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Abstract: Photocatalytic biomass valorization has proven to be a valuable approach for sustainably
constructing value—added products from waste materials. The present study aimed to know about
Bismuth ferrite (BiFeO3) nanoparticles combined into carboxymethyl cellulose (CMC) obtained from
oil palm empty fruit bunch waste (OCMC) and used as a catalyst composite for the degradation of
anionic dyes, specifically on methyl orange (MO) and congo red (CR). The parameter that affects the
formation of OCMC, such as the degree of substitution (DS), depends upon the alkalization reaction
time and NaOH concentrations. The highest DS was obtained at 1.562 and found at 60% NaOH with
9 h of alkalization, very close to that of the commercial CMC (CCMC) DS value. X-ray diffraction
(XRD) analysis revealed that OCMC as a semi-crystalline phase and the tensile strength of OCMC
film increased significantly from 0.11 MPa to 3.54 MPa as compared to CCMC. The comparative
study on photocatalytic degradation of MO and CR using OCMC and CCMC reinforced with 0.8%
BiFeO3 showed a minor difference in removal percentage. The efficiency removal for CCMC/BFO
towards CR and MO was enhanced to 95.49% and 92.93% after a 3-h treatment, and a similar result
was obtained in the case of OCMC/BiFeOs at 92.50% for CR and 89.56% for MO, respectively.
Nevertheless, it is interesting that OCMC film exhibits remarkable stability with an improvement in
terms of tensile strength and stays more intact than that of CCMC.

Keywords: photocatalysis; nanoporous; materials; photo functional materials; biomass; OPEFB

1. Introduction

Nowadays, environmental pollutions are the major problem affecting the earth. The
primary sources of this type of pollution are the excretion of industrial wastes and efflu-
ents. It might be in the form of solid waste, liquid waste, or gaseous waste. Enormous
environmental contaminants discharged from textile and papermaking industries are non-
biodegradable dyes and carcinogenic contaminants. Water pollution caused by various
industries, including fertilizer, dyes, and other chemicals, is a significant concern on a
global scale [1,2]. About one million tons of dyes are generated annually for consumption
in the textile, leather, pharmaceuticals, paper, and cosmetic industries [1], and during the in-
dustrial processes, a huge amount of the dyes are released into effluents [3]. Unfortunately,
these dyes are hazardous to the environment and non-biodegradable [4]; consequently, it is
essential to have a proper approach for the removal of dangerous chemicals from water
supplies [5]. Photocatalytic degradation utilizing semiconductors made up of metal-oxide
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is an established approach for removing wastewater pollutants, including synthetic dyes [5].
The procedure is affordable, efficient, eco-friendly, and economical for the environment [6].
Heterogeneous photocatalysis reactions occur mostly on the photon-activated photocat-
alyst materials surface [7-9]. It is essential to understand the reaction steps involved in
the photodegradation of organics when formulating kinetic expressions. The liquid phase
organic compounds are degraded to their corresponding intermediates with increasing
irradiation time and further mineralized to carbon dioxide, water, and inorganic ions (from
heteroatoms) [10]. Among them, BiFeO3; (BFO) has a narrower (~2.5 eV) band gap that
allows the photocatalytic activity to become prominent under visible light. The smaller
band gap of BFO nanoparticles indicates the possibility of photocatalysis using more visible
light [11]. Therefore, applications of BFO materials either in pollutant degradation or in
photocatalytic hydrogen generation from water splitting under visible light have attracted
more attention [12]. According to Gao et al., BFO nanoparticles with the size of ~120 nm has
been used to degrade methyl orange (MO) under visible light and after 16 h, almost all of
the MO has been degraded [11].The experiment of Xu et al. proved that BFO could degrade
Congo red, albeit the effect of degradation is not as good [7]. These results predict that BFO
may have the potential for effective water treatment applications [13]. However, due to their
limited specific surface area and low adsorption capacity, the performance of conventional
semiconductors is insufficient to satisfy the demands of actual applications. Photocatalyst
removal or recovery work with suspensions is not technically feasible due to the high
cost of the filtration process. When added to fixed beds or other flow-through systems,
the reduced particle size and potential leaching of these photocatalyst nanoparticles may
hinder mass movement and result in the excessive pressure reductions [13]. In addition to
issues with separation and reuse, nanoparticles released into the environment could pose
risks to ecosystems and human health. To get over these restrictions, a workable method is
to build a hybrid nanocomposite by impregnating or immobilizing the small particles on
bigger solid particles. The photocatalyst and adsorbents are joined to form an integrated
photocatalyst adsorbent. For enriching organic molecules on photocatalyst surfaces for
catalytic conversion, these porous/composite materials seemed to be a preferable choice.

Biomass waste, particularly from the oil palm empty fruit bunch (OPEFB), has gener-
ated more than 18,000 tonnes; cellulose extracted from OPEFB has been determined to be
93% pure [14]. OPEFB biomass waste has low economic value and poses a disposal chal-
lenge most of the time. Conventionally, OPEFB waste is often burnt, disposed of in landfills,
or composted with organic fertilizer [15,16]. As a result, solid waste such as OPEFB pulp is
available and can be transformed into a low-viscosity cellulose-based product, resulting in
the better utilization of biological resources, less pollution, and significant economic and
environmental advantages.

Carboxymethyl cellulose (CMC) is a linear, long-chain, water-soluble, anionic polysac-
charide and is one of the most valuable and important derivatives of cellulose. It has been
known as a promising polymer adsorbent with high porosity, viscosity, non-toxicity, and
biodegradability [17]. CMC is prepared by activation of cellulose with an aqueous NaOH
in the slurry of an organic solvent which reacts with the cellulose and monochloroacetic
acid (MCA) as an etherifying agent [18-20]. As a result, hydroxyl groups are substituted by
sodium carboxymethyl groups in C-2, C-3, and C-6 of glucose, and substitution slightly
prevails at the C-2 position [21]. Hence, the substitution of a carboxymethyl group instead
of the hydroxyl groups is slightly predominant at the C-2 glucose position [18]. Through
this reaction, different degrees of substitution (DS) of CMC, a key property affecting the
physical and chemical properties of CMC for many applications, can be produced generally
in the range of 0.5-1.4 for commercial products [22]. Although the maximum theoretical
value of substitution is 3, this value reached up to 1.4 for commercially available ones.
The CMC with DS < 0.4 swelled but was insoluble in water, while the CMC with a DS
of more than 0.4 was fully soluble with its hydro-affinity, which increases with the rise
of DS [23]. It was discovered that the DS increases significantly with temperature and
time; however, the effect of time on DS is greater than that of temperature [24]. Due to the
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degradation of CMC under the influence of atmospheric oxygen, the DS value decreased
with a further increase in reaction temperature. This is because the long reaction time
improves diffusion and absorption of the reagents, with the ultimate effect of improving
contact between the etherifying agents and cellulose [25,26]. In addition, it was reported
that increasing the concentration of NaOH had a greater impact on DS than increasing
the temperature or SCA [27]. Since it is extensively employed in numerous areas, many
studies have been conducted to produce CMC from different resources, such as sugarcane
bagasse [21], durian rind [28], cornstalk [19], and palm kernel cake [29]. It was observed
that the properties of the prepared CMC from various biomass sources have been attributed
to the dose dependence of different factors. The suitable ratio of cellulose/SCA was noted at
5/6 (wt%) and a reaction time of 3 h [18,30-33]. In addition to this, the reaction temperature
should be controlled, as DS decreased due to the degradation of CMC under the influence
of atmospheric oxygen. However, as mentioned previously, the concentration of NaOH
solution and reaction time was able to vary in a wide range depending on the biomass
source. A higher concentration of NaOH might lead to the formation of the by-products
in the side reaction, such as sodium chloride and glycolate, which reduced the purity of
CMC [22]. However, Pinto et al. reported that the DS value could be achieved by using a
higher concentration of NaOH solution [19].

Therefore, the present study uses a variety of alkalization times and NaOH concen-
trations to produce a hydrophilic, negatively charged CMC from OPEFB at lower reaction
temperatures. The study has attempted to identify the polymer’s best DS and mechanical
properties before integrating it with the BiFeO3 (BFO) semiconductor. It also investigated
how well synthesized CMC associated with BFO (SCMC/BFO) degraded the dyes methyl
orange (MO) and congo red (CR) through photocatalysis.

2. Results and Discussion
2.1. The Appearance of Cellulose Extracted from OPEFB, OCMC, and BFO Composite Films

Figure 1 shows the images of the OPEFB after pulping processes (a), the isolated
cellulose from OPEFB (b), and the prepared CMC (OCMC) after 9 h reaction at 60% NaOH
solution (c). It can be seen that the chemical treatment in the cellulose extraction process
and carboxymethylation have strong effects on the formation of the obtained materials.
After the alkalization and bleaching step, the initial pulped OPEFB was decolorized from a
yellow-brown to a white color, as observed in the case of purified cellulose. In addition,
the preparation of the OCMC necessitated two reactions: alkalization and etherification,
respectively. The cellulose from OPEFB waste is alkalized with NaOH in the presence of
isopropanol, which acts as a swelling agent and diluent, allowing effective penetration
into the crystalline cellulose structure. It allows the hydroxyl groups to participate in the
etherification reaction by solvating them, which was carried out at room temperature. To
produce carboxymethyl cellulose ethers, alkali cellulose is reacted with MCA throughout
etherifying isopropanol as the supporting medium. From these results, it could be suspected
that the morphologies of the OCMC varied when different concentrations and reaction
times of NaOH solutions were used. In addition, there was no significant difference between
the films prepared from OCMC and CCMC as well as the nanocomposite materials of BFO
in Figure 1d-g.
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Figure 1. The appearance of pulped OPEFB (a), extracted cellulose from the pulped OPEFB (b),
OCMC (c), films of OCMC (d), and OCMC/BFO (e); CCMC (f) and CCMC/BFO (g).

2.2. Effect of Various Alkalization Times and Concentrations of NaOH towards the Degree
of Substitution (DS)

The polymer’s functional group’s degree of substitution (DS) is an essential parameter.
The average number of hydroxyl groups in the structure of cellulose that were substituted is
the degree of substitution (DS) of the carboxyl group in CMC at C-2,3 and 6 by carboxymethyl
groups. The DS of the OCMC was determined by synthesizing cellulose from OPEFB with
different NaOH concentrations and alkalization reaction times. The duration of alkalization
was investigated by varying the alkalization period from 3 to 11 h while using 30% NaOH,
and the degree of substitution (DS) was shown in Figure 2a. As can be seen, the DS of OCMC
increased with increasing alkalization time, and reached a maximum value of 0.688 after 9 h.
This could be related to the formation of an alkali-cellulose slurry at longer the alkalization
reaction time and the cellulose reacted with NaOH, resulting in a more slurry-like combination.
Monochloroacetate functional groups were thus actively encouraged to penetrate deeply into
the crystalline cellulose structure. Above 9 h, the DS of OCMC tended to be decreased to
0.604 in 11 h. As the alkalization period extended, the crystalline structure is disintegrated
or altered, resulting in the decreasing DS [34]. It is noted that, for various cellulose sources,
the distinct influence of NaOH concentration in the alkalinization stage on the subsequent
etherification reaction and in conjunction with polymer swelling and cellulose crystallinity
has been intensively highlighted [35]. As shown in Figure 2b, the effect of sodium hydroxide
concentration was investigated by varying the NaOH solution concentration from 20 to 70%.
The DS of OCMC increased with NaOH, reaching a maximum DS of 1.562 at a 60% NaOH
in concentration. OCMC'’s capacity to sequester water in a system has improved as its DS
has improved, attributable to its hydrophilicity toward liquids. When more than 60% alkali
was utilized, the DS decreased to 0.781 when produced at 70% NaOH solution. The DS
has reduced above 60% NaOH concentration, most likely due to cellulose breakdown and
glycolate formation, resulting in the inactivation of MCA used by this side process [25]. In
conclusion, the highest degree of substitution output was produced by an alkalization process
lasting 9 h with 60% NaOH, as shown in Figure 2a,b and this composition has continued for
further use.
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Figure 2. Effect of alkalization time on DS of OCMC in the presence of 30% NaOH (a) and Effect of
NaOH concentration on DS of OCMC produced within 9 h (b).

2.3. Microstructure and Morphology

The control cellulose produced from OPEFB exhibited a rough exterior surface, and
the fiber was twisted and ruptured, which was possibly caused by the employment of
highly concentrated chemicals and high temperatures in the cellulose extraction process
(Figure 3ai). The synthetic commercial carboxymethyl cellulose (CCMC) had a long and
narrow form (Figure 3aii) with a smooth and dense surface. For the synthesized OCMC
(Figure 3biii-bvi), the surface roughness of the polymer strand dropped slightly when
the NaOH concentration increased from 30 to 70% as compared to the raw cellulose.
This is due to the cellulose crystallinity being modified to allow mono-choloroacetate as
an etherifying agent to access the cellulose molecule. Similar results were reported by
Nur. etal. [36]. The cross-section of the CCMC film (Figure 3bi) revealed a smooth surface,
whereas the cross-section of the OCMC film (Figure 3bii-bvi) experienced a rough surface
that smoothed out as the concentration of NaOH increased up to 70%. For the following
fabrication with the integration of BFO as a photocatalyst, the best CMC has generated at
60% NaOH concentration, which gave the highest DS. Figure 4a,b depicts a cross-section
of the OCMC/BFO film which was observed by SEI to have a surface of CMC dispersed
with BFO particles. The presence of BFO in CMC film was by the distribution of a white
spot identified as a metal component of BiFeO3 due to the greater atomic number of metals
(Figure 4a), whilst the darker area was identified as the CMC membrane. The elemental
mapping from the prepared OCMC/BFO film has been validated in Figure 4c-h. The result
confirms that the BFO particles were homogeneously distributed in the OCMC membrane
together with the spectrum and atomic weight composition. The presence of C, O, and Na
was mainly from the CMC film where the Bi and Fe were dedicated to BFO confirmed from
the EDS analysis.
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(b)

Figure 3. SEM images %2000 of (i) cellulose at (ii) commercial CMC (iii) 20% NaOH (iv) 40% NaOH
(v) 60% NaOH (vi) and 70% NaOH at %2000 (a); SEM images of cross-section of OCMC film at x300
for (i) CCMC (ii) 30% NaOH (iii) 40% NaOH (iv) 50% NaOH (v) 60% NaOH and (vi) 70% NaOH (b).
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Figure 4. Electron backscattering SEM image (a) and cross-section OCMC/BFO film (b), mapping
distribution of C, O, Na, Bi, Fe within the layer of CMCopggp/BiFeOs film produced (c-h).

2.4. ATR-FTIR

FTIR study is also an optical analysis method used to understand the chemical compo-
sition of the prepared materials. The FTIR spectra obtained in the range between 4000 and
1000 cm~! for the synthesized sample are displayed in Figure 5. The frequency of the
absorption bands of cellulose and carboxymethyl cellulose from OPEFB (OCMC) obtained
from various concentrations of NaOH and alkalization reaction time were similar, indicat-
ing that cellulose and commercial CMC have identical functional groups. In both cellulose
and CMC, the peak found at 1030 cm ™! (Figure 5a) belongs to the (C-O-C stretching) ether
groups. The new characteristic peak for OCMC at 1700 cm ! (Figure 5a—c) corresponds
to the (C=0 stretching) group in the substituent group of OCMC products or some that
comprise by-products, while the value of 1420 cm ™! relates to the carboxyl group as salts.
The use of monochloroacetate in the etherification stage resulted in the carboxyl groups
being substituted with carboxymethyl groups, resulting in the conversion of cellulose to
CMC. The peak roughly at 3400 cm~! suggests that the hydroxyl group is substituted
during the etherification process (-OH stretching). Thus, comparisons of C=0 and -OH
peaks can be used to evaluate the extent of substitution (Figure 5c).
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Figure 5. FTIR spectra of OCMC synthesized with various alkalization times (a); OCMC synthesized
with various concentrations of NaOH solution (b); Comparison of cellulose, CCMC, and OCMC
synthesized at 9 h with 60% NaOH solution (c).
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2.5. X-Ray Diffraction (XRD) Analysis

An X-ray diffraction study was also performed on the prepared samples to analyze the
crystalline nature of the product. The X-ray diffraction (XRD) pattern of CCMC and OCMC
(using OCMC with 60% NaOH 9 h reaction time) films are shown in Figure 6. As for the
CCMC, the diffraction peaks (dotted line) appeared at 20 = 23.46° and 26.10°, indicating
its semi-crystalline phase [37]. These findings demonstrate that OCMC was successfully
synthesized as peaks similar to CCMC.

Relative intensity (a.u.)

20

30 35 40 45 50 55 60
20 (Deg.)

Figure 6. XRD pattern of film of CCMC (a) and OCMC (b).

2.6. Contact Angle and Tensile Strength Measurement

Contact angle measurement can be used to determine the hydrophilicity and hy-
drophobicity of CMC film as shown in Figure 7. It was notable that CMC produced with
20% NaOH was unable to be used for the preparation of the stable and intact film. The
OCMC films prepared above 20% NaOH were considered hydrophilic films due to the
value contact angle values less than 65°. CMC prepared with 60% NaOH concentration
was excellent for future exploration since the value was the lowest. Table 1 summarized
that CMC obtained with 60% NaOH concentration was ideal for further investigation, as
the value was the lowest and closest to the CCMC (control), as shown in Figure 7.
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(a) (b)
‘ :
© @
(e
Figure 7. Contact angle images of CCMC film (a), OCMC film prepared with 40% (b), 50% (c), 60%
(d) and 70% (e) NaOH within 3 h.

Table 1. Contact angle value of and tensile strength of CMC films produced from OPEFB at different
NaOH concentrations within 3 h.

Film Sample Contact Angle (°) Tensile Strength (MPa)
CCMC 23.5+1.04 0.31 £ 0.09
OCMC 30% Not detected 3.54 + 0.960
OCMC 40% 40.5+1.72 3.54 +£0.10
OCMC 50% 38.9 +0.45 0.29 £0.32
OCMC 60% 35.0 £0.10 0.11 £ 0.15
OCMC 70% 39.7 £ 0.36 0.15 £ 0.01

As shown in Table 1, the NaOH concentration influenced the tensile strength (TS)
of OCMC films. At 30% and 40% NaOH, the maximum TS yield was obtained due to
the non-elastic film formed during its formation. As NaOH concentrations of 50-60%
were applied, TS of the resultant films was improved. Nevertheless, the TS of the OCMC
films dropped to 60% NaOH concentration. The higher intermolecular forces between the
polymer chains resulted in greater TS when more carboxymethyl groups related to the DS
were present. The reduction of TS of OCMC films at higher concentrations of NaOH was
observed to be due to sodium glycolate formation leading to polymer degradation. The
increase in the formation of sodium glycolate reduced the CMC content and thus reduced
intermolecular forces.

2.7. Optical Spectroscopy

The absorption spectra of BFO nanocomposites were shown in Figure 8a, while the
Kubelka-Munk equation calculates the energy band gap for BFO nanocomposite films.
From the plot observed in Figure 8b, extrapolation of the tangent line revealed that the
band gap of BFO-integrated CCMC and OCMC was 2.04 eV and 2.15 eV, respectively. The
direct band gap energy in this study agrees with the study reported [37]. The narrow band
gap values of CCMC/BFO and OCMC/BFO composite films allow them to be used in
visible light or direct sunlight. This feature is interesting, as when the samples are exposed
to natural light, they will absorb a greater amount of sunlight to exert the photocatalytic
activity due to their broader absorption spectrum.
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Figure 8. (a) UV-Vis spectra and (b) Band gap of CCMC/BFO and OCMC/BFO composite films.
2.8. Photocatalytic Degradation Efficiency
The preliminary study for the photocatalytic activity of commercial and synthesized
BFO nanocomposite films was carried out for the degradation of 10 ppm of methyl orange
(MO) and Congo red (CR) under direct sunlight. The efficiency removal for CCMC/BFO
towards CR was enhanced to 95.49% after 3-h treatment, whereas a similar result was
obtained in the case of OCMC/BiFeOs3 at 92.50%. Figure 9 indicated the removal effi-
ciency towards MO by CCMC/BiFeOs has increased to 92.93% while that of synthesized
OCMC/BFO composite film showed an increment of removal up to 89.56%. The results
of photodegradation of synthesized OCMC/BFO composite film were comparable and as
efficient as the CCMC. It is interesting to note that the stability and structure of OCMC/BFO
films remained intact after 3 h of photocatalytic activity (Figure 9a,b towards CR and MO
respectively, as compared to commercial CCMC/BFO film. Therefore, it can be concluded
that the formation of CMC from waste solid OPEFB was highly stable compared to commer-
cial CMC film (Figure 10). This benefit improves photocatalyst composite film separation
after treatment and allows it to be reused for the next cycle.
e " : =
| : CCMC/BFO
s/ (@) ' | (b) : —*— OCMC/BFO
80 : 80 2
. ~a— CCMC/BFO - :
z70 | ~+— OCMC/BFO c® -
~ | © '
60 3 :
g 50 ! g 50 :
In dark Und light - '
3 e | TR 2 o ek under sunlight
o/ :
9 : 2 :
§ 30 : E
20 : 20 ;
10 : 10 E
U '
0 - .
=60 -40 -20 0 20 40 60 80 100 120 140 1’60 =40 -20 0 20 40 60 80 100 120 140
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Figure 9. Efficiency removal of nanocomposite film CMC/BFO and CMCopgpg/BFO after a 3-h
treatment, (a) CR, (b) MO.



Catalysts 2022, 12, 1205

11 of 17

1)  UNIVERS

SAINS MALAYSIA (Us'A (USM) umvsgm SAINS MALAYSIA (USM)
(d) p 2

A

Figure 10. The stability of the film of CMC/BFO and CCMC/BFO films after 3-h treatment for
10 ppm of Congo red (a,b) and methyl orange (c,d).

The reusability was examined by repeatedly using the same hybrid film to degrade
fresh dye solution under direct sunlight. Only OCMC composite BFO catalyst-loaded film
was tested for the reusability experiment, since the CCMC composite is not stable after one
cycle. After finishing each run of MO and CR dye photodegradation, the catalyst film was
dried in air at room temperature for the next run. Figure 11 shows four runs of reusability
experiments carried out with the same concentration of 10 ppm of both dyes for each test.
The five consecutive runs were conducted without treatment to hybrid film except for
drying before each test. The photocatalytic performance of hybrid films experienced a little
change in degradation efficiency in the third to fifth cycles. It is important to note that a
slower degradation with a low percentage happened after several cycles. This occurrence
is related to the photodegradation rate on dye being slower due to the availability of active
sites within the composite. The reusability experiment indicates that the OCMC-loaded
BFO composite film is stable and reusable under direct sunlight irradiation.

1 I Congo Red
325006 90.2 [ Methyl Orange

48.8

moval (%)

%

Cycle

Figure 11. Reusability of the OCMC/BFO composite catalyst-loaded film for CR and MO dye
photodegradation under direct sunlight irradiation.
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3. Materials and Methods
3.1. Materials

Bismuth nitrate pentahydrate (98% purity) (Sigma-Aldrich, St. Louis, MO, United
States), iron(III) nitrate nonahydrate (98% purity) (Sigma-Aldrich), k-carrageenan (Sigma),
ammonium persulphate (Sigma-Aldrich), oil palm empty fruit bunch, OPEFB raw fibre
(courtesy gift from FSST, Universiti Kebangsaan Malaysia, Bangi, Malaysia), citric acid-1-
hydrate (HmbG, Hamburg, Germany), carboxymethyl cellulose (Sigma), methyl orange
dye (QReC, hydrochloric acid (HCl), and sodium hydroxide (NaOH). All the solutions
were prepared using distilled water.

3.2. Methods
3.2.1. Extraction of Cellulose from OPEFB Pulp

It has been reported OPEFB consists of 27.3-65.0% cellulose, 13.50-33.8% hemicellulose
and 14.1-31.16% lignin [38—40], which arranged in a complex hierarchical structure [41].
To isolate cellulose from OPEFB, alkali pre-treatment such as NaOH solution was used
to eliminate the content of lignin, and the bleaching process was carried out in sodium
chlorite solution. To remove the dust and contaminant, OPEFB was first washed with tap
water, then soaked in water for 3 days and changed the water daily. Then, the OPEFB was
dried for 3 days. The OPEFB was pulped from an oven-dry (OD) weight pulp using a twin
digester with 26.0% sodium hydroxide (NaOH) solution (7:1 v/wt%) at 170 °C for 100 min.
The pulp was then washed off with an excess amount of water to remove black liquor. The
clean OPEFB was placed into the hydra pulper and was screened using a 15 mm long-flat
screening for 10 min. After that, the prepared pulp was collected. To prepare cellulose, the
obtained OPEFB pulp was bleached and then mercerized in an alkaline aqueous solution.
In the bleaching step, 5 g of pulp were immersed in a mixed solution consisting of 1.5 g
NaClO; in 160 mL distilled water and 10 drops of acetic acid (0.6 mL). The pulp was shaken
upside down several times to ensure that the components were well-mixed. After that, the
oxidizing was carried out at 75 °C. After 1 h, another 1.5 g NaClO, and 10 drops of acetic
acid were added to the mixture. After 3 h, the product of oxidation was cooled and filtrated
using Whatman filter paper. The residue was washed in an excess amount of distilled
water till the pH to be neutral followed by acetone. The filter crucible with holocellulose is
collected and stored for further process. Usually, holocellulose which has been separated
still contains a small amount of lignin.

holocellulose weight
weight of pulp (oven dried and extracted)

Holocellulose composition (%) = x 100% (1)

3.2.2. Cellulose Extraction Process from Holocellulose

The holocellulose crucible from the previous step will be processed using 17.5%
of NaOH solution to extract cellulose in the water bath at 20 °C for 2 h. After that,
the cellulose pulp content was filtered using the Buchner funnel fill with filter paper.
The preparation procedure of cellulose isolated from OPEFB was shown in Figure 12a.
Cellulose from OPEFB was converted into CMC via alkalization and carboxymethylation
under heterogeneous conditions. About 5 g of cellulose was added into a three-neck round
bottom flask. Then, 10 mL of various concentrations of NaOH aqueous solution (20, 30,
40, 50, 60, and 70%) were added and mechanically stirred at different durations such as
3,5,7,9,and 11 h. After the alkalization treatment, the carboxymethylation process was
conducted by adding 6.0 g of monochloroacetate (MCA) in 25 mL isopropanol, where the
temperature was raised to 45 °C, and the reaction continued for 3 h. The mixture was then
filtered and suspended in 300 mL of methanol overnight. The solution was neutralized
with glacial acetic acid. The final product was purified by 70% ethanol, followed by 99.7%
ethanol, three times to eliminate the undesirable by-products. The CMC obtained yield
(128%) was dried at 60 °C before further use.
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Oil Palm Empty
Fruit Bunch (OPEFB)

Soak in water for 3 (a)

Remove the dust
and contaminant

days and changed
water daily

Dried for 3 days

26 % NaOH solution (7:1
v/wt%) at 170°C for 100 min
and screened for 10 min

Pulping
NaClO, and acetic acid
at75°C for 3 h

Bleaching
17.5% NaOH water bath
at200C for2 h

Alkalization
Cellulose

| Cellulose |

| Alkalization |

(b)

| Carboxymethylation |

NaOH at 20 — 70 wt% within
3 — 11 h at room temperature

Suspended in
methanol overnight

monochloroacetate in isopropanol
at45°Cfor3 h

Purification |

| CMC |

70% and 99.7% ethanol three times

1 Dried at 60°C

Figure 12. Preparation procedure of cellulose from OPEFB (a) and CMC from the extracted cellulose (b).
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3.2.3. Determination of Degree of Substitution (DS) of CMC

The DS of the carboxylic group in CMC is the average number of the hydroxyl groups
in the cellulose structure, which was substituted by carboxymethyl groups C-2, C-3 and
C-6. Here, 1 g CMC was added to 50 mL of 95% ethanol, and 5 mL of 2 M nitric acid was
added. The mixture was continuously stirred at room temperature and heated when stirred
for 20 min. The solution was left to settle, and the residue was filtered and washed with
100 mL of 95% ethanol. The final product was dried in an oven for 3 h at 105 °C. CMC was
added to 100 mL of distilled water while stirred 25 mL of 0.5 M NaOH was added and
boiled for 20 min. The solution was titrated with 0.3 M HCI using phenolphthalein as an
indicator. The titration was ended as the color changed from dark pink to colorless. The DS
of CMC was calculated based on the equations below:

0.162 x A

1—(0.058 x A) @

Degree of substitution =
_ BC—-DE

A
F

®)

where,

A = milli-equivalents of consumed acid per gram of specimen;

B = volume of NaOH added;

C = concentration of NaOH added;

D = volume of consumed HCI;

E = concentration of HCI used,;

F = specimen grams used; 162 are the molecular weight of the anhydrous glucose
unit, and 58 is the net increase in the anhydrous glucose unit for each substituted
carboxymethyl group.

3.2.4. Preparation of CMC and CMC/BiFeO3; Composites Film

For the fabrication of CMC polymer film, 1.25 g of CMC produced from OPEFB
(OCMC) and commercial product (CCMC) were dissolved in 19 mL of distilled water
and stirred for 3 h. After obtaining a homogeneous solution, a film was formed on glass
plates (90 mm x 15 mm) by casting and then dried at 60 °C within 24 h. In the case of
CMC/BiFeOs composite film, about 1.25 g of OCMC/CCMC was added into 0.6 mL of
1.04 M of citric acid under constant stirring. Next, 0.01 g of BFO was added to the mixture
and continuously stirred for another 2 h to become a homogenous solution. The well-mixed
solution was finally poured into a petri dish and kept for 24 h to obtain a nanocomposite
film from CMC/BiFeOs.

3.2.5. Characterization

Fourier transform infrared (FT-IR) spectra were collected using ATR-FTIR (Agilent,
Beijing, China). The spectra were measured in the transmittance mode from an accu-
mulation of 16 scans at a 16 cm ™! resolution over the 4000-600 cm~! range. An X-ray
diffractometer (Rigaku, Tokyo, Japan) was used to obtain X-ray diffraction patterns of CMC.
Samples are prepared by pressing the powders between two glass slides into a flattened
sheet. X-ray patterns are taken using radiation source Cu K« by supplying 40 kV and
40 mA to the X-ray generator. Patterns are recorded at 20 from 20° to 60°. The surface
morphologies by FESEM (PhotoMetrics, Huntington Beach, CA, USA) were examined.
Samples were coated with a thin layer of conducting material (platinum) and imaged at
x2000 magnifications with 10-15 kV accelerating voltage. A focused, high-energy beam of
the electron will interact with the surface of the sample and generate secondary electrons,
backscattered electrons, and characteristic X-ray signals. The detector will perceive these
signals, and images will be displayed on the cathode ray tube screen. The contact angle
(0) of water on film surfaces is measured using a contact angle analyzer with a 6 um drop
of distilled water on the surface of a film sample with dimensions 2.0 cm x 2.0 cm. The



Catalysts 2022, 12, 1205

15 of 17

measurement of electronic absorption spectra by using diffuse reflectance spectroscopy
was done with a UV-Vis spectrophotometer (LAMBDA 25, Cartoni, Rome, Italy). The films
were cut as required and screened using a Universal Testing Machine (Instron 5567) using
a 500 N load cell at a speed of 5.0 mm/min. Film thickness was limited to 0.05-0.20 mm.
For each sample, three readings have been recorded.

3.2.6. Photocatalytic Measurement

This test is based on the photodegradation of organic dyes, by the heterogeneous
photocatalysis process. The MO and CR dyes were used as pollutant models. The photo-
catalytic behaviour of the synthesized samples was evaluated by examining the MO and
CR degradation efficiency under sunlight radiation. The suspensions were magnetically
stirred for 30 min continuously before light irradiation. After mixing, the suspension was
exposed to sunlight irradiation under standard ambient conditions. The photocatalytic
degradation was carried out under sunlight irradiation for 3 h and the aliquot was collected
at the first hour and followed by every 20 min interval. The removal of MO and CR were
observed at the wavelengths of 464 nm and 497 nm respectively. The absorbances of the
dyes used as a model of pollutants during the photocatalytic activity tests were determined
in a spectrophotometer (LAMBDA 25). The percentages of removal efficiency of MO and
CR were then calculated using this Equation (4) [38]:

Percentage of removal efficiency (%) = <1 - ((j:f> x 100% 4)
(o}

where C¢ = final concentration of dye (ppm); C, = initial concentration of dye (ppm).

4. Conclusions

In summary, Bismuth ferrite (BiFeO3) nanoparticles combined with carboxymethyl
cellulose (CMC) are obtained from oil palm empty fruit bunch waste (OCMC). The presence
of C, O, and Na was primarily from the CMC film, while the presence of Bi and Fe are
confirmed by EDS analysis. From FTIR spectra, the peak at 1030 cm ™~ in both cellulose and
CMC belongs to the (C-O-C stretching) ether groups. The XRD pattern of CCMC and OCMC
films indicates that they are semi-crystalline. The optical band gap of BFO-integrated CCMC
and OCMC was found to be 2.04 eV and 2.15 eV, respectively. Further, The MO and CR dyes
were used as pollutant models. The photocatalytic behavior of the synthesized samples was
evaluated by examining the MO and CR degradation efficiency under sunlight radiation.
Among all investigated samples, the maximum degree of substitution of 1.562 was found
with 60% NaOH and 9 h of alkalization for the synthesized composite. The efficiency
removal for CCMC/BFO towards CR was enhanced to 95.49% after 3-h treatment, whereas
a similar result was obtained in the case of OCMC/BiFeOj3 at 92.50%. In comparison
to CCMC/BFO, the OCMC/BFO nanocomposite film was inherently stable after 3 h of
photocatalytic treatment. In essence, this study provides a new finding that OCMC has a
greater potential to be developed as embedded matrices for photocatalysts in environmental
remediation, with highly durable operation in practical application.
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