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Abstract

Dye hurts the threat of human health problems and environmental pollution. Microcrystalline cellulose (MCC) based membrane is a good
material to be used as an dye separation membrane for having the high hydrophilicity of the membrane. It has been successfully isolated from
kapok (ceiba pentandra) with characteristic X-ray diffraction patterns and FTIR absorption peaks, which corresponded to the typical peaks of
cellulose. The ultrafiltration membrane was made up of a cellulose acetate matrix created using the phase inversion method. Characterization
results indicated that the inclusion of MCC derived from kapok led to a reduction in the contact angle from 65 to 52°, and an increase in membrane
porosity from 82 to 85%. In the separation of dye, the composite membrane incorporating MCC filler demonstrated superior performance
compared to the membrane lacking MCC, manifesting in an elevated water flux from 43 to 84 L/m2.h and methylene blue (MB) rejection from
64 to 99%. The use of MCC as a filler in cellulose acetate membranes can enhance the characteristics and performance of the membrane in MB

separation.

Keywords: Ultrafiltration membranes; microcrystalline cellulose; kapok; clean water; sanitation

1. Introduction

Kapok (Ceiba pentandra) is a significantly abundant
biomass in Indonesia, particularly in the tropical regions of
Sumatra, Kalimantan, Java, and Sulawesi. This tree thrives in
tropical forests, wetlands, and areas with warm climates. In
Indonesia, kapok is frequently found in both natural forest areas
and plantation forests [1]. Its rapid growth has made it the
crucial component of forest ecosystems and is often planted as
a shade tree in plantation gardens. Kapok bears various
economic and social benefits in Indonesia. Moreover, it holds
significant value in scientific development due to its high
cellulose content [2-4]. The utilization of kapok as a source of
cellulose offers several advantages. Firstly, it grows abundantly
in the tropical areas in Indonesia, allowing for local production
with a lower environmental impact. Secondly, cellulose fibers
from kapok can be applied in various industrial processes,
including paper and textile manufacturing, and other products
requiring lightweight and water-resistant fiber materials.
Sartika et al. [5] reported that kapok is a biomass with a high
cellulose content of up to 62.87% and a low lignin content of

* Corresponding author.
Email: h.fansuri@its.ac.id
https://doi.org/10.21924/cst.9.1.2024.1345

4.5%. This characteristic positions kapok as a biomass with
great potential for producing cellulose materials.

Cellulose, characterized by a linear structure consisting of
D-glucopyranose units linked by (1,4)-glycoside bonds,
possesses the molecular formula (C¢H10Os)y, featuring long,
and unbranched chains. Typically white and insoluble in water
and certain organic solvents [6], cellulose in nature commonly
associates with other polysaccharides such as hemicellulose
and lignin, forming the primary components of plant cell walls
[7]. With a polymerization degree ranging between 300 and
3000 and a molecular weight spanning 50,000-500,000 g/mol
[8], cellulose stands out as the biopolymer with the greatest
natural abundance, exhibiting production volumes from
1.0 X 10! to 1.0 X 10'? tons/year [9,10]. The plentiful
presence of cellulose in nature designates it as a renewable
material, ensuring a consistent supply of raw materials without
any dependencies on fossil resources. Despite its abundance,
the utilization of natural cellulose remains relatively limited
compared to commercial cellulose [11]. For this reason, there
is a need for the advancement of natural cellulose applications
to fully harness its potential.

Cellulose has become a very popular material due to its
highly porous structure, high specific surface area, large pore
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volume [12], non-toxicity, affordability, biodegradability, as
well as its high strength, purity, and porosity [13].
Microcrystalline cellulose (MCC) is a type of cellulose with
high crystallinity that has experienced high demand as a
supporting material for cellulose-based catalysts. When used as
a filler in membranes, MCC increases both strength and
hydrophilicity, leading to improved membrane performance
[14]. Additionally, the incorporation of MCC can reduce the
production costs of membranes and contribute to the
development of more eco-friendly membranes by using natural
fibers or biomass [15]. In the development of membrane
technology, various biomasses have been utilized as the sources
of microcrystalline cellulose for membrane production,
including dong ling cao [16], fruit waste [17], bagasse [18], and
empty fruit bunches of oil palm [19]. The high cellulose content
and low lignin in kapok make it a biomass with significant
potential for microcrystalline cellulose production. The use of
MCC as a filler in membranes has been previously reported by
Pramono et al. [19] who developed a PVDF/MCC composite
membrane using MCC sourced from empty oil palm fruit
bunches for separating humic acid. The addition of MCC
increased water flux from 16.76 to 27 L/m2.h and humic acid
rejection up to 99%. Additionally, the use of MCC filler-based
composite membranes for processing humic acid has been
reported by Nazri et al. [14] who added commercial MCC to
PES membranes. Experimental results indicated that the
addition of MCC could increase water flux up to 115.67 LMH
and rejection up to 97.16%. These two reports highlighted
MCC as a material with significant potential for use as a filler
in membranes. Therefore, this research focuses on producing
MCC from kapok and using it as a filler in cellulose acetate
membranes for treating dye wastewater, particularly methylene
blue. Several parameters studied in this research included the
weight percent of MCC in the composite membrane and the test
duration for membrane performance in MB separation.

2. Materials and Methods

2.1. Materials

The materials used in this study were kapok (Ceiba
petandra), Avicel PH 10, ethanol (Smartlab, 96%), toluene
(Smartlab, 99%), sodium hydroxide (Merck, 99%), hydrogen
peroxide (Merck, 30%), hydrochloric acid (Smartlab, 37%),
cellulose acetate (Sigma Aldrich, 99%), dimethylformamide
(Merck, 99.5%), and methylene blue (Merck, 99%).

2.2. Isolation of microcrystalline cellulose from kapok

The process of isolating microcrystalline cellulose (MCC)
from kapok was carried out using an alkalization method
modified from the work of Holilah et al. [20], which is divided
into four stages: dewaxing with toluene-ethanol solvent,
delignification with 5% NaOH, bleaching with mixture 5%
NaOH and 3% H>O,, and the last process, hydrolysis with 3.5
N HCL

2.3. Synthesis of ultrafiltration membrane
The ultrafiltration membrane was made from cellulose

acetate polymer with MCC filler from kapok, the
manufacturing process of which was modified from the work

of Asiri et al. [21]. Membrane manufacture started by
dispersing MCC in dimethylformamide solvent using the
ultrasonication method for 30 minutes. Then, the cellulose
acetate polymer was used with a concentration of 12%. Next,
the mixture was stirred for 4 hours at 75°C and continued for 8
hours at 60°C. The dope solution formed then removed air
bubbles by leaving it for 12 hours. Subsequently, the membrane
printing procedure was conducted through the phase inversion
method, involving the pouring and casting of the dope solution
onto a glass plate, followed by placement in a coagulant bath
containing aqua DM. The weight percentage of MCC in
membrane fabrication was altered, ranging from 0.5% to 1%

and 1.5%.
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Fig. 1. Process for making cellulose acetate/MCC composite membranes

2.4. Characterizations

The characterization of MCC extracted from kapok
involved the utilization of X-ray Diffraction (XRD) to assess
the crystal structure's characteristics. The XRD apparatus
employed was an X'Pert PANalytical with a Cu Ka source (A =
1.5406 A). Measurements were conducted at 20 angles between
5 and 50 degrees with a step size of 0.01 degrees. To analyze
the functional groups within the MCC structure, Fourier
Transform Infrared (FTIR) was employed in which its spectra
were captured using a Thermo Scientific Nicolet IS10 across
wave numbers ranging from 500 to 4000 cm™. The thermal
stability of MCC was examined using the PerkinElmer Pyris 1
TGA Thermogravimetric Analyzer. The morphological
analysis of MCC was performed using the Hitachi Flex
SEM100.

The characteristics of the composite membrane containing
MCC filler from kapok were examined using various
instruments. To assess membrane hydrophilicity, contact angle
measurements were conducted with a 3D OM vhx-500. The
membrane's functional groups were analyzed through FTIR
(Thermo Scientific Nicolet IS10) across wave numbers ranging
from 500 to 4000 cm™'. Membrane porosity was determined
using the gravimetric method. The surface morphology and
cross-section of the membrane were scrutinized using the SEM
Hitachi Flex SEM100.

2.5. Performance test on dye wastewater treatment
The composite membrane underwent testing to assess its

effectiveness in terms of permeability and rejection of methylene
blue dye. The ultrafiltration testing procedure was conducted
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using a crossflow system at a laboratory scale, employing a
peristaltic pump with a water flow rate of 100 ml/minute for 30
minutes. The effectiveness of the composite membrane was
assessed by analyzing both water flux and its rejection of MB.
The calculation of water flux was determined using Equation 1.

%
Jv = YT (1)

with: J, = Flux (L-m?2-h""), ¥ = Permeate volume (L), 4 =
Surface area of the membrane (m?) and ¢ = Time (hours)

The assessment of the membrane's effectiveness in rejecting
MB dye involved the use of a 5 mg-L™! concentration of MB
solution. The composite membrane, exhibiting superior
performance, served as the test medium with variations in MB
concentration. The concentration of the resulting permeate was
measured using UV-752N Ultraviolet-Visible Spectroscopy
(UV-Vis) at a wavelength of 664 nm. The membrane's rejection
capacity was determined using Equation 2.

(Cf - Cp)

R= x100% 2)

with: R = Rejection percentage (%), Cr = Feed concentration

(mg-L™), and C, = Permeate concentration (mg-L™).
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Fig. 2. Membrane performance testing process in the separation of MB
3. Results and Discussion
3.1. Synthesis and characterization of MCC from Kapok

The results of the XRD analysis as shown in Fig. 3(a)
showed that the diffractogram of the raw kapok material
indicated an intensity peak that was almost similar to the effects
of MCC isolation from kapok (MCCK) at 26 = 15.2 and 22.5°.
However, the diffractogram shown still had wide diffraction
peaks [22], and there was a peak at 260 = 43.6°, which was not a
cellulose peak. On the other hand, the diffractogram of MCCK
showed the typical peaks for cellulose, which was sharper and
higher compared to the raw kapok material. The typical
cellulose peak in MCCK was 28 = 15-16, 22.5, and 34.6°. The
differences in peak position and intensity prove the removal of
lignin and hemicellulose as a characteristic of the amorphous
phase after the alkalization process [23,24]. Holilah et al. [20]

also reported that the increase in intensity at the peak of 22.6°
is the main indicator to confirm the formation of MCC. In
addition, the suitability of the MCCK diffractogram with
commercial MCC (MCCC) indicates the success of the MCC
isolation process from kapok.
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Fig. 3. (a) X-Ray diffractogram, (b) FTIR spectra, and (¢c) Thermogram of
MCCK and MCCC

The FTIR spectrum as depicted in Fig. 3(b) revealed the
absorption bands present in the raw material spectra of Kapok
and MCCK. Both spectra suggested the existence of cellulose
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content, as evidenced by the appearance of an absorption peak
at 896 cm ', indicating the presence of a C-O group in the 1,4-
glycoside bond [25,26]. Additionally, the identification of the
C-O-C group in the pyranose ring unit was manifested by a
peak at 1029 cm™ [27]. The absorption peaks at 2895 and 3332
cm™! further indicated the presence of C-H and O-H groups in
the cellulose structure, respectively [28]. Noteworthy
differences were observed in the raw kapok material spectra.
The appearance of a peak at 1732 cm™ indicated stretching
vibrations due to the C=O group, signifying the presence of
lignin compounds. The application of alkalization treatment
with NaOH resulted in the disappearance of this peak in the
MCC spectrum, indicating the successful isolation of MCC
from kapok. This was further corroborated by the alignment of
absorption peaks between MCCK and MCCC.

The TGA analysis results revealed that the MCCK
thermogram exhibited a decomposition pattern consistent with
commercial MCC. Both thermograms displayed three stages of
decomposition, as depicted in Fig. 3(c). The initial
decomposition, occurred at a temperature of 50 - 100°C, was
attributed to the physical removal of water adsorbed in the
MCC. The second decomposition within the temperature range
of 200 — 325°C indicated the ongoing cellulose degradation
process. The final decomposition process took place at a
temperature of 325 — 500°C, signifying the oxidation process
of carbon residues resulting from cellulose degradation [20].
MCCK and MCCC exhibited stability up to 313°C, which

aligned with the typical decomposition temperature of cellulose.

Carrier et al. [29] stated that cellulose generally undergoes
decomposition within the temperature range of 300-350°C.

SEM analysis in Fig. 4 showed some differences in the
surface morphology of MCC before and after the alkalization
process. The kapok raw material (Fig. 4(a)) offerred long fibers
with rough surfaces. Meanwhile, MCC (Fig. 4b-4d) showed a
change in fiber length by becoming smaller. The difference in
fiber size was caused by the hydrolysis process, which
impacted the breaking of the -1,4-glycosidic bonds connecting
the cellulose chains [30,31]. Based on measurement analysis
using Image-J software, the MCCK diameter was up to 7.82 pm
with an average diameter value of 14,445 pm.

TeknikMasin ITS 8 00KV X 10 Ok SE

Fig. 4. Morphological analysis (a) kapok raw materials, and (b-d) MCCK

3.2. Fabrication and characterization of membranes

The FTIR analysis of the CA-MCCK membrane displays
spectra akin to those of pristine cellulose acetate membranes
(Fig. 5). The emergence of an absorption peak at 901 cm™
indicated the presence of C-O vibrations in the 1,4-glycoside
bonds connecting cellulose monomer units [32]. Additionally,
the appearance of an absorption peak at 1035 cm ™ signified the
occurrence of asymmetric C-O-C stretching vibrations in the
pyranose ring unit, which formed the framework of the
cellulose structure [33]. The presence of CH, and O-H groups
in the membrane was revealed by absorption peaks at 1367 and
3401 cm™, respectively [32,34]. The acetyl group in the
cellulose acetate structure was indicated by an absorption band
at 1737 cm™, denoting the presence of symmetric and
asymmetric stretching vibrations of the carbonyl group (C=0)
from the ester group [35].

CA-MCCK(1.5%)

Transmittance (a.u.)
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Fig. 5. FTIR spectra of CA-MCCK membrane and neat cellulose acetate

The results of the tensile strength analysis of the CA-
MCCK membrane in Fig. 6(a) demonstrated the influence of
the weight percentage of MCC as a filler on the membrane's
strength. The addition of MCCK at weight percentages of 0.5%,
1%, and 1.5% could enhance the tensile strength of the
membrane compared to membranes without MCCK. This
improvement occurred because the presence of MCCK in the
polymer matrix increased compatibility by efficiently
transferring stress from the cellulose acetate matrix to MCCK,
thereby enhancing membrane strength [36]. Optimal tensile
strength results were achieved with the addition of 1% MCCK,
resulting in an increase in tensile strength from 1.13 to 1.96
N.mm>2. However, the addition of excess MCCK, such as a
weight percent of 1.5%, had a detrimental impact on reducing
the tensile strength of the membrane. This was due to the
diminishing quality of MCCK dispersion in the cellulose
acetate polymer matrix as more MCCK was added. The
decrease in dispersion quality could trigger the agglomeration
of MCCK, thus affecting and reducing the tensile strength of
the membrane [37].

The hydrophilicity of the CA-MCCK membrane was
evaluated through the measurement of the membrane contact
angle, which indicated the membrane's effectiveness in
absorbing water. The results of contact angle measurements in
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Fig. 6(b) illustrated the impact of incorporating MCCK into the
cellulose acetate membrane matrix. Optimal outcomes were
observed with the addition of 1% MCCK, leading to a decrease
in the contact angle from 65 to 52°. This signified an
enhancement in the hydrophilicity of the CA-MCCK
membrane. This improvement was attributed to the presence of
hydroxyl groups in the cellulose structure, promoting increased
interaction between the membrane and water molecules [14].
The reduction in hydrophilicity observed with excess MCCK
(1.5%) was attributed to an increase in solution viscosity, which
tended to decrease the presence of MCCK on the membrane
surface [38].

Membrane porosity is defined as the ratio between the pore
volume and the total membrane volume [39]. Porosity
measurements were conducted using the gravimetric method.
The results of the CA-MCCK membrane porosity analysis in
Fig. 6(c) illustrated the impact of adding MCCK to the cellulose
acetate membrane on membrane porosity. Optimal porosity
was achieved with the addition of 0.5% MCCK, leading to an
increase in porosity from 82% to 85%. This rise in membrane
porosity was attributed to an optimal enhancement in
membrane hydrophilicity, facilitating a rapid solvent-non-
solvent exchange during the phase inversion process,
consequently inducing the formation of membrane pores.
Barzegar et al. [40] reported that incorporating hydrophilic
materials into the membrane could increase hydrophilicity,
directly contributing to increased membrane porosity. However,
the addition of excess MCCK resulted in a decrease in porosity
due to an elevation in the viscosity of the dope solution,
influencing the membrane pore formation process [41].

ability to facilitate water passage during the filtration process.
The addition of MCCK to the cellulose acetate membrane
positively influenced the increase in water flux. Specifically,
the membrane with 0.5% MCCK exhibited significantly higher
water flux compared to other concentrations, surpassing even
the membrane without MCCK with an increase from 49 to 142
L/m2h (Fig. 6(d)). This rise in water flux in the CA-MCCK
membrane can be attributed to its increased hydrophilicity
compared to the neat cellulose acetate membrane. The presence
of hydroxyl groups in MCCK enhances membrane interactions,
promoting binding with water molecules. Additionally, the
increased porosity of the CA-MCCK membrane contributes to
the elevated water flux, as higher membrane porosity enables
the passage of more water molecules, thereby enhancing water
flux.

The SEM analysis results as shown in Fig. 7 illustrated the
impact of adding MCCK to the cellulose acetate matrix on
changes in surface morphology structure and membrane cross-
section. Fig.s 7(a)-7(f) indicate that the addition of MCC to the
cellulose acetate membrane can increase the number and
distribution of pores on the membrane surface. The neat
cellulose acetate membrane exhibited a smoother surface with
smaller and denser pore sizes, in contrast to the CA-MCCK
membrane, which displayed more pore sizes and a larger
diameter. This aligned with the results of membrane porosity
analysis, demonstrating higher porosity in membranes with
MCCK. On the other hand, the increase in water flux in the CA-
MCCK membrane was also observed due to the augmentation
of pores in the membrane. Fig.s 7(g)-7(1) depict a cross-section
of a membrane with an asymmetrical and finger-like pore
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Water flux testing was conducted to assess the membrane's
separation efficiency in terms of permeability, ensuring its
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structure. The addition of MCCK to the membrane influenced
the formation of larger cavities in the membrane pores. This
was

Fig. 6. (a) Tensile strength, (b) Contact angle, (c) Porosity, and (d) Pure water flux membrane CA-MCCK and neat cellulose acetate membrane
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attributed to MCCK agglomeration, where the size of the
agglomeration formed directly correlated with the size of the
cavities produced [42].

3.1. Membrane performance in dye wastewater treatment

The performance of the CA-MCCK membrane was
assessed through a dye separation process using methylene blue
(MB). The testing process lasted for 30 minutes with an MB
concentration of 5 mg/L. The water flux test results in Fig. 8(a)
demonstrated a consistent trend across the entire membrane,
showing a decrease in water flux as the test time increased. This
decline was attributed to fouling, which intensified with
prolonged testing time. Fouling typically occurred due to the
accumulation and blockage of MB molecules on the membrane
surface and pores. This accumulation could lead to a reduction
in membrane pore size, subsequently limiting the passage of

TeknikMesin ITS 8.00k\ 10.0pm TeknikMesin ITS

TeknikMesin ITS 8.00kV X10.0k S

contributed to an increase in water flux. This is a result of
enhanced membrane hydrophilicity and porosity. A more
hydrophilic membrane surface fostered increased interaction
with water molecules through hydrogen bonds. Additionally,
high membrane porosity facilitated the passage of numerous
water molecules through the membrane pores [43]. The
addition of 0.5% MCCK proved to be optimal in achieving
enhanced water flux compared to other membrane types. This
aligned with the results of porosity measurements, indicating a
membrane porosity increase of up to 85%.

Fig. 8(b) presents the results of membrane performance
testing against MB rejection. These findings demonstrated that
the membrane with the addition of MCCK could achieve higher
rejection compared to the neat cellulose acetate membrane. In
pure cellulose acetate membranes, a significant decreased in
MB rejection occurred as filtration time increased, with the
rejection percentage dropping to 64%. Meanwhile, the

’

Fig. 7. The surface morphology and membrane cross sections of (a-c & g-i) CA and (d-f & j-1) CA-MCCK

water molecules through the membrane. Conversely, the
incorporation of MCCK in cellulose acetate membranes

membrane with MCCK filler exhibited high rejection up to 30
minutes of filtration time with a percentage reaching 99-100%.
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This was attributed to the addition of MCCK in the cellulose
acetate matrix, which increased the number of hydroxyl groups
within the membrane. This, in turn, facilitated the occurrence
of hydrogen bonds between the hydroxyl groups and the MB
molecules. Apart from that, the possibility of agglomeration in
MCCK can lead to the blockage of membrane pores, resulting
in a reduction of pore size [44].
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Fig. 8. (a) Water flux and (b) MB rejection of the membrane

Table 1. Comparison of cellulose ace%atge acslé%mr%grcngran ¢ in

separation

Dye Membrane MB . Membrane
. Concentration Reference
Polutants Materials Performance
(mg/L)
Flux = 84
L/m?h, This
CA-MCCK 3 Rejection = Work
99%
Rejection =
CA-NAC 10 539, [34]
Methylene CA/p- Rejection =
Blue MWCNTs 10 40% [43]
Flux =76
2
CA/MOFDPC 10 L_/m .'h’ _ [46]
Rejection =
94%
Rejection =
CA/SnO, 5 95% [47]

4. Conclusions

An ultrafiltration membrane based on MCC filler from
kapok with a cellulose acetate polymer matrix has been
successfully prepared. The addition of MCCK to the membrane
improved its characteristics and performance, including
hydrophilicity, tensile strength, and membrane porosity. The
presence of MCCK in the membrane reduced the contact angle
from 65 to 52 degrees, increased membrane tensile strength
from 1.13 to 1.96 N/mm?, and enhanced porosity from 82 to
85%. A decrease in the contact angle indicated an increase in
the hydrophilic properties of the membrane, as evidenced by an
increase in pure water flux from 49 to 142 L/m%h. In MB
separation, the composite membrane with MCC filler exhibited
superior performance compared to the membrane without MCC
with an increased water flux from 43 to 84 L/m2.h and MB
rejection from 64 to 99%. The use of biomass as a source of
MCC is expected to increase the value of biomass utilization
and produce more environmentally friendly composite
membranes. Additionally, it is expected that this approach can
also address wastewater issues and enhance the availability of
clean water worldwide, aligning with Sustainable Development
Goals (SDGs) related to clean water and sanitation (Number 6).
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