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ARTICLE INFO ABSTRACT

Keywords: Development of nanofiber membranes with the ability to remove organic dye such as Indigo
Electrospinning Carmine (IC) from effluent wastewater is of immense help to the textile industry. In the present
Nanofibers study, we investigate the preparation of cellulose acetate (CA) nanofiber membranes with opti-
E};?;chl;::z mized performances using electrospinning technique for effective removal of Indigo Carmine (IC)
Nanofiltration dye. Electrospinning parameters and solvent system containing acetic acid were adjusted to

obtain CA nanofibers membranes which better suits dye removal application. The obtained
nanofiber membranes were characterized using Scanning Electron Microscopy (SEM), Fourier-
Transform Infrared Spectroscopy (FT-IR) and contact angle analysis. Results show that nano-
fiber webs with optimized electrospinning parameters were continuously formed and are sub-
stantially free of defects such as beading, with an average diameter of 950 + 50 nm.
Hydrophobicity of membranes were successfully modified and showed important increase of
contact angle values from 37° to 107°. The stirring time was varied to improve the solution
homogeneity and consequently the response of membranes in filtration treatment. The CA
membranes performance was evaluated through water flux and permeability measurement and
tested on IC dye removal. The results showed a rate of dye removal around 83 % and a maximum
adsorption capacity (Qp) of 13.09 mg/g for the optimized CA membranes.

1. Introduction

Water pollution causes a severe issue concern to the environment and public health. Particularly, dye contamination caused several
environmental issues that necessitate more attention [1]. Before being released into the environment, the effluent from printing and
dyeing units must first undergo thorough treatment because it frequently contains residual of reactive colors and chemicals. Synthetic
dyes include complex aromatic molecule structures which are considered extremely important to treat, before it is discharged into the
environment [2,3]. Among many industrial dyes, indigo carmine (IC) is widely produced and used as a coloring dye in denim
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production (a denim clothes requires 3-12 g of IC per pair). Nevertheless, it is considered toxic for environment and human. For this
reason, textile wastewater effluents must be treated [4-6]. Traditional methods such as, precipitation, flocculation, coagulation, and
biological processes have many limitations, making their dye removal less effective. Furthermore, these techniques have high energy
requirements [7]. Recently, several treatment methods have been used to remove dyes from wastewaters via photocatalysis [8],
advanced oxidation processes [9], adsorption [10], biological treatment [11], liquid membrane separation [12] and membrane
filtration [13,14].

Among the used approaches, membrane filtration is regarded as one of the most advantageous in dye degradation processes. One of
the most energy-efficient membrane filtration techniques is reverse osmosis (RO), which uses pressure to drive microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF). In contrast to distillation, which requires more energy, membrane filtration technique is
relatively fast, efficient, cost effective and treats a wide range of organic pollutants [15]. For effective membrane filtration processes,
the used membrane type is considered as a key element [16-18]. Polymeric membranes produced by the phase inversion method are
relatively inexpensive, but they have an asymmetric structure which leads to low surface porosity as well as low permeability [19].
Materials with nanoscale dimensions received enormous attention due to their suitability for water-waste application [13]. The
distinctiveness of nanomaterials relies not only on their large specific surface area, lightweight, adjustable morphology, and height
porosity, but also on their good computability and easy modification with other functional materials [20-22]. Among several methods
for nanomaterials fabrication, electrospinning demonstrated an effective method to prepare nanofiber materials [23,24]. In fact,
electrospinning technique has created entirely new opportunities to nanomaterials, due to its effectiveness and simplicity. Electrospun
membranes, due to their excellent advantages, were developed to successfully accomplish the filtration issues associated with ultrafine
particles. These benefits include a small fiber diameter, a morphology that can be steered, a porous structure that can be controlled, a
high specific surface area, and a good internal connectivity [25,26]. Electrospun fiber membranes, particularly in the field of
wastewater treatment, have reduced the disadvantages of low efficiency, high energy use and challenges with recycling of traditional
processes [27,28].

Numerous factors influence the electrospinning process and the form of the resulting fibers. The impacts of solution and process
characteristics, including material composition, applied voltage, polymer concentration and tip-to-collector distance, on the resultant
nanofibers were examined by several authors [29-31]. Among these parameters, the viscosity of the polymer solution has the greatest
effect on the process and resulting fiber morphology [32]. Viscosity is dependent to the polymer concentration in electrospinning
solution, the average molecular weight on the polymer and the solution surface tension [33]. The key parameter of the electrospinning
technique for major applications is the diameter of the obtained nanofibers. It determines the structural characteristics, including pore
size and pore size distribution. Subsequently, these characteristics have great impact on the filter’s permeability and selectivity [34].
Up to date, much effort has been performed and according to the literature, electrospun CA membranes have been widely used in
wastewater treatment fields. In fact, Zhang and Wong [2022] prepared a cellulose acetate/chitosan nanofibers membrane for
Humic-Acid removal [27]. Mansourizadeh et al. [2014] fabricated cellulose acetate (CA), polyethersulfone (PES), and polyethylene
glycol (PEG) membranes using phase-inversion process for oil removal. They attained a membrane rejection efficiency of 88 % for
PES/CA membranes [35]. In the same regard, El-Barbary et al. [2021] developed a composite containing cadmium selenide (CdSe)
modified with Ag ions and graphene oxide (GO) nanosheets and CA nanofibers to degrade the methylene blue (MB) dye using pho-
tocatalysis [33]. Concerning IC dye removal, Yazdi et al. [2018], prepared an amidoximated polyacrilonitrile (APAN) nanofibers
surface coated with magnetite nanoparticles (FesO4 NPs) for this purpose [36]. In another research [37], modified PEG with hy-
droxyapatite nanoparticles was employed as a new and effective adsorbent for IC dye removal.

In the present study, the main objective is to synthesize electospun neat CA membranes with optimized characteristics for IC dye
removal. Indeed, CA polymer is selected to create nanowebs because of its superior mechanical capabilities, mass transfer, chemical
stability, and capacity to produce nanofibers. During experimental, electrospinning parameters were varied, and acetic acid (AC) was
selected as solvent and cross-linking agent for CA polymer to reduce its hydrophilic character. Moreover, stirring time was varied from
2 to 48 h at 25 °C to optimize the solution homogeneity.

The elaborated nanofibers were characterized by Scanning Electron Microscopy (SEM), Fourier-transform infrared (FT-IR) spec-
troscopy and contact angle measurements. After membrane synthesis and obtaining CA uniform nanofibers, membrane performance
was evaluated by conducting water flux and permeability measurements. During research, the response of different CA prepared
membranes to IC dye treatment were also evaluated using nanofiltration process. The color removal is designated as a treatment
performance indicator for our assessment.

2. Materials and methods
2.1. Material

Cellulose Acetate polymer (acetyl content: 39.8 % (w/w), Mw 30,000 Da) was purchased from Sigma Aldrich. Acetic acid (from
chamlab) was used as solvent. A Millipore Milli-Q water purification system with a resistivity of 18.2 M cm ™}, was used to produce
ultra-pure water. Indigo carmine dye with a molecular formula C;6HgN2NaOgSs, acquired from Sigma Aldrich, was considered as dye
pollutant. All chemical reagents and solvents in this work were used without further purification.

2.2. Preparation of cellulose membranes

During preliminary tests, an amount of 16 % CA concentration was fixed to obtain continuous nanofibers. Then, it was dissolved in
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acetic acid, the mixture was stirred for varied time: 2 h, 24 h and 48 h at 25 °C until the electrospinning solution becomes homogenous.
Under stirring, the solution was covered. Finally, the electrospinning solution was loaded into a 10 mL plastic syringe using a gauge
needle. During electrospinning, a voltage of 18 kV was applied between the needle and the plate collector. To achieve the desirable
highly porous shape, a flow rate of 2 mL per hour was maintained. The plate collector, covered with aluminum foil, was placed at 15 cm
from the tip of the needle. The produced CA electrospun membrane was, first, dried under vacuum for 2 h at 60 °C to eliminate any
remaining solvent, and then immersed in water for 2 h to effectively obtain individualized membrane. The preparation steps involved
in this study are summarized in Fig. 1.

2.3. Membrane characterization

2.3.1. Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR PerkinElmer spectrometer, serial number: 110,400) was used to determine the
chemical structure of the produced membranes. FTIR spectra of CA membranes were measured in the wavenumbers range of
500-4000 cm ™.

2.3.2. Contact angle measurements

The static water contact angle (WCA) of the elaborated membranes was measured using the contact angle meter (ATTENSION,
THETA, serial number: S/N AAV 100005) to investigate the surface wettability of the electrospun membranes. For each sample, five
readings of the water contact angle (WCA) were given at various points from the surface sample, and the average of these values was
reported.

2.3.3. Morphological analysis
Using scanning electron microscopy (FEI Quanta 650 SEM, serial number: 9950170), the obtained nanofibrous morphology of
membranes is examined.

2.4. Membrane performance

2.4.1. Water flux and permeability measurements

A stainless-steel cell (Millipore) was used to test the water flux and permeability, and N gas was used to maintain the pressure. The
effective membrane area was 38.54 cm?, and the filtration cell had a 350 mL capacity. The pure water flux was determined as a
function of pressure (from 0 to 12 bar). The following equation was used to determine the permeate flux, which was measured as the
volume of water permeating per unit area of membrane at specific time [38,39].

0
_ 1
v At M

where Jy is the permeate flux (L m 2 h’l), v the volume of permeate (L), A the membrane area (m?) and t is the operating time (h).
The following equation uses Darcy’s law to express the ultrapure water flux through the membrane (Jw):
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Fig. 1. Schematic diagram of synthetic of CA membrane synthesis.
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where J is the ultrapure water flux (L m~2 h™!) and Lp° the permeability of the solvent. It is determined by the solvent viscosity (1)
and the membrane morphological properties (porosity, specific surface area, etc). The AP is the transmembrane pressure and Ry, is the
hydraulic membrane resistance (m.

2.4.2. Resistance of CA nanofibers membranes to water
A surface of 2 x 2 cm? of CA membrane was weighted then it was immersed for 24 h in 50 mL of distilled water at room tem-
perature. The membrane’s weight was calculated after soaking for 24 h. The following equation was used to determine the membrane
weight loss in percentage terms (W (%)) after being dispersed in water:
M1 - M2

W(%):TX 100 3)
1

where M represents the initial weight of the elaborated membrane and M, the membrane weight following a 24-h immersion in water.

2.4.3. Affinity based dye removal efficiency
Ultra violet (UV) visible absorption Spectrophotometer (Thermospectronic UV1, serial number: 501513031802) was used to assess
the quantitative study of affinity-based removal of IC dye in the wavelength range between 400 and 800 nm. The performance of
elaborated membranes was tested at various concentrations (1, 2, 5 mg. L™1) of IC dye.
The decolorization of dye solution was assessed by measuring the absorbance at the wavelength Ayax = 610 nm determined by
UV-visible spectroscopy. The color removal was determined using the following equation [40]:
ABS, — ABS;

Color removal (%) = —ABS. “4)
0

where ABSy is the absorbance of the initial dye solution and ABS; denotes the absorbance of the dye after treatment with different CA
membranes.

A schematic presentation of nanofiltration set-up and the performance evaluation process of the fabricated membranes are illus-
trated in Fig. 2.

3. Results and discussion
3.1. Morphology of cellulose membranes

The resulting morphology of the electrospun nanofibers is determined by the combined effects of solution property such as the
molecular weight, concentration, conductivity, solvent volatility, and viscosity of the polymer as well as the processing parameters for
instance: the needle tip placement and design, the applied voltage, the flow rate and the tip-to-collector separation. Therefore, altering
these parameters will directly influence the size and fiber morphology [41]. Concerning viscosity and solution homogeneity, they are
impacted by varying the stirring time during the electrospinning process. The ideal stirring duration depends on the polymer-solvent
system and the required fiber properties. Both longer and shorter stirring times have different effects on the electrospinning process. In
most cases, electrospinning requires experimentation and systematic optimization to determine the optimal conditions for reaching the
desired fiber diameter [42]. The representative SEM images of synthetized CA membranes as a function of the stirring time of the
electrospun solution are shown in Fig. 3. As it can be observed, for lower stirring time particularly 2 h, the synthesized CA nanofiber

Fig. 2. A schematic of nano-filtration set-up.
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Fig. 3. SEM images and histogram diagrams of the CA nanofibers as function with stirring time (a) 2 h, (b) 24 h and (c) 48 h.
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membranes have some irregular nanofibers with a diameter size ranging from 350 nm + 50 nm-950 nm =+ 50 nm. Indeed, insufficient
mixing during short stirring periods could lead to an unequal dispersion of polymer chains within the mixture. This lack of homo-
geneity can lead to variations in fiber diameter. Longer periods of stirring cause an increase of solution viscosity, which augments the
resistance to stretching and elongation during the electrospinning process. This behavior can lead to greater nanofiber diameters. As
seen, the SEM images displayed an increase of CA nanofibers diameter to 950 nm + 50 nm with 48 h stirring (histograms of fiber
diameter distribution in Fig. 3). Likewise, through the produced nanofibers, micro- and meso-pores in the nanofiber structure may be
seen. From conducted experiments, we can denote that the homogeneity of CA solution can intensely affect the balance between the
nucleation and the growth of nanofibers, resulting in a considerable modification of the final CA nanofibers shape. This behavior
agrees with the previously reported results of Ghorani et al. [2015] [43]. Therefore, it is necessary to preserve the continuity of the jet
throughout the electrospinning process for uniform nanofibers formation by mean of appropriate stirring duration.

3.2. FT-IR analysis

Fourier transform infrared spectroscopy was used to analyze the chemical structure of the obtained CA membranes. The FTIR
spectrum (Fig. 4(a)) shows the typical absorption features of CA membranes in acetic acid. The strong characteristic absorption peaks
at 1739 cm™? (vcjo, carbonyl stretch), 1377 em™? (methyle vc.y symetric/asymmetric bend), 1219 cm_l, 1028 cm™? (vc-o-c, alkoxyl
ester stretch) and 899 cm™! (vococus) which are attributed to the vibrations of acetate group were observed [2,44]. Also, a broad
absorption band at 3300-3500 cm ™! corresponding to stretching of OH group and an absorption band at 2700-2900 cm ! related to
—CH, groups were detected [45]. This analysis verifies the interfacial polymerization of CA and confirms nanofiber creation during the
electrospinning process. For FTIR analysis after IC dye adsorption (Fig. 4(a)), the spectrum of CA (48 h)-IC shows the existence of
characteristic bands of IC dye molecule in the region between (900-1250 cm ™) which can be assigned to the —S05 functional group
present in dye structure [37]. The bands intensity of CA nanofiber membranes after IC dye adsorption increase especially for OH, C]O
and C-N bands. The observed shift in peak values may be due to the bonding of the IC dye onto the CA adsorbent surface [46]. Based on
the FTIR studies, a schematic representation of the possible adsorption mechanism has been shown in Fig. 4 (b).

3.3. Contact angle measurement

Contact angle measurement is considered as a simple experimental technique used for quantifying the chemical construction [47].
Editing the surface hydrophilicity-hydrophobicity is an important issue to consider when assessing the application field for electrospun
CA membranes eventually in wastewater treatment. The swelling of CA nanofibers can influence the pore size and subsequently their
response during wastewater treatment. To investigate the wettability of CA nanofibers, water contact angle measurements were
studied, as shown in Fig. 5. It was analyzed that when stirring time increases, the capacity of water absorbency was reduced. Indeed,
CA molecular chain contains hydrophilic hydroxyl groups but also hydrophobic groups which are not exposed to the surface of the
electrospun nanofibers [48]. Here, the hydrophilicity of CA nanofibers was reduced because of the hydrophobic acetyl groups are
being exposed to the nanofibers surface. When improving CA solution homogeneity by stirring, the percentage of hydrophobic side
chains in the CA is augmented [49-51]. Consequently, the improvement of the CA solution homogeneity before electrospinning
process is an important factor which contributes to the rise in contact angle values. This behavior gives more selectivity during
filtration process [52]. It is important to note that the extent of the changes on CA molecular chain depends not only on the duration
and conditions of the hydrolysis reaction but also on the concentration of acetic acid used. These parameters can be optimized to
achieve the desired properties of the final material [53,54].
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Fig. 5. Variation of the Contact Angle of CA electrospun membranes as a function of stirring time.
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3.4. Water permeability flux

Fig. 6 shows the obtained water permeation fluxes (PWF) for different elaborated membranes. The presented curves exhibit a linear
aspect with the slope of the permeability L0 p as a function of pressure. As indicated in Fig. 6, the L0 pis found to correspond to the range
of the nanofiltration membrane. It is also noticeable from Fig. 6 that the PWF of different CA membranes increased respectively with
the stirring time increase. According to experimental results, the PWF of CA (48 h), CA (24 h) and CA (2h) is 97.30 L/h m?> bar, 46.39
L/h m? bar and 28.79 L/h m? bar, respectively. The augmentation of stirring time engenders an increase in ultrapure water perme-
ability, which might be explained by improved nanofibers structure after 48 h stirring. Indeed, the CA solution homogeneity influences
the pore-formatting mechanism, which directly influences membrane porosity and results in a higher flux. Similar trends were pre-
viously reported in the literature [39,55,56].

3.5. Water resistance of CA nanofibers membranes

Water resistance of produced CA membranes is described in Fig. 7 (a). It shows that the resistance to water was greatly increased by
CA solution stirring augment. This behavior might be related to the stability of achieved membrane (48 h) even after immersion in
water for 24 h. This stability might be related to the enhanced nanofiber structure [39].

3.6. Nanofiltration applied to wastewater treatment

Due to their porosity, large specific surface area and ease of regeneration, electrospun membranes offer a viable material for
adsorbing pollutants from aqueous solutions [57-59]. Moreover, the nanofibers layered structure gives the nanoparticles unique
charges and functional groups with more adsorption sites, accelerating thereby the rate and capacity of adsorption. Due to their
toxicity, slow rate of degradation, and stability on water bodies, concerns about dye molecules in wastewaters are very serious [60].
Thus, significant research efforts have been made to focus on the mechanism of dye removal with electrospun membranes [61].

Within this section, the influence of electrospun solution homogeneity on the membrane has been demonstrated. To explore the
importance of this crucial parameter, the nanofiltration efficiency of the different green elaborated CA electrospun nanofibers
membranes for various concentrations of IC dye are detailed in Fig. 8. The color removal efficiency for the concentration 1 mg/L was
found approximately 28 %, 50 % and 65 % with CA (2 h), CA (24 h) and CA (48 h), respectively.

On the other hand, the color removal of 2 mg/L reached about 31 %, 40 % and 78 % for the same membranes, respectively. Besides,
42 %, 74 % and 83 % for the concentration 5 mg/L. Definitely, by increasing stirring time, the membrane morphology is enhanced
(regular fiber diameter, no beads, pore size distribution) and consequently, the nanofiltration efficiency showed a similar improvement
consequently. Meanwhile, the increase of the applied pressure from O bar to 12 bar raises also color removal efficiency. These later
constatations agree with suggested explanations.

Based on the FTIR analysis, the mechanism of dye adsorption was attributed to functional groups in CA, which may act as sites for
physical adsorption. Hydrogen bonds and electrostatic force of attraction may be additional factors. Furthermore, the achieved hy-
drophobic character of CA nanofibers prepared with 48 h time of stirring, especially the acetyl group, can reinforce the surface
adsorption towards the active surface. Therefore, the number of available adsorption sites on the membrane surface is supported which
conducts to the improvement of nanofiltration of IC dye [62,63]. As a matter of fact, the adsorption rate at higher concentrations of IC
dye may be influenced by the diffusion of molecules that exchange ions within the CA membrane.

Table .1 displays a comparison of the maximum adsorption capacity (Qp,) of various membranes toward IC studied in other works.
The maximum adsorption capacity reported (13.09 mg/g) for elaborated CA membranes is attained for CA nanofibers prepared with
48 h stirring. Comparing to other studies, it is clear that the elaborated CA nanofiber membranes have good adsorption capacity than
that obtained with other adsorbents. Subsequently, the elaborated neat polymer CA nanofiber membrane is a promising nanomaterial
for dye removal from industrial textile wastewater.
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Fig. 6. Water permeate fluxes of CA membranes as a function with pressure.
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Table 1

Comparison of CA nanofibers prepared with 48 h stirring time adsorption capacity with other adsorbents for removal of IC dye.
Adsorbent Maximum adsorption capacity Qn, (mg/g) References
CA-48 h 13.09 mg/g This work
Chitin 5.8 mg/g [64]
Glutaraldehyde cross-linked chitosan 1.8 mg/g [65]
Calcium hydroxide 0.95 mg/g [66]
Polyvinylidene fluoride (PVDF) 12.5 mg/g [67]
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4. Conclusions and prospects

The ability of membranes made from electrospun CA nanofibers to eliminate IC dye was examined in this study. These nanofiber
membranes enormous surface areas are suitable for removing certain compounds through physical adsorption. For membrane elab-
oration, we considered the acetic acid as solvent and crosslinking agent to lower the hydrophilic structure of CA nanofiber. In fact, this
hydrophilic character can engender quite low adsorptions. To enhance membranes performance in dye sorption, we varied the stirring
time (2 h, 24 h and 48 h) during solution preparation to study its effect on solution homogeneity. The obtained membranes exhibited a
good uniformity and nanofibers were well defined with stirring time increase. Furthermore, the decrease of hydrophilic character is
reached because of the esters groups hydrolysis within CA polymer while reaction with acetic acid. As reaction progress, as the
proportion of acetate groups decreases, which leads to a proportional decrease in water absorption capacity and a change in the
wetting properties of CA. Consequently, membranes with optimized parameters attained a percentage of 83 % color removal of 5 mg/L
concentration at 12 bar as a maximum of adsorption capacity of IC (Qy = 13.09 mg/g). Therefore, these green elaborated nano-
materials could open a new path for removing color molecules from textile effluents. The performance of membranes can also be
enhanced by further research to develop modified nanofibrous adsorption materials that immobilize functional groups or fillers on the
fiber network. It is also necessary to look at the stability and degradability of these electrospun nanofibers as well as the migration of
nanofillers.

Additionally, by immobilizing the functional groups or fillers on the fiber network, these fibrous adsorption materials are intended
to create a readily manipulable nanomaterial with a large number of binding sites. It would be vital to know that the electrospun
adsorbents won’t add any additional impurities to the water system or environment.
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