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ABSTRACT

In this project, Nano-Palm Frond Titania Fiber (Nano-PFTF) membrane was fabricated
using cellulose acetate (CA) derived from oil palm frond (OPF). The nanofiber
membrane combines adsorption and photocatalytic degradation of the pollutants by
nitrogen-doped titanium dioxide (N-TiO2). The synthesized CA, N-TiO2, and Nano-
PFTF membrane were characterized using Raman spectroscopy and field emission
scanning electron microscope (FESEM). The efficiency of the fabricated Nano-PFTF
membrane was tested with methylene blue (MB) dye and hexavalent chromium (Cr
(V1)) under UV-C and visible light irradiation. Within 120 minutes, 97.82 % rejection
percentage of 10 ppm MB was achieved by Nano-PFTF membrane (CA/N-TiO2) while
99 % rejection percentage of 10 ppm Cr (VI) was achieved by Nano-PFTF membrane
under visible and UV light irradiation respectively. Based on the results, the Nano-
PFTF membrane showed remarkable potential in industrial wastewater treatment and
increase the potential usefulness of OPF.
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INTRODUCTION

Increasing world’s population increases the occurrence of water pollution due to
anthropogenic activities. The introduction of organic pollutants such as textile dye and
heavy metals in water bodies due to industrial activities creates an alarming need for
efficient pollutants removal from wastewater. This is because these pollutants can pose
detrimental effects towards aquatic and human health when left untreated. Each year,
over 700,000 tons of dyes are used in textile industry with 2-20% are directly
discharged into wastewater as aqueous effluent [1]. Textile dyeing is considered as the
main contributor of water pollution where about 200 billion liters of colored effluents
need to be treated annually [2]. There are about 3,600 to 10,000 commercial synthetic
dyes available; each with different fixation rate [2,3]. Up to 50% of the dyes used in the
dyeing process are not fixed to the fiber thus enter the drains and potentially harm the
environmental health with the release of persistent organic pollutants [1,4]. On the other
hand, heavy metals can be both naturally occurring and from anthropogenic activities;
commonly associated with industries like electronic, textile, mining, and electroplating.
Among the heavy metals that are of public health interest due to their toxicity are
arsenic, cadmium, chromium, lead, and mercury [5,6].

Titanium dioxide (TiO) or titania is a semiconductor metal oxide that is widely used as
a photocatalyst in wastewater pollutant degradation. TiO.> can be activated by UV
photon energy to produce highly reactive radicals to degrade organic contaminants.
TiO2 is highly favored because of its high stability and photocatalytic performance,
non-toxicity, and biocompatibility [11,12]. Previous studies had shown that TiO2 has
remarkable potential in degrading organic and inorganic pollutants such as dyes and
heavy metals [11,13,14]. However, intrinsic TiO> has large energy bandgap (Egc) at 3.0
eV (415 nm) for rutile TiO2 and 3.2 eV (380 nm) for anatase TiOz), in which only UV
light can be used to activate it [15-17]. Doping TiO2 with non-metal impurities such as
nitrogen (N-TiOz) helps to shift the Egc of TiO2 into the visible light region [13,14].
This allows TiO> to utilize broader spectrum of the solar irradiation which is composed
of about 4-5% of UV light and 40% of visible light [12,17]. In addition, incorporating
TiO2 in nanostructure supports such as nanofibers help to reduce potential TiO; particle
agglomeration, ensuring a consistently higher pollutant degradation performance.

At the same time, Malaysia is reputed as one of the world’s largest producers and
exporters of palm oil. . The total production of palm oil biomass reached 90 million tons
in 2017, with more than half contributed by oil palm fronds (OPF) [7]. To improve the
sustainability of manufacturing palm oil, it is imperative to reduce the high levels of
palm oil biomass has intensified, among which is to reuse oil palm biomass including
the OPF or other purposes. One particular area of interest is to extract cellulose and
cellulose-based derivatives from OPF, given its large cellulose composition (39.4-
47.3%). [8]. Notably, cellulose acetate (CA) is commonly used as a natural polymer
component for nanofiber membrane due to its high surface area, low density, and high
mechanical performance [9,10]. As nanofibers are commonly derived from petroleum-
based polymers such as PVP and PVA, utilizing natural-based CA from the abundantly
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sourced OPF provides significant benefits both in terms of cost and environmental
aspects.

In this study, we are proposing Nano-Palm Frond Titania Fiber (Nano-PFTF) membrane
as a solution towards treating organic and inorganic pollutants in industrial wastewater
via adsorption and photocatalytic pollutant degradation. This material combines both
visible-light active N-TiO2 nanoparticles suspended on electrospun OPF-derived CA
nanofibers. . To assess the performance of this membrane, it is tested on organic textile
dye; methylene blue (MB), and heavy metal pollutant; hexavalent chromium (Cr (V1)).
The immobilization of N-TiO in the CA nanofiber membrane in our reported study
allows for easier recovery of nanomaterials after the photocatalytic degradation process.
Besides, it is hypothesized the hybrid between adsorption by CA nanofiber membrane
and photocatalysis by TiO2 has synergistic effect on the removal of organics and heavy
metal.

EXPERIMENTAL DETAILS

Extraction of cellulose from OPF

Cellulose was extracted from OPF using the modified method reported by Rasli et al.,
[10]. An amount of 50 g dried OPF was treated with 600 ml of 4% sodium hydroxide
(NaOH) at 70-80°C for 3 h with constant stirring. Then, a bleaching treatment was done
using 600 ml hydrogen peroxide (H202) at 70-80°C for 4 h with continuous stirring. The
alkali and bleaching treatments were repeated two times, respectively. After each
treatment, the samples were rinsed using distilled water. The extracted cellulose was
dried in an oven at 60 °C.

Acetylation and characterization of OPF-cellulose

Extracted cellulose was then undergone acetylation to produce CA [18]. 10 g of
cellulose was first reacted with 110 ml of glacial acetic acid at 37.8°C for 1 h with
continuous stirring. After that, the product was reacted with mixture of 40 ml of glacial
acid and 0.1 ml of sulfuric acid (H2SO4) for 45 min with continuous stirring. The
mixture was then cooled to 18.3°C before subjected to mixture of 30 ml of acetic
anhydride and 0.6 ml of H2SO4 at 35°C for 1.5 h. Subsequently, a mixture of 10 ml of
water and 20 ml of glacial acetic was added dropwise into the resulted mixture and
stirred for 1 h. Lastly, the CA washed with distilled water till pH 7 before dried in oven
at 60°C. The chemical bonds of CA were verified using Raman spectroscopy (Horiba,
LabRam HR Evolution).

Synthesis and characterization of N-TiO>

N-TiO2 was synthesized based on the sol-gel method by Dhanya and Sugunan [19]. In
this method, titanium isopropoxide (TTIP) and urea were taken in the mole ratio 1:5.
The urea solution was added dropwise to a mixture of TTIP and ethanol. After stirring
for 24 h at room temperature, it was dried at 60°C. Prior to characterization, all the
samples were calcined in air using furnace (Protherm PLF 100/6) at 300°C for 4 h. The
morphology and particles size of nanoparticle were observed using FESEM (JEOL
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JSM-7600F and Hitachi SU8230). The purity, chemical bonding, and crystallinity of the
N-TiO, were studied by Raman spectroscopic analyses (Horiba LabRam HR
Evolution).

Synthesis and characterization of Nano-PFTF membrane

The polymer solution for electrospinning of Nano-PFTF membrane was produced by
dissolving 14.5 wt. % CA in 4.22 ml of N-N-dimethyl acetamide (DMAc) and 10 ml of
acetone with constant stirring at room temperature for 2 h. Then, 2 wt. % of N-TiO, was
added slowly into the mixture, followed by 2 h of magnetic stirring. After that, the
mixture was sonicated for 4 h at room temperature. Pure CA and 2 wt. % TiO solution
were also prepared at the same method as a control. The formulations of the synthesized
membrane are summarized in Table 1.

Table 1: Electrospun membrane formulation

Membrane CA Ratio of solvent ~ Nanomaterial
nomenclature (wt.%) DMAC Acetone (wt.%)
M1 -
M2 14.5 1 2 2 wt.% TiOz
M3 2 wt.% N-TiO2

Electrospinning was done by loading 10 ml of the homogeneous solution to a plastic
syringe attached to a stainless steel 18-gauge needle. The needle was connected using
alligator clips to a high voltage power supply (Gamma High Voltage, ES30P-5W) that
can provide up to 35kV. The polymeric solution is injected at a rate of 0.5 ml/h with the
aid of a syringe pump (Terumo Terufusion TE-331). An aluminum foil covered on a
custom-made rotating drum at the tip to collector distance of 10 cm with the rotating
speed of 105 rpm serves as the collector to retrieve the deposited fibers. When a voltage
was applied, the solution was charged and ejected. The solution jet travelled in the air
with the evaporation of the solvent. Eventually, the fibers were collected on the
grounded collector as a membrane. The fabricated membranes were characterized using
scanning electron microscopy (SEM, Phenom Pro) and FESEM (JEOL, JSM-7500F) at
an accelerating voltage of 10kV to obtain the fiber morphology. Chemical bonding and
crystallinity of the synthesized membranes were studied by Raman spectroscopic
analyses (Renishaw inVia).

Preparation of MB dye and Cr (V1)

MB was purchased from Across Chemicals and used without further modification. The
absorbance of MB was measured using a UV-VIS spectrophotometer (HACH DR1900)
at wavelength 660 nm. Stock solution (1000 mg/L) of Cr (VI) was prepared by
dissolving potassium dichromate (K>Cr207) into distilled water. The pH of the solution
was adjusted to pH 2-3 using hydrochloric acid (HCI). The Cr (VI) concentrations were
measured using diphenylcarbarzide (BDH) colorimetric method with a UV-VIS
spectrophotometer (HACH DR1900) at wavelength 540 nm according to standard
methods for the examination of water and wastewater.
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Photocatalytic reduction of MB dye and Cr (VI)

The photocatalytic capabilities of the Nano-PFTF membranes in reducing MB dye and
Cr (V1) are tested in batch photodegradation experiment. The membranes (0.1 g and 1
g) were placed in a quartz cell with working volume of 50 ml. The 10 ppm MB dye
solution in the reactor was constantly stirred via a magnetic stirrer. All experiments
were carried out within 2 h as reaction time. At 15 mins time intervals, certain volume
of solution was taken and measured for the concentration. To ensure uniformity of
working volume, the taken solution is refilled back into the quartz cell after
concentration measurement. For control experiment, the experiment was conducted by
covering the quartz cell with aluminium foil. Whereas, for UV and visible light
experiment, the experiments were conducted under a light source of a 95 W UVC lamp
and a 125 W visible light lamp, respectively. The optimized sets of membrane were
repeated for 10 ppm of Cr (V1) to evaluate its performance in removal of heavy metal.

RESULTS AND DISCUSSION

Synthesis of CA from OPF

The synthesized CA from OPF was characterized using Raman spectroscopy with near-
infrared laser (785 nm) and Raman spectra was plotted in Figure 1. Characteristic
Raman signals for cellulose are observed at 1121 cm™ and 2934 cm™ representing
asymmetric stretching vibration of C-O-C and C-H stretching respectively. Acetyl
group is also present in the CA with the Raman signals noted at 1382 cm™ (symmetric
vibration of C-H), 1435 cm™ (asymmetric vibration of C-H) and 1736 cm* (vibration of
C=0) corresponding to the Raman spectrum of CA as outlined by Sanchez-Marquez et
al. [20].
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Figure 1: Raman spectrum of CA extracted from OPF

Characterization of TiO2 and N-TiO>

The synthesized TiO2 and N-TiO2 were characterized with Raman spectroscopy using
green laser (514 nm) and FESEM using secondary electron (SE) detector. Figure 2
shows the Raman spectra of pure TiO2 and N-TiO2. The Raman spectra confirm the
crystal phase of TiO2 and N-TiO2 which are of anatase-rutile mixture and pure anatase,
respectively. The peak positions are compared with the Raman active fundamentals for
anatase and rutile as reported by Ohsaka et al. [21]. For N-TiO, sample, the peaks at
144 cm™, 397 cm, 514 cm, and 636 cm™ are attributed to Eg, B1g, A1g (Superimposed
with Big), and Eg modes of anatase phase, respectively. Whereas for pure TiO, the
Raman shift at 435 cm™ and 624 cm™ are associated with Eq and Aig modes of rutile,
respectively. A1y, B1g and Eg modes are corresponding to the vibration of pure O, pure
Ti and vibration mix of O-atom and Ti-atom motions, respectively [17]. Besides, the
Raman active fundamentals suggested the addition of nitrogen to TiO. suppress the
formation of rutile and induce the formation of pure anatase phase [14,22]. Anatase
crystallinity may imply that the photocatalytic degradation of targeted pollutants using
CA/N-TiO2 membrane will be higher than CA/TiO2 membrane since anatase phase is
said to be more photoactive than rutile [19].
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Figure 2: Raman spectra of TiO2 and N-TiO

FESEM images of TiO, and N-TiO. samples in Figure 3 portray the surface
morphology of the nanoparticles. Both samples show irregular shape and non-uniform
sizes. The particles for TiO2 samples are well-dispersed while the particles for N-TiO>
are aggregated into larger clumps. Thus, TiO2 has more active surface area compared to
N-TiO2 because the active sites are blocked due to aggregation. This is due to the
thermal treatment done where N-TiO. sample was calcined up to 300°C while no
calcination was done to pure TiO, samples. With increase of temperature, aggregation
rate will increase as reported by Sathish et al. [13]. Average particle size for TiO2 and
N-TiO2 are less than 20 nm. This corresponds with previous report where the average
TiO2 nanoparticles dimension and morphology are not significantly influenced by the
addition of nitrogen [23].
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Figure 3: FESEM images of (a) TiO2 at 100,000 x magnification; (b) N-TiO> at 200,000
x magnification
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Characterization of Nano-PFTF membrane

Raman spectra of Nano-PFTF membrane shown in Figure 4 reveal the composition of
the sample through the Raman peak positions. The fundamental Raman peaks for
cellulose can be seen at 2939 cm™ and 1128 cm™ representing C-H stretching and
asymmetric stretching vibration of the C-O-C glycosidic linkage. The fundamental
Raman peaks for acetyl group are 1744 cm™, 1433 cm™ and 1378 cm™* which represents
vibration of carbonyl C=0 group, asymmetric vibration of C-H and symmetric vibration
of C-H, respectively. The peaks at 1080 cm™, 978 cm, 910 cm™, 839 cm™, and 656
cm are referring to pyranose ring, C-O bond, C-H bond, O-H bond, and C-OH bond,
respectively. The Raman spectra also confirm the presence of TiO in the membrane,
implying successful immobilization of titania particles within the membrane fiber
matrix. The peaks at 144 cm™ and 514 cm™ are corresponding to anatase signals while
435 cm? for rutile. The Raman peak positions for TiO2 also show that the titania
embedded follows the individual TiO2 and N-TiO2 crystal phase which are anatase-
rutile and anatase, respectively.
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Figure 4: Raman spectra of Nano-PFTF membranes
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Figure 5: Surface morphology of Nano-PFTF membrane at (a) SEM 15,000 x
magnification; (b) FESEM 5,000 x magnification

Upon immobilization of titania in the CA polymer solution to form the membrane, the
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dispersion of titania in the membrane matrix is observed using SEM. The SEM images
of CA/TiO2 membrane at different magnifications are as shown in Figure 5a. The white
spots are referring to TiO> particles embedded. It can be observed that TiO> particles are
dispersed throughout the matrix. The weight loading of 2 wt% TiO2 is considered
optimum to produce nanofibers with visible titania beads and diameter between 222 —
346 nm [24]. In this study, the diameter of CA/N-TiO, membrane observed using
FESEM ranging from 200 nm up to 500 nm as shown in Figure 5b.
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Figure 6: Removal percentage of MB for (a) control (b) UV light (c) visible light versus
time (d) treated MB by 1 g CA with 2 wt. % N-TiO2 membrane under visible light

Photocatalytic reduction of MB dye

Figure 6 shows the percentage of MB removal by CA membrane, CA with 2 wt.% TiO>
membrane and CA with 2 wt.% N-TiO> membrane (i.e. Nano-PFTF membrane) under
different light sources. As seen from Figure 6(a), there is only 4.68-14.45% removal
after 2 h of stirring. The highest MB dye removal is achieved by CA membrane with 2
wt.% N-TiO, followed by 2 wt.% TiO,, and lastly pure CA membrane. This can be
explained by the surface morphology of the modified membrane as shown in Figure 5.
The rougher and more porous surface of the modified membrane provides more active
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sites for adsorption of dye molecules on the membrane surfaces. Besides, another factor
contributing towards improved adsorption of MB dye is the increased negative charge
of the membrane due to the incorporation of TiO2 and N-TiO, [25]. Since MB dye is
cationic in solution form, the opposite charge between the dye and TiO2 could enhance
the attraction between membrane and MB particles, hence improving adsorption [26].

For UV light degradation using 0.1 g of the membrane, the highest MB dye removal
was achieved by a modified membrane with 2 wt.% TiO> (69.43%), followed by 2 wt.%
N-TiO2 (37.90%), then pure CA membrane (20.79%). This is inferred to be due to UV
light excitation onto the TiO; particles. The study also in accordance to study conducted
to degrade dye using nanocomposite Nafion membrane embedded with TiO2 [27]. Their
studies suggested that the degradation of dye follows the following reactions, excited
dye molecules are generated upon absorption of visible photons, and subsequently inject
electrons intro TiO2. Consequently, dye molecules degrade in the wastewater.

On the other hand, for visible light degradation using 0.1 g of the membrane, the highest
MB dye removal was achieved by a modified membrane with 2 wt. % N-TiO>
(64.24%), followed by 2 wt. % TiO> (44.83%), then pure CA membrane (12.71%). As
expected, a modified membrane with N-TiO, exhibited the higher visible-light
photocatalytic activity dye to the effect of nitrogen doping into the TiO> lattice. This
can be explained by the fact that, when the dopants were added, the N atoms replaced
the oxygen sites of TiO2. This increased the oxygen vacancy and Ti®*, which leading an
enhancement of photocatalytic activity [28]. Besides, the high activity of the N-TiO>
may be ascribed to the reduction in particle size hence more active sites for dye
adsorption [29].

By using the optimized membrane, 1 g of modified membranes with 2 wt. % TiO2 and 2
wt. % N-TiO2 was tested for both UV light and visible light source, respectively. As
seen from Figure 6(b) and Figure 6(c), the MB dye removal is higher in visible light by
a modified membrane with 2 wt. % N-TiO2 (97.82%) than that of UV light using 2 wt.
% TiO2, membrane (94.40%). This could be due to higher porosity and adsorption
surface area by N-TiO2. A similar observation was also witnessed in the control
experiment (Figure 6(a).

Photocatalytic reduction of Cr (V1)

Figure 7 shows the removal of 10 ppm Cr (VI) by modified membrane with 1 g of 2
wt.% TiO2 (Nano-PFTF membrane) under UV light source. It is observed that the
degradation process increased rapidly in the first 30 minutes and reaches stagnant
towards the end of 2 h reaction time. The highest reduction of Cr (VI) was achieved at
99%. The Cr (V1) concentration after 2 h had dropped from 10 ppm to 0.1 ppm which
has met the maximum concentration of Cr (V1) allowed in drinking water stipulated in
WHO qguidelines [30]. Generally, the Cr (VI) reduction rate by the photocatalytic-
induced elections was significantly higher for acidic solution, in this case, pH 2-3 [31].
This is because TiO> surface carries more positive charges in acidic solution, the
negatively-charged Cr (VI) species have a higher affinity towards the TiO2, and thus

98



Solid State Sci. Technol.

increase the extent of adsorption and photocatalytic reaction. The products of
photocatalytic removal of Cr (V1) might be Cr (I11) under acid pH [32].
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Figure 7: Rejection percentage of Cr (VI) by TiO2 membrane under UV light versus
time

Comparison of photocatalytic performance

The photocatalytic removal of MB dye and Cr (VI) with TiO> and N-TiO> was
compared with other reports in the viewpoint of catalyst dosage, lamp power, reaction
time, and removal efficiency as shown in Table 2 and Table 3, respectively. This
comparison shows that the both TiO, and N-TiO. is an effective catalyst for the
reduction of MB dye and Cr (VI) from aqueous solution. Based on the degradation
results of MB and Cr (VI), the performance of fabricated Nano-PFTF membranes can
be regarded as excellent. Thus, this product has a bright future as an efficient water
treatment system to remove organic and inorganic pollutants in wastewater.

Table 2: Comparison of photocatalytic MB dye reduction results

System Catalyst Lamp Time Removal Reference
UV/titanate nanotubes 0.5 8 120 90 [32]
Visible light/TiO- - 0.6 23 120 85.45 [33]
UV/TIiO2 0.4* 95 120 94.40 Present
Visible light/N-TiO> 0.4* 125 120 97.82 Present
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Table 3: Comparison of photocatalytic Cr (V1) reduction results

System Catalyst Lamp Time Removal Reference
UV/titanate nanotubes 1 15 120 80 [31]
Visible light/TiO> - 1 125 120 78 [32]
UVITIO> 0.4* 95 120 99 Present
Visible light/N-TiO; 0.4* 125 120 100 Present

20 g/L membrane was used

CONCLUSION

The ability of Nano-PFTF membrane in removing the target contaminant indicates a
successful merge between organic polymers with inorganic visible light active
photocatalyst in producing a high-performance nanofiber membrane for water
treatment. Nano-PFTF Membrane helps to enhance the wastewater treatment process
by: (i) separating the pollutants from water through the membrane, and (ii) reduce the
pollutants simultaneously with the presence of N-TiO. photocatalyst. Synthesized
Nano-PFTF Membrane using CA-OPF and N-TiO2 showed prominent removal
percentage of MB dye and Cr (VI) of 97.82 % and 100 % respectively within 120
minutes of treatment using visible light lamp. Utilizing OPF for CA synthesis allows us
to convert the largest portion of palm oil biomass into a nanomaterial of economic value
which can be exploited for water treatment process. Overall, the production of Nano-
PFTF membrane helps in environmental remediation by removal of dye and Cr (VI) on
wastewater, and impacts the society by providing cleaner water, as well as enhances the
value of OPF, a crop waste, to transform it into a potential nanomaterial. Further study
on the characteristics of Nano-PFTF membrane should be done to improve its physico-
chemical properties, as well as identifying wider range of pollutants that can be treated
with this system.
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