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ABSTRACT

Absorption is one of the effective, simple and economical methods to remove oil from oily wastewater. The most widely
used approach is to utilize lignocellulosic biomass as oil absorbent. However, the hygroscopic of cellulose have limited
the oil-water separation capability of lignocellulosic fibers. In this study, the surface functionality of oil palm empty
Sfruit bunch (EFB) fibers was slightly altered by grafting reduced graphene oxide (rGO). The modified EFB fibers show
a distinct morphological and chemical characteristics changes as the surface of fibers has been coated with rGO. This
was supported by FTIR analysis with the diminishing peak of hydroxyl group region of EFB fibers. While the surface
modification on EFB fibers shows a diminution of a hydrophilic characteristic of 131.6% water absorption in comparison
with 268.9% of untreated EFB fibers. Moreover, modified fibers demonstrated an oil-water separation increment as well,
as it shows 89% of oil uptake and improved ~17 times of oil selectivity in oil-water emulsion than untreated EFB fibers.
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ABSTRAK

Penyerapan merupakan salah satu kaedah yang berkesan, mudah dan berekonomi untuk menyingkirkan minyak daripada
air buangan berminyak. Antara pendekatan paling banyak digunakan secara meluas adalah dengan menggunakan
biojisim lignoselulosa sebagai penyerap minyak. Walau bagaimanapun, higroskopi selulosa telah membataskan
keupayaan pemisahan minyak-air bagi gentian lignoselulosa. Dalam kajian ini, permukaan berfungsi gentian tandan
kosong kelapa sawit (EFB) telah diubah sedikit dengan mencantumkan grafin oksida terturun (rGO). Gentian EFB
terubah suai menunjukkan perubahan morfologikal dan ciri kimia yang berbeza dengan permukaan gentian yang telah
disaluti oleh rGO. la telah disokong dengan analisis FTIR dengan pengurangan puncak kawasan kumpulan hidroksil
gentian EFB. Sementara itu, pengubahsuaian permukaan gentian EFB telah menunjukkan pengurangan ciri hidrofilik,
menghasilkan 131.6% penyerapan air berbanding dengan 268.9% bagi gentian EFB tanpa rawatan. Malah, gentian
terawat juga menunjukkan peningkatan terhadap pemisahan minyak-air dengan melihatkan 89% pengambilan minyak,
dan menambah baik ~17 kali ganda daripada gentian EFB tanpa rawatan.

Kata kunci: Grafin oksida terturun; hidrofobik, lignoselulosa; penjerapan; perolehan minyak

INTRODUCTION . . . .
surface treatment and chemical modification of cellulosic

absorbent have reported increase the hydrophobicity
property of the fibers (Deschamps et al. 2003; Feng et al.

Absorption has long been known as one of the most
effective and economical methods for the removal of oil

in wastewater (Adebajo et al. 2003; Wabhi et al. 2013).
Although the wide selection of this method can be
generated by the natural abundance of carbon, polymers,
clays and lignocellulosic fibers. However, high separation
selectivity of oil in oil-water emulsion and biodegradability
should factorize the ideal of oil absorbent (Deschamps et al.
2003; Hussein et al. 2008; Liu et al. 2013). In the previous
study, lignocellulosic adsorbent has provided a potential
replacement of activated carbon for the removal of dyes,
organic matter and metal ions. However, the hydroxyl
groups comprise in the cellulosic composition contributed
a high hydrophilicity, which affected the effectiveness
to remove oil (Li et al. 2013). Thus, an appropriate

2015; Wang et al. 2015).

Practically, to form hydrophobic-oleophilic materials,
the surface of the absorbent can be modified through
physical and chemical modification by improving the rough
structure on the surface material and increasing the low
surface energy on the surface of the materials (Wang et al.
2015). In most of the cases, acetylation and organosilanes
grafting were a perfect match for surface modification
due to the compatibility of acetylated cellulose-oil (Li et
al. 2013). Whereas, grafted silanes on the surface of the
materials via chemical vapor deposition will modify the
interaction of boundary layers between solids and water
(Arkles 2016; Feng et al. 2015). Recently, interesting
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approach by introducing graphene oxide (GO) as chemical
grafting also provide a very promising result, which has
been widely used for water remediation (Chia et al. 2013;
Liu et al. 2013; Qin et al. 2015).

In our previous study, oil palm empty fruit bunch (EFB)
fibers have been used as adsorbent material to remove
chemical substances for water remediation (dyes, metal
ions and organic compounds of paper mill effluent) (Sajab
etal.2014,2013). In this work, in order to provide a better
selectivity toward oil separation, EFB fibers was pretreated
and surface modified with subsequence method of alkaline-
oxidative pretreatment and surface grafting with reduced
graphene oxide (rGO). The oil-water separation selectivity
performance of untreated and modified EFB fibers was
investigated by series of oil and water absorption.

MATERIALS

Oil palm empty fruit bunch (EFB) fibers were obtained from
the Malaysian Agricultural Research and Development
Institute (MARDI). Used engine oil was collected at the local
automobile workshop nearby Bangi, Selangor. Graphene
oxide (GO) was prepared by using graphite flakes (Ashbury,
Inc. USA), phosphoric acid, 85% (Merck), potassium
permanganate, 99.9% (Merck) and hydrogen peroxide,
30% (Merck).

METHODS

ALKALINE-OXIDATIVE PRETREATMENT

The alkaline pretreatment of EFB fibers (EFB/AO) started
with an alkaline wash of 50 g/L fibers to 0.1 M NaOH ratio
and stirred at 500 rpm for 1 h by magnetic stirrer as followed
by our previous study (Sajab et al. 2013). After the alkaline
treatment, 2 wt. % of H,O, was added and stirred for 24 h
until all oxidation reaction has been performed (Santanaraj
et al. 2017). Then, the treated fibers were washed with
deionized water to remove the excesses of H,O, and
NaOH. The treated EFB fibers dried overnight at 105°C.

EFB FIBERS GRAFTED GRAPHENE OXIDE

GO was first synthesized by using simplified Hummer’s
method. The method was selected according to our
previous work (Chia et al. 2013). Briefly, graphite flakes (3
g) was added into a 9:1 H,SO,:H,PO, (360:40 mL) solution
and gradually added of KMnO, (18 g). The oxidation
process was stopped by ice (~400 mL) along with 30 wt.
% H,0, (27 mL). The solution was centrifuged at 12,000
rpm for 30 min and washed three times with | M HCI and
ten times with deionized water. The diluted GO (1 mg/
mL) was mixed with the EFB fibers with the ratio of 50
g/L. The mixture of GO and EFB fibers was stirred for 1 h
at room temperature. The sample was placed in an oven
at a temperature of 180° for 3 h to reduce the GO to rGO
(EFB-rGO). These steps were repeated with EFB/AO fibers
to form onto EFB/AO-rGO fibers.

OIL-WATER SELECTIVITY

In a water selectivity study, the absorption of water in
EFB fibers was performed at a ratio of 4-12 g/L. at a 200
rpm and left for 24 h. The sample was filtered using 0.45
pm membrane filter and measured the water absorption
by moisture analyzer (Denver Instrument). In oil-water
separation, oil selectivity was measured by the amount of
oil to water ratio absorbed in the EFB fibers. In general, 2-10
wt. % of used engine oil was homogenized with water for
10 min and a mixture of EFB fibers with oil-water emulsion
was continuously stirred for 1 h. The initial weight of
absorbent by oil-water mixture was recorded. Later, the
absorbent was dried at 105°C for 24 h to remove water
absorbed in the absorbent. The initial and final weight
of the absorbent was measured to calculate the absorbed
amount of used engine oil at final equilibrium (g,) using
the following equation (Sajab et al. 2014),

C, CV
g =t (1

m

where C and C are the initial and equilibrium concentrations
of the oil-water emulsion (mg/L), respectively, Vis the total
volume of the oil-water emulsion (mL) and m is the mass
of the absorbent (g). These experiments were replicated
three times and followed by treated EFB fibers, EFB-rGO
and EFB/AO-rGO.

CHARACTERIZATIONS

Synthesized GO was analyzed using a transmission electron
microscopy (TEM) (CM 12 Phillips). The sample was
diluted using ethanol (ca. 0.01 wt. %) and dropped onto a
copper grid and stained with uranyl acetate (3 wt. %). The
morphological changes were observed by field emission
scanning electron microscope, FESEM (Merlin Compact,
Zeiss Pvt. Ltd.) Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) (ALPHA FTIR
Spectrometer, Bruker) characterization for the functional
groups of the samples was performed in the resolution of
1 cm™ in the range of 4000 to 650 cm™.

RESULTS AND DISCUSSION

CHARACTERIZATIONS OF MODIFIED EFB FIBERS

Figure 1(a) shows the TEM image of GO and independent
GO sheets were observed. This single layer of GO sheets
was larger than 0.5 um in wideness because of the existence
of a large amount of oxygen-containing functional
groups on both sides of the plane and around the edges as
described by Lerf-Klinowski model (1998). In addition,
the exfoliation of GO up to single layer was due to the
diminishing van der Waals interactions between GO layers
through the sonication process (Changjing et al. 2013). The
morphological structure of EFB fibers observed by FESEM
shows a high amount of silica bodies with the rough surface
structure on the surface of the untreated fibers (Figure 1(b)).
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FIGURE 1. TEM micrograph image of (a) GO suspension and morphological images of
FESEM on (b) untreated EFB (c) EFB-rGO and (d) EFB/AO-rGO

In the addition of rGO coated on the surface of the fibers
(Figure 1(c) and 1(d)), multiple rGO sheets can be observed
overlay on the surface of the fibers. Whereas, the pretreated
fibers by alkaline-oxidization (Figure 1(d)) before coated
with GO shows more porous structure by the visible
lumen of the fibers. The porosity of treated fibers shows
the successful removal of wax, lignin and silica through
delignification process (Santanaraj et al. 2017).

The comparison of FTIR spectrum between GO,
untreated and modified EFB fibers were carried out in
order to identify the distinct changes in a functional group
of cellulosic fibers and reduce GO as shown in Figure 2.
In the FTIR spectrum of GO, a broad peak can be seen
between 3100-3600 cm™ and a sharp peak at 1632 cm'
corresponding to the stretching and bending vibration
of OH groups of water molecules on synthesized GO.
Moreover, a general characteristic of functional groups
in lignocellulosic fibers can be recognized between 3100-
3600 cm™, 1620-1720 cm™ of hydroxyl, carbonyl and
carbonyl groups, respectively (Sajab et al. 2013). While
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FIGURE 2. FTIR spectrum of GO, untreated EFB fibers and
modified EFB fibers with pretreated alkaline oxidative and
functionalized rGO

a broad absorption peak of hydroxyl groups of EFB fibers
is diminishing after the surface modification by reduced
graphene oxide for EFB-rGO and EFB/AO-rGO. Thermally
reduced graphene oxide has been deoxygenated and
overlay the hydroxyl groups on the surface of modified
fibers (Qin et al. 2015). Considering the hygroscopic of
the EFB fibers is mainly bound by the hydroxyl groups in
the lignocellulosic fibers, the reduction of the O-H bond
of hydroxyl group will promote the hydrophobicity of the
treated fibers (Li et al. 2013).

WATER UPTAKE OF CHEMICALLY MODIFIED EFB FIBERS

The water uptake of EFB fibers was shown in Figure 3.
The untreated EFB fibers demonstrate the highest water
uptake with 268.9% of water absorption. The strong
hydrophilicity of the untreated EFB fibers is due to
the hydroxyl groups which largely occur in cellulose
composition for the lignocellulosic material (Li et al.
2013; Nguyen et al. 2003). Meanwhile, the modified
EFB fibers have been reduced its hydrophilicity with the
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FIGURE 3. Water absorption and oil-water separation of
untreated EFB fibers and modified EFB fibers of pretreated
alkaline oxidative with functionalized rGO
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reduction of water absorption of 51.0 and 20.7% for
EFB-rGO and EFB/AO-rGO, respectively. EFB/AO-rGO
shows an increment of water uptake in comparison with
EFB-rGO even though the modified fibers have been
coated with the rGO. This might be a result of alkaline-
oxidation treatment towards the fiber lumen exposure and
allowed physical absorption between the fibers and water
(Santanaraj et al. 2017). Subsequently, the diminution
of the water uptake by chemically modified EFB fibers
has been resulted in the increasing of the oil uptake up
to 75.7% in comparison with 44.9% of untreated fibers.

OIL-WATER EMULSION SEPARATION OF CHEMICALLY
MODIFIED EFB FIBERS
The oil separation by EFB/AO-rGO fibers shows in Figure
4 shows the tendency of oil to coagulate on the surface of
the fibers. This slightly exhibits an improvement of the
surface oleophilicity modification by rGO. However, the
mechanism of the separation selectivity should investigate
through the oil-water emulsion separation rather than solely
depending on the maximum oil uptake of oil absorption.
Thus, in the oil-water separation study, the oil uptake has
been carried out at different amount of EFB/AO-rGO dosage
(0.2-0.6 g) in the series of oil-water emulsion (2-10 wt.
%). As a result, the increment of absorbent dosage has
enhanced the oil uptake of the EFB/AO-rGO up to 89.4% of

FIGURE 4. Comparison of oil separation by using (a) untreated
EFB fibers and (b) functionalized EFB fibers with rGO
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oil absorption at 0.6 g (Figure 5). Theoretically, additional
of the absorbent dosage provided more surface area of the
absorbent to uptake and retain oil absorbed (Yang et al.
2014). Nonetheless, the increasing of oil concentration
(2 to 10 wt. %) in oil-water emulsion shows an immense
decline in oil separation efficiency with a reduction to
18.3,21.5and 31.2% at 0.2,0.4 and 0.6 g of EFB/AO-1GO,
respectively.

The optimum uptake of the oil recovery can be
calculated by fitting the adsorption models in the non-linear
equation of the Langmuir and Freundlich isotherm models
(2 and 3), which can be expressed as (Freundlich 1906;
Langmuir 1917),

0,bC,
= =0""e 2
4 1+bC, @
where @, is the maximum adsorption capacity per unit
mass of absorbent (mg/g); and b is a constant related to
the adsorption energy (L/mg).

q.= Kk, Cl" 3)

where K and 1/n, are the Freundlich constants, with K,
representing the relative adsorption capacity ((mg/g)(L/
mg)'")) of the absorbent and 7, representing the degree of
dependence of adsorption on the equilibrium concentration
of oil-water emulsion. In general, the assumption
mechanism of the Langmuir model represented the
monolayer interaction between the oil molecules and the
surface of the EFB fibers. While Langmuir explains on the
homogeneous interaction, the Freundlich model considers
the heterogeneous interaction behavior of the adsorbent-
adsorbate mechanism. The higher correlation coefficients
(r?) of the experimental data was well fitted with Freundlich
(0.983-0.9989) in comparison with Langmuir (0.979-
0.997) indicates the heterogeneous interaction between
oil and adsorbent due to the oil-water composition in the
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FIGURE 5. The efficiency of (a) oil selectivity in oil-water separation and (b) fitted Langmuir and Freundlich models by
modified EFB fibers of pretreated alkaline oxidative with functionalized rGO (EFB/AO-rGO)



emulsion and the oleophilicity of rGO. Moreover, the
estimated maximum oil adsorption (Q,) of EFB/AO-TGO
at different adsorbent dosages of 0.2, 0.4 and 0.6 g are
calculated as 189.6, 221.8 and 372.9 mg/g, respectively.
The high separation selectivity of the chemically modified
EFB fibers performed a competitive performance with
activated carbon (468 mg/g) shows in a previous study
(Okiel et al. 2011).

CONCLUSION

In this study, alkaline-oxidative pretreatment exhibit
as an effective pretreatment of EFB fibers through the
improvement of the surface area of the adsorbent.
Whereas, the modification of the EFB fibers with rGO
show strong oleophilicity and better oil selectivity in the
oil-water emulsion. However, since the composition of
lignocellulosic is naturally hydrophilic, the additional
properties of hydrophobicity of rGO gave the complex
mechanism of the oil uptake which is supported by the
heterogeneous interaction between adsorbent-adsorbent
assumption by Freundlich adsorption model.
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