therefore, to obtain
an energy-efficient and cost-effective procedure, 120 °C was
selected as the optimum temperature.

Catalyst concentration is another factor that plays an im-
portant role in acetylation. Increases in NBS concentration
considerably accelerated the acetylation process. With 3 %
NBS and refluxing at 120 °C for 4 h, WPG reached a maxi-
mum value of 11.49 %. NBS (C4H4;BrNO,) contains Br,
which can activate the carbonyl group of acetic anhydride
and yield-reactive acylating agents (Teli and Valia 2013b).
However, since the WPG at 5 % NBS was similar to that at
3 % NBS, the optimum NBS concentration was considered to
be 3 %. In summary, the highest WPG (11.49 %) and oil
sorption capacity (6.80 g/g for Tapis and 7 g/g for Arabian
crude oils) were obtained by refluxing at 120 °C for 4 h with
3 % NBS.

Figure 4 shows the relationship between the oil sorption
capacities of OPEFB fibers and their WPG. The oil sorption
capacity of OPEFB fibers was directly correlated with their
WPG; oil sorption capacity increased with increasing WPG.

Effect of contact time on sorption capacity

Low- and high-viscosity crude oils were immediately
adsorbed by the sorbent within the first 15 min of contact
(Fig. 5). The sorption process continued slowly until equilib-
rium was achieved at around 35 and 30 min for the Arabian
and Tapis crude oils, respectively. Sorption indicated three
stages, namely, the rapid, slow, and steady stages. In the rapid
stage, crude oil was taken up at a high rate, likely because of
the bare surface and interiors of the sorbent fibers. In the slow
stage, adsorption increased gradually as small oil droplets
were created by breakage of the crude oil that diffused into
the interior of the fibers (Stang et al. 1994). Finally, the steady
stage occurred after 35 and 30 min of sorption for the Arabian
and Tapis crude oils, respectively. In this stage, adsorption
remained constant and reached equilibrium because the
OPEFB fibers were saturated by the crude oil particles. The
adsorption time differed between the two oils because of
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Table 3  Effect of reaction time, temperature, and catalyst concentration on acetylation and oil sorption capacity of OPEFB fiber
No. Reaction time Temperature (°C) Catalyst (%)* WPG (%)° Oil absorbency

Arabian Tapis
1 2 90 1 4.62 4.76 4.4
2 2 120 1 6.1 4.8 4.51
3 2 90 3 6.89 5.3 49
4 2 120 3 7.86 5.62 5.25
5 2 90 5 6.8 5.2 4.85
6 2 120 5 7.7 5.58 5.15
7 4 90 1 7.68 5.56 5.23
8 4 120 1 9.3 6.3 5.9
9 4 90 3 9.75 6.58 6.3
10 4 120 3 11.49 7 6.8
11 4 90 5 9.72 6.47 6.2
12 4 120 5 11.05 6.82 6.48
13 6 90 1 7.5 5.45 5.1
14 6 120 1 8.8 6 5.67
15 6 90 3 9.58 6.23 5.82
16 6 120 3 10.26 6.75 6.3
17 6 90 5 9.32 6.34 6.08
18 6 120 5 10.14 6.49 6.15

# Catalyst (%) representsl, 3, and 5 g NBS in 100 mL acetic anhydride

P WPG represents the weight percent gain of OPEFB fiber due to acetylation, and it was measured according to WPG (%) = [weight gain/original weight]

x 100

differences in their viscosity. Tapis oil is a low-viscosity oil
that flows and penetrates faster than Arabian oil, which is a
high-viscosity oil. Arabian crude oil reached the porous inte-
rior of the sorbent within 35 min.

Buoyancy test
The result of the test shows that buoyancy of OPEFB fiber

was varied from 95.3 to 93.7 after 5- and 15-min buoyancy
time, although the raw sample shows the lowest value 0f 91.2

12
o a
11} 0. A
10}
~ St .
g 8
O ,_9.8"' N
g T f v
sl 0. a . e Tapis crude oil
sk A Arabian crude oil
[ ] A
4 - - .
4 5 6 7

Oil Sorption Capacity (g/g)
Fig. 4 Relations between oil sorption capacity and WPG

which is acceptable by ASTM. The good buoyancy of acety-
lated OPEFB fiber goes them into an effective adsorbent in
real conditions for the removal of crude oil spills.

Kinetic study

To understand the sorption process, a kinetic adsorp-
tion study was conducted. Two well-known models,
namely, the pseudo-first-order and pseudo-second-
order models, were used to understand the kinetics of

—a—Tapis crude oil

—e— Arabian crude oil

0 10 20 30 40 50
Time (min)

Sorption capacity (g/g)
S = N W A NN N

60

Fig. 5 Effect of sorption time on oil sorption capacity of acetylated
OPEFB fiber
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0 10 Timg(()min) 30 40 Fig. 7 Effect of oil concentration on oil sorption capacity
0.007
,,.-‘ K; and K, (1/min) are the rate constants of first-order
0.006 | y =0.0001x + 0.0006 ‘ and second-order models, respectively. Figure 6a, b
0.005 | R?=0.9894 > shows the linear plots of the two models. K; and g,
X were determined from the plot of log (¢.—¢q,) against ¢
- 0.004 ,2*' y =0.0001x + 0.0004 for the first-order model, and K, and g. were calculat-
-~ 2=
b0003 - .-:"* R*=09979 ed from the plot of #/q, versus ¢ for the second-order
model. The calculated parameters, namely, R’ K., K,
0.002 - and theoretical ¢,, for both models, are listed in
0.001 a5 ® Arabian crude oil Table 4. The pseudo-second-order model showed a
’ ¢ A Tapis crude oil better fit with the experimental data because this mod-
0 . L . . el yielded a higher R? value than the first-order model
0 10 20 30 40 50

Time (min)
Fig. 6 a Pseudo-first- and b pseudo-second-order rate equation models
for acetylated OPEFB fiber

adsorption of crude oil onto the OPEFB fiber. The
linear forms (Egs. (6) and (7)) of these two models
are as follows:

K
L —q)=Log g ——— ¢ 6
og (¢9.~q,) = Logq, 5303 (6)
t 1 t
—_ =4 — 7
. K¢ q. )

where ¢, and ¢, (mg/g) are the amounts of oil adsorbed onto
the sorbent at equilibrium and time ¢, respectively, and

as well as fairly matching experimental and theoretical
q. values.

Effect of oil concentration to water ratio and isotherm
study

Figure 7 shows the effect of oil concentration on
sorption capacity. The highest adsorption rate was
achieved at 87,500 mg/L oil concentration. At equi-
librium, no further adsorption was observed. This
equilibrium can be attributed to the saturation of ac-
tive sites on the OPEFB fiber at high oil
concentrations.

In this study, two isotherms models, namely, the Langmuir
and Freundlich models, were used to describe the mechanism
of oil sorption. Equations (8) and (9), respectively, represent

Table4 Pscudo-first- and pseudo-second-order adsorption rate constants, correlation coefficients (R%), and calculated and experimental ¢, values for

Tapis and Arabian crude oils

Type of oil q. (mg/g) (experimental) First-order kinetic model Second-order kinetic model

ge (mg) K ge R K
Tapis 6,300 423545 0.8335 0.117 10,000 0.9979 2.5x107°
Arabian 7,000 3,312.8 0.768 0.065 10,000 0.9894 1.6x107
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Table 5 The constants and coefficients of the Langmuir and Freundlich isotherms for Arabian and Tapis crude oils onto acetylated OPEFB fiber

Type of oil Langmuir isotherm coefficient Freundlich isotherm coefficient

o (mg/g) R, R Ky 1/n R
Tapis 10,000 0.073 0.9983 2,235.6 0.0983 0.925
Arabian 10,000 0.080 0.9979 2,466.6 0.0925 0.8984

the linear forms of the Langmuir and Freundlich isotherm
models.

c, 1 1

—“=—4+—C, 8

9. q90b 9o )
1

logg, = logk, + - (logC,) 9)

where ¢, (mg/g) is the amount of oil adsorbed at equilibrium
time or monolayer adsorption, C, (mg/L) is the equilibrium
concentration of oil, gy is the theoretical maximum adsorption
capacity, and b is the Langmuir constant related to the rate of
adsorption. The critical features of the Langmuir isotherm can
be explained by the constant separation factor R, which is
dimensionless. Here, the isotherm model is favorable if

a
14
12 + .
y=0.0001x +0.5531 .,:;:-"
oL R-09970
. 8T .:;::‘ y=0.0001x + 0.6206
q .::*" R?=0.9983
O 6 | ‘.:::.
4t & )
e @ Arabian crude oil
2r &
A Taips crude oil
0 1 1 1 1
0 20000 40000 60000 80000 100000
C, (mg/L)
3.86
384 | ° %@
AL
38 | A
S y=0005x+33021 . A
a 38 F R2=0.8984 vt o
3 ot K J
= ot ey y =10.0983x + 3.3494
378 | Tl R?=0925
(] . -
376 L .A . o A @ Arabian crude oil
e A Tapis crude oil
3.74 L L L
38 4 42 44 4.6 4.8 5
Log Q.

Fig. 8 a Langmuir and b Freundlich isotherms for Arabian and Tapis
crude oils onto acetylated OPEFB fiber

0<R;<1, unfavorable if R;> 1, linear if R;=1, or irreversible
if R;=0. R, is calculated using Eq. (10).

1

R=—
R IR YGN

(10)
where C, is the initial oil concentration.

In the Freundlich equation, ¢, (mg/g) is the maximum ad-
sorption capacity, C, is the equilibrium concentration of oil
(mg/L), K, (mg/g) (L/mg)l/n is the adsorption capacity in
multilayer adsorption, and 7 is the dimensionless Freundlich
constant. When //n is between 0 and 1, the adsorption process
is favorable. The values of n and K are obtained from the
slope and intercept of the plot of log ¢, versus log C,. All of
the calculated values are shown in Table 5. Figure 8a, b illus-
trates the Langmuir and Freundlich plots of the sorption data
for Arabian and Tapis crude oil sorption onto the acetylated
OPEFB fibers. The Freundlich model describes the multilayer
adsorption of the crude oil onto a heterogeneous sorbent sur-
face, whereas the Langmuir model assumes that adsorption of
oil onto the adsorbent surface is monolayer in nature and ho-
mogeneous (Salarirad et al. 2011).

The results show that fitting via the Langmuir isotherm
model produced a higher correlation coefficient (R?) than
fitting via the Freundlich isotherm model. The R, obtained
(0.073 and 0.080 for Arabian and Tapis crude oils, respective-
ly) reveals that adsorption favored the Langmuir model.
Although the //n Freundlich constant is between 0 to 1 (indi-
cating favorable fitting), this model produces an R* lower than
that obtained from the Langmuir model. These findings indi-
cate that sorption of the crude oils onto OPEFB fibers occurs
via a monolayer approach through homogeneous sites with
uniform energy-level distributions.

Conclusion

Acetylated OPEFB fibers are more hydrophobic than raw fi-
bers. The optimum conditions for acetylation of the fibers
included acetic anhydride with 3 % NBS as a catalyst at
120 °C and 4 h of refluxing time. Significant differences in
the FTIR spectra of the raw and acetylated fibers were ob-
served with increasing acetyl and ester groups and decreasing
hydroxyl groups. The optimum contact time for oil adsorption
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was influenced by the oil viscosity. Arabian crude oil (heavy
crude) required 35 min to reach equilibrium, whereas Tapis
(light crude) required only 30 min. The sorption rate and ad-
sorption mechanism of crude oil onto the acetylated sorbent
can be described by the pseudo-second-order model. The oil
concentration equilibrium fitted the Langmuir isotherm mod-
el. The results of this study reveal the potential use of waste
materials such as OPEFB fibers as an environmentally accept-
able and economical sorbent for oil spill cleanup.
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