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Abstract. Cellulose acetate hollow fiber membrane from
banana stem fibers coated by TiO, (CAHFMT) was
prepared and characterized as an alternative material for
degradation of waste textile dye. Its applicability was
demonstrated by mechanical properties, FTIR, SEM,
thermal resistance, performance, and degradation
efficiency. Cellulose acetate (CA) was synthesized from
banana stem fibers by swelling stage, acetylation reaction,
and hydrolysis reaction. CA was modified using TiO, of
various concentrations. CAHFMT with 22 % w/v dope
concentration has the optimum mechanical properties
(stress, strain and Young’s modulus), as well as
hydrophilic properties. The performances of CAHFMT
with Congo red were determined. The SEM results
showed that the membrane had rigid pores. Moreover, this
research stated that CAHFMT could be a solution to
overcome economical and effective problems.

Keywords: membrane, hollow fiber, cellulose acetate,
TiO,, waste textile dye.

1. Introduction

The development of the textile industry is quite
rapid in Indonesia. According to data from Ministry of
Industry, the national textile industry absorbed about 1.4
million workers in 2016, contributing non-oil/non-gas
exports of US$ 9.26 billion in 2018 and increased to US$
11.22 billion last year. However, the improvement in this
industry is not accompanied by adequate awareness of
environmental management as a result of the industry's
progress. The textile industry is an important contributor
to environmental pollution, particularly the aquatic
environment due to the produced dye waste. Disposal of
waste water into rivers from dye-producing industries will
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cause serious environmental problems. In addition, most
dyes are mutagenic and carcinogenic [1].

Generally, the waste which is produced by the
textile industry is non-biodegradable organic compound
dye waste, which can cause environmental pollution,
especially the aquatic environment [2]. Textile dyes are
generally made of about 60-70 % of azo compounds and
derivatives, which degrade with great difficulties.
Moreover, the long stay of azo compounds in the
environment causes the diseases because of their
carcinogen and mutagenic nature [3]. Dye waste disrupts
aquatic ecosystems, retards photosynthesis activity, and
inhibits the growth of aquatic biota. Nowadays there are
many various ways to remove Congo red dye waste,
including adsorption.

Fatimah et al. [4] degraded Congo red by using a
modified TiO, natural zeolite. This method successfully
degraded Congo red by 40 % in 1 h. Tapalad et al. [5] used
ozone technology to degrade Congo red by 39 % within
120 min. But these methods have shortcomings. The
adsorption method is a fairly inexpensive method, but it is
less effective. The textile dyestuff adsorbed by the zeolite is
still accumulating in the adsorbent which will, someday,
create new problems. The ozone technology simply
removes pollutants from one phase to another and the
separation is simple [6]. Zao et al. [7] processed the textile
dyestuff by using microfiltration membranes [7]. However,
processing with membrane often undergoes fouling, so
antifouling material is needed. TiO, is an antifouling
material with high activity, but it often coagulates and
cannot be used continuously. To solve this problem, the
membrane and TiO, were combined and the method was
called as photocatalytic membrane technology [8].

Currently, photocatalytic membrane technology
becomes a promising technology and has been applied to
degrade textile dye waste. Mozia et al. [9] compared the
results of blue methylene degradation in photocatalytic
membrane reactor using pure TiO, and carbon-coated
TiO,. The carbon-coated TiO, photocatalytic membrane
reactor provides higher blue methylene degradation
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activity than those using pure TiO, of 86 %. Essawy et al.
[10] applied membrane copolymer-TiO, to degrade two
types of textile waste:remazol red RB-133 (RR RB 133)
and reactive blue 2 (RB2). The results show that the
presence of TiO, causes both pollutants to be degraded
better compared to the absence of TiO, in the copolymer
membrane. Damzel et al [11] used a hybrid
photocatalytic nanofiltration membrane of polysulfone
and polystyrene with TiO, to degraded three types of
dyestuff. The membrane degraded red 18, direct green 99
and yellow acid 36 by 100, 94 and 91.9 %, respectively.

The advantages of the photocatalytic membrane
technology are the control of time particle retention and
separation process simultaneously and continuously.
However, this technology is quite expensive because the
membrane base material (synthetic polymer) needs to be
imported from abroad and it is not biodegradable.
Therefore, it is necessary to find other sources of available
and cheap materials. In addition, modern technological
advances cause global warming which adversely affects
human survival. Given the danger that will be made, it is
necessary to make efforts to prevent it. One that can be
done is to start reducing the use of technology that is not
environmentally friendly and start switching to green
technology [12]. One example of green technology is a
membrane derived from a natural polymer.

The basic ingredients of membrane production
from natural polymers are cellulose acetate. Cellulose is a
natural polymer with a strong bonding structure due to its
crystallinity, compactness and very well order. Cellulose
is a major part of both wood and non-wood. One source of
cellulose is fiber of banana stem. Banana stem fiber
contains about 60-65 % of high cellulose, so it can be
used as an alternative material membrane [13].

The development of membrane technology
produces various types of membranes, including plate-
and-frame membrane, tubular, spiral-wound and hollow
fibers. Compared to other membrane modules, hollow
fiber geometry provides greater membrane effectiveness.
In addition, hollow fiber forms provide good mechanical
support and are easily treated during fabrication and
operational processes [14]. Hollow fiber membrane is
more desirable than flat membrane, because the latter has
many shortcomings, e.g. frequent fouling, so membrane
performance becomes less effective [15].

Membrane is a thin layer needed to be composed
with other compounds so that the membrane will have
strong and durable mechanical properties [16]. Com-
posites which are often used in membrane modifications
include TiO, inorganic compounds. TiO, most often
attracts attention because of its stability, availability and
applications in the fields of medicine, catalysis, photo-
catalysis, energy and others [17].
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Therefore, in this research cellulose acetate (CA)
synthesized from banana stem fibers was used as the
material to produce hollow fiber membrane which was
then coated with TiO, (CAHFMT) and applied for
degradation of waste textile dye. The phase inversion
method, used for the CAHFMT production, is a process of
changing the polymer shape from the liquid phase into a
solid phase under controlled conditions. Dope
concentrations were 21, 21.5, 22, 22.5 and 23 %. The
mechanical properties of CAHFMT (strain, stress,
Young’s modulus) were determined, as well as membrane
flux and rejection value. The membrane morphology was
confirmed with SEM, FTIR and DSC techniques.

2. Experimental

2.1. Materials and Instruments

All chemicals were of analytical grade and used as
received without further purification. Hydrochloric acid,
sodium hydroxide, glacial acetic acid, sulfuric acid,
NaOCl, Ca(OH),, glacial acetic acid, acetic anhydride,
commercial TiO, (anatase, d = 4.26 g/ml, MW =
=79.87 g/mol), H,SO,, formamide, acetone and
phenolphthalein indicator were obtained from Merck. The
instruments used were the tensile test equipment AG-1S
50 KN Autograph, SEM JEOL JSM-8360LA, FTIR
Shimadzu 8400S, JEOL JDX-3530, UV-1800 Shimadzu
spectrophotometer and differential scanning calorimeter.

2.2. Synthesis and Characterization
of CA from Banana Stem Fiber

CA from banana stem fiber was synthesized
through three steps: pulp making, pulp bleaching, and
cellulose acetate synthesis.

Preparation of banana fiber pulp: 20 g of prepared
banana stems were immersed in 200ml of
Ca(OH),(2.5 % w/v) for about 1 week until they became
soft. The mixture was washed with water until it was free
from bases (tested using red litmus).The obtained fibers
were loaded into a flask filled with 150 ml of NaOH
(17.5 % w/v) and then heated in reflux for 4 h. Next, the
mixture was blended to obtain finer fiber and cooled at
room temperature. After this it was washed with water
until the neutral pH, molded in a baking dish and dried in
an oven at <333 K until pulp was generated.

Pulp bleaching: 10 g of dried pulp were added to
88 ml of water into a beaker glass. The mixture was
stirred under heating to 333 K to form slurry. The slurry
was cooled to room temperature, about 100 ml of NaOCl
(5 % v/v) were added and the mixture was continuously
stirred for 30 min. The pulp was rinsed with water, soaked
in NaOH (2 % w/v) and kept for 30 min. The mixture was
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again rinsed with water until neutral pH and dried in the
open air until a white pulp was formed [13].

CA synthesis: 10 g of bleached pulp were added to
24 ml of glacial acetic acid (99.9 %) in the Erlenmeyer
tube and stirred in the shaker at 313 K forl h. Then 60 ml
of glacial acetic acid and 0.5 ml of concentrated H,SO,
were added, the mixture was again stirred for 45 min and
cooled to 291 K. Next, 27 ml of acetic anhydride, which
was previously cooled to 288 K, were added and stirred
for 3 h at room temperature. After adding 30 ml of acetic
acid (67 %) dropwise for 3 h at 313 K and stirring for
15h, the solution was precipitated with the dropwise
addition of water and stirring to obtain a powdered
precipitate. The obtained precipitate was filtered, washed
with water until neutral pH and dried in an oven at
333343 K. The dried precipitate was crushed using
mortar and stored in desiccators [13]. CA was
characterized by determining Mv using viscometry, acetyl
content and FTIR.

2.3. Production and Characterization
of CAHFMT

The synthetic CA powder was dissolved bit by bit
with acetone at room temperature. The mixing of the dope
solution was carried out in a closed Erlenmeyer to avoid
solvent evaporation. The dope compositions were 21,
21.5, 22, 22.5 and 23 % w/v; the membranes were coated
with 0.2 % w/v of TiO,. The formamide was added after
all cellulose acetate has dissolved in acetone. The dope
solution was stirred for several hours until the mixture
became homogenous then sterilized overnight to remove
air bubbles. The dope solution was ready to be molded
into a hollow fiber membrane using the inversion method.
The formed hollow fiber membrane was washed with
running water to remove the residual solvent and
transferred into a tub containing the sodium azide solution
until the hollow fiber membrane was characterized.
Before modulated, the membrane was coated with TiO».

CAHFMT performance was tested using cross-
flow cells. Flux J was defined as the quantity permeated
per unit of area and per unit of time (Eq. 1).

v
J=—" 1
= (1)
where J is flux, 1~m’2~h’1; V' is the permeate volume, 1; 4 is
a membrane surface area, m’ and ¢ is the time, h.

Rejection coefficient R was calculated according to
Eq. (2).

Cp

R=|1-—L|-100% ()
Cr

where C, and C; are the concentrations of permeate and

feed, respectively. Feed is Congo red and waste textile dye.
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The mechanical properties of the CAHFMT,
including stress, strain and Young’® modulus, were
measured by means of an AG-1S 50 KN Autograph test
unit. Each sample was stretched unidirectional at a constant
rate of 5 mm/min; the initial distance between the clamps
was 50 mm. Three specimens were tested for each sample.

The membrane morphology was determined with
SEM and thermal resistance with DSC.

3. Results and Discussion

3.1. Synthesis and Characterization
of CA from Banana Stem Fiber

As a result of reflux, the color of the solution was
brown, indicating the dissolved lignin and hemicellulose.
Lignin and hemicellulose are macromolecules which have
a large molecular weight, but they are easily degraded by
alkaline solutions due to an amorphous structure [18].

Pulp bleaching was aimed to degrade remaining
lignin in the pulp. The peak of cellulose absorption
(Fig. 1) occurs in —OH (3365.78 cm™) and C-O groups
(1099.43-1251.80 cm’"). These clusters show the presence
of a glycoside bond and C—O bond in the cellulose ring.
C-H with vibration occurs at wave number of 2920.23—
2850.79 cm’', C—H with bending vibration appears at
wave numbers of 1539.20-1462.04 cm’ [19].

The CA synthesis was performed by three stages:
inflation stage, acetylation stage and hydrolysis stage. In the
inflation stage, a glacial acetic acid, which acts as a
swelling agent, was added to the cellulose from the banana
stem fiber pulp. In addition, glacial acetic acid can increase
the reactivity of cellulose so that cellulose is more reactive
with acetic anhydride. At the acetylation stage, an acetic
anhydride and sulfuric acid as a catalyst were added to the
activated cellulose. The reaction was carried out at low
temperatures because of an exothermic reaction. Sulfuric
acid reacts rapidly with acetic anhydride to form acetyl
sulfate and acetic acid. Acetyl sulfate reacts with cellulose
to form cellulose sulfate ester. Three —OH groups in the
cellulose substituted with the acetyl group form a solution
of cellulose triacetate via acetylation reaction. The
acetylation of bio fiber pulp from banana tree waste
requires optimal acetylation time of 3.5 h and temperature
of 313 K. These conditions greatly determine the quality of
cellulose acetate produced as the membrane base material.
Non-optimal acetylation conditions will result in a low
quality of membrane. The hydrolysis reaction is aimed to
deacetylate the cellulose triacetate solution into CA. In
addition, the water in acetic acid will bind the remaining
acetic anhydride to acetic acid. Characterization of CA
produced in this study include: functional group analysis,
determination of relative molecular mass, and determina-
tion of acetyl content. The FTIR results are shown in Fig 1.
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Fig. 1. FTIR spectra of cellulose (1), synthesized CA (2) and commercial CA (3)

The absorption spectra of CA banana stem fiber
and commercial CA are similar. The typical absorption
peaks occur in the carbonyl (1751.36 cm™) and acetyl
group (1049.28 cm™); —COC-— bond, which is the bond
between the monosaccharide, appears at wave numbers of
1234.44 cm™ and is very sharp. If we compare FTIR
results for cellulose, CA biofiber pulp and commercial
CA, the —OH group of cellulose is replaced with acetyl
group in CA so that we observe its decrease, while the
intensity of peak absorption of acetyl group increased and
carbonyl group appeared. This proved that the cellulose
converts into CA via acetylation.

Determination of Mv by means of the viscometry
method shows the value of 51.15 kDa for the synthesized
CA, while Mv of commercial CA is 50.36 kDa. The
greater value of the synthesized CA is due to several
factors determined the relative molecular mass of CA: the
fiber length of the cellulose or the base material, the
bleaching process, the acetylation time and the hydrolysis
time. It is also determined by the composition of the
materials used for CA manufacture. Determination of
acetyl content is useful for determining the type of CA
obtained from the acetylation of banana pulp cellulose.
The cellulose monoacetate has acetyl content less than
35%, cellulose diacetate 35-43.5% and cellulose
triacetate 43.5-44.8% [20]. A good performance
membrane can be obtained by selecting the membrane
base material. The greater the degree of polymerization
(DP) of CA polymer material, the greater the amount of
the H and OH groups available, such that the physical
interaction between acetone as the solvent and formamide
as a pore-swelling ingredient in the printing solution
become larger, which will affect pore size and membrane
strength. Meanwhile, when the degree of substitution (DS)

of polymer material is higher, it will increase the space
barrier and lower the amount of hydroxyl group, such that
the membrane flux becomes smaller. Acetyl content of the
synthesized CA is 40.23 % while for commercial CA this
value is 40.40 % [21]. The degree of substitution of acetyl
groups in CA preferably ranges from 37.5 to 40.1 %. The
amount of acetyl groups depends on hydrolysis time. The
greater the hydrolysis time, the longer the deacetylation
process.

3.2. Production and Characterization
of CAHFMT

The production of CAHFMT wuses a phase
inversion technique in which the polymer in the form of a
solution is converted into a controlled solid form. The
dope solution has a very high viscosity requiring a thrust
force to exit through the spinneret of the printer so that
nitrogen gas is applied at a pressure of 506.6 kPa.
Nitrogen gas also serves to remove air bubbles from dope
solutions that have been made before exit through the
spinneret of the printer. The dope solution comes out of
the spinneret and enters the tub of coagulation. During the
process of membrane molding the solvent evaporation
determines the morphology of the membrane so that the
optimum water gap of 25 cm is used [13]. The process
continues to the coagulation stage that occurs when the
membrane enters the coagulation bath containing water
with a temperature of 278 K. The low temperatures used
can form a hollow fiber membrane that has an
asymmetrical side. The formed CAHFMT are stored in
sodium azide solution to prevent membrane bacterial
degradation. Prior to characterization, hollow fiber
membrane was coated with TiO; (0.2 % w/v).
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The characteristics of CAHFMT are necessary to
determine the quality of the resulting membrane.
CAHFMT characterization includes the thickness
measurement, mechanical properties test (stress, strain and
Young’s modulus), membrane morphological analysis
with SEM and membrane application for degradation of
textile dye.

The measurement of CAHFMT thickness was
carried out using a screw micrometer which had an
accuracy of 0.01 mm. Hollow fiber membranes were cut
longitudinally and stretched. The average thickness of
hollow fiber membrane was found to be 0.14-0.15 mm.

The stress values obtained at each variation of the
CAHFMT are shown in Fig. 2. High stress values indicate
that the material has strength, i.e., the ability to resist
deformation. Therefore, a membrane with great strength is
strong and non-fragile. The increase in the weight
percentage concentration of CA also increased the
intermolecular spacing. Through this phenomenon, the
stress value of a higher weight percentage concentration
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Fig. 2. Stress vs. dope concentration
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of CA is better than that of a smaller weight percentage
concentration. The molecular density of the membrane
reduces the pore size thus making the tensile strength even
greater [22]. However, there is a deviation at the dope
concentration of 23 %.The homogenous dope solution is
not formed. This is caused by the solubility of CA with a
solvent that has been saturated at 22 %. Furthermore, the
dope solution cannot be molded, so it reduces the bond
strength at the membrane and causes the membrane to
have a small stress value.

The strain value (often called elasticity) indicates a
material’s ability to increase its length before breaking.
An ideal membrane has a small and evenly distributed
pore size and excellent mechanical strength. In this
research, we determined that the CAHFMT strain tended
to decrease when the dope concentration was increased
(Fig. 3). When the membrane presents high elasticity, it is
deformedat high pressure easily. The deformation process
increases the pore size, where a larger pore size and higher
elasticity can decrease membrane performance.

B3

Strain

21 21,5
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Fig. 3. Strain vs. dope concentration
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Fig. 4. Young’s modulus vs. dope concentration

Increasing the concentration of dope solution creates
more intermolecular bonds and decreases the elasticity
value. In the graph, there is a deviation in the value at the
22.5% and 23 % concentrations, whereas there is an
increase in the membrane strain when the concentration is

increased. This is due to the lack of a homogeneous dope
solution, resulting in unevenly distributed pores and a non-
constant membrane elasticity [20].

Young’s modulus value shows the elastic strain of
a material. If the membrane’s Young’s modulus value is
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large, then the membrane can maintain its pore size when
applied to large pressure [17]. The Young’s modulus
value of CAHFMT is shown in Fig. 4.

Young’s modulus is derived from the strain on the
stress value, so that if there are large voltage values, then
Young’s modulus is greater; meanwhile, if the values are
small, Young’s modulus increases. Thus, Young’s
modulus is influenced by tension and the CAHFMT
strain. The graph shows the largest Young’s modulus
value at the 22 % concentration, because the CAHFMT
concentration has an ideal ratio of stress to strain so that
the Young’s modulus value obtained is also large.
Therefore, in this research, the optimum condition is
obtained at the dope concentration of 22 % with a stress of
452 MN/m?, strain of 0.0228, and Young’s modulus value
of 19.8:10° MN/m’ The CAHFMT performance can be
shown by the flux value and its rejection coefficient. The
flux value shows the ability of flow to pass through the
membrane, whereas the rejection coefficient indicates the
membrane’s ability to hold the solute molecule [20]. The
obtained CAHFMT are formed into modules [14]. Before
the performance test, the membrane module was first
compacted by passing the flow of water over the
membrane to open the membrane pores until a constant
flux value was obtained. To calculate the concentration
during the test, a UV-Vis spectrophotometer was used. In
this test, one type of textile dye, that is, Congo red, was
used as a bait. The Congo red solution produced a
standard curve with a maximum wavelength of 498 nm. In
this research a membrane flux of 73.33 I/m™h and
rejection coefficient value of 93.4 % were obtained. The
hollow fiber membrane module has a large flux value
because the membrane performance uses a cross-flow that
minimizes the occurrence of fouling on the membrane. In
addition, a large rejection value means that the hollow
fiber membrane is effective in holding the permeate
particles so that only a few part of the particles are passed.

FTIR was performed for the CAHFMT to
determine the bonds occurring in the membrane and
whether there is any change in the functional group after
the membrane is printed. The infra red spectra of
CAHFMT are shown in Fig. 5. The character of the —OH
group, which is still visible in the 3600-2800 cm™ region,
has board bands at 3450.77 cm” and a CO stretch
vibration in the range of 1300-1000 cm™, characterized
by sharp bands at 1045 comr’. This indicates no cluster
change with the addition of TiO,. The absorption of TiO,
is usually seen at 556 cm™” wave number. However, the
results of the analysis are not visible, thus proving
whether the bonds that occur between TiO, and the
membrane are physical bonds only.

The morphological analysis of CAHFMT was done
using SEM, which aimed to determine the cross section
and pore distribution and pore size on the surface of the
resulting membrane. The SEM test was performed on a
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hollow fiber membrane with an optimal dope
concentration. The SEM results of the cross section of the
hollow fiber membrane are shown in Fig. 6.

The SEM results also show that the inner surface of
the membrane had a denser pore than the outer surface,
meaning the membrane had asymmetric pores. The pores
of the inner membrane surface averaged 23.9 um and the
pore size of the outer surface of the outer membrane
averaged 99.56 um. The inner diameter of the hollow
fiber membrane was 964.6 um and the outer diameter was
1331 mm, as shown in Fig. 7. The pore distribution of the
CAHFMT was uniform.
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Fig. 5. FTIR spectra of CAHFM (1) and CAHFMT (2)

The DSC thermal test results are shown in Fig. 8,
demonstrating that the melting point of CAHFMT is
500.6 K, while the glass temperature is 359.37 K. In this
study, CAHFMT was coated with TiO, by an immersion
method, so an exceptionally large TiO, was suitable on
the outer surface of the membrane, which would be
effective for the degradation of waste textile dye.
Photocatalytic degradation was carried out under UV
exposure in a chamber with a 50 W UV lamp, with a
wavelength of 254 nm. Each sample was located at 25 cm
from the lamp and exposed for 1h. The temperature
during photo degradation was maintained at 303 K. In this
study, the application of three days repetitive dye
degradation in the CAHFMT remained relatively
unchanged. This shows that the membrane material is still
stable and the dye is degraded. The mechanism of the
degradation reaction is that the wavelength is shorter than
the band gap energy, for example, TiO,, which is 380 nm
(equivalent to 3.2 eV). This means that the energy of the
UV lamp can excite the electrons, ¢, from the valence
band to the conduction band and produce a hole, h', at the
valence band. The holes will react with HO to produce
hydroxy radicals [23]. The degradation reaction is
proposed in Egs. (3-5).

TiO, + hv — hole” + ¢ 3)
H,O +hole” — OHe+H" 4)
OH- + Congo red —

— product (simpler molecules than Congo red) (5)
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Fig. 6. Cross section SEM images of CAHFMT
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Fig. 7. A view of inner and outer diameter of CAHFMT
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Fig. 8. DSC thermogram of CAHFMT

At first, one example of a dye textile solution,
called Congo red, at 622 ppm was degraded by TiO,
under UV irradiation. Degradation was done by
immersing TiO, into 150 ml of Congo red solution using
UV light and stirring for 1 h. So, TiO, reacts with UV rays
to degrade Congo red. Then, the Congo red degradation
solution was measured with a UV spectrophotometer to

determine the residual concentration. The degradation
result obtained 100 % degradation efficiency and the
degraded Congo red was colorless. In the same procedure,
the CAHFMT was used to degrade the dye waste textile
and Congo red. The resulting effectiveness of textile
waste degradation was 94.2 % while the Congo red
degradation efficiency was 96.96 %.
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4, Conclusions

CAHFMT was successfully produced with an
optimum concentration of 22 % dope solution by mixing
or blending a dope solution of cellulose acetate, acetone
solvent, and formamide as a pore-forming additive and
coating with TiO; 0.2 % (w/v). The dope concentration
affects the mechanical properties of CAHFMT, where
CAHFMT with a 22 % dope concentration has optimum
mechanical properties, i.e., stress of 452 MN/m’, strain of
0.0228, and Young’s modulus value of 19.8:10° MN/m”.
The performance of CAHFMT with Congo red is as
following: flux 73.33 1/m’h, rejection 93.4 %, degradation
efficiency of waste textile dye 94.2 %, degradation
efficiency of Congo red 96.96 % and thermal resistance
500.6 K.
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AHNETAT-IEJIOJIO3HI HOPOKHUCTI
MEMBPAHMU 3 BOJIOKOH BAHAHOBUX CTEBEJI
3 HAHECEHUM TiO; JUISI PO3KJIALY
BIAIIPAIIBOBAHUX TEKCTUJIbHUX
BAPBHUKIB

Anomauia. Cunmes06ano i 00CHIONCEHO ayemam-yenio-
JIO3HI NOPONCHUCII MeMOPaHU 3 8010KOH Oamanosux cmeben 3
nanecenum TiO; (ALIIMT) sk anemepnamusHuil mamepian Ons
PO3KNA0Y 8iONpAYbOBAHO20 MEKCMUIbHO20 bapeHuKd. Busnaueno
MEXAHIYHI 81ACMUBOCMI, MePMOCMILIKICMb, NPOOYKIMUBHICHb MA
ehexmuenicmo  po3knady CUHME308AHUX MeMOPAH, NpPo6edeHi
CReKmpOCKONIYHI  ma MIKpOCKONiuHI  0ocniodcenns. Ayemam
yentonosu (AL) ooepowcano 3 eonokon cmebna bOanama uepes
cmaodilo HabYXaHHsl, peakyilo ayemuwiio8anHs ma peaxKyilo 2iopo-
i3y 3 nooansuwium moougpixyeannam TiO; pizHUX KOHYEHMpPayiil.
Bcmanoesneno, wo natikpawi mexamiuni énacmusocmi (Hanpy-
orcents, degpopmayis ma mooyns FOnea), a maxodic 2iopoghinoui
enacmusocmi  eusense AL[IIMT 3 konyenmpayicio 000amKy
22 Y% mac. [ocniosxceno nosedinky ALIIIMT 3 Koneo uepsonum.
3a donomocoio SEM ananizy ecmanosneno, wo membpana mana
arcopemki nopu. Ilokazano, wo 3acmocysanns ALIIMT moorce
6ymu 8UpIUEHHAM eKOHOMIYHUX A eKONOIUHUX npobieM.

Kniouoei cnoea: membpana, nopoosicHucme  80NOKHO,
ayemam yemonosu, TiO,, eionpayboeanuti mexcmuibHuil OAPGHUK.



