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Abstract

In this study, an adsorptive electrospun polyamide membrane (ESPA) and electro-
spun polyamide—weathered basalt composite membrane (ESPA-WB) were prepared
by an electrospinning process at room temperature. Hence, the WB structure was
built as a polymeric membrane separation film in combination with the ESPA matrix
as a composite nano-filtration membrane. Then, the ESPA and ESPA-WB mem-
branes were characterized using BET surface area analysis, Fourier transform infra-
red spectroscopy, X-ray diffraction, and scanning electron microscopy (SEM). To
avoid cracks forming during the sintering process, the WB should be added in cer-
tain percentages. The microstructures of the prepared membranes were investigated
to evaluate their efficiency for basic and acidic dyes’ removal and their permeation
flux. Compared with the ESPA, the ESPA-WB membrane combines the characteris-
tics of WB and ESPA, which greatly enhances the performance of both methylene
blue (MB) and methyl orange (MO) dyes removal from synthetic wastewater. The
outcomes of this study indicated that the dye uptake in the case of ESPA-WB is
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higher than that of ESPA, and it decreases with an increase in dye concentrations.
The obtained membrane ESPA-WB showed both an excellent anti-dye fouling and a
good rejection property for both dyes (i.e. 90% rejection for MB and 74% for MO)
with no sign of contamination by the applied dyes. It was found that the structure of
the ESPA-WB membrane contains a large number of several adsorption sites which
leads to an increase in the removal rate of dyes. Hence, this study demonstrated a
non-conventional strategy to prepare an effective adsorptive nano-composite mem-
brane that can be applied as a highly recyclable one for the removal of organic dyes.
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Introduction

Dyes are an important component in various industries such as food, pharmaceu-
ticals, cosmetics, paper, plastics, leather, and textile finishing [1]. Textile dyeing is
among the most environmentally unfriendly industries owing to the large quantities
of water demanded and the strongly colored wastewater produced, polluted with
dyes and other chemical auxiliaries [2].
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Methyl orange (MO) anionic dye as a model compound for ordinary water-sol-
uble azo-dyes which is widely utilized in most of the mentioned industries, is toxic
and carcinogenic to animals and humans [3-5]. Also, azo-dyes are very stable due
to greater bond strength, which prevents their degradation by the conventional treat-
ment methods [6, 7].

Methylene blue (MB) cationic dye is a typical thiazine dye pollutant with the for-
mula of (C;4H;(N5CIS). It’s widely utilized in many cellulose and protein textiles
dyeing and causes harmful effects on aquatic organisms and humans [8]. The release
of such highly colored dye effluents into the environment could pose a huge envi-
ronmental risk to the water ecosystem and underground aquifers and thus to human
health [4, 9]. Therefore, it is an essential requirement for the sustainability of the
environmental ecosystem to remove azo-dyes and color from the aquatic systems
using an environmentally friendly advanced technology. Although there are many
purification technologies like adsorption [10], catalytic ozonation [11], biodegrada-
tion [12], photolysis [13] and electrochemical oxidation [14] applied to address this
issue, achieving a higher treatment efficiency for the removal of dyes from colored
wastewater is still a major concern [11]. The membrane separation process could be
an eco-friendly alternative for treating the above-mentioned dyes; MO and MB as it
can perform effective, selective, and reliable removal to protect water resources [4,
15].

Recently, nanofiber filtration membranes (NFM) revealed a higher rejection
rate improving the filtration efficiency for small organic dye molecules. This was
ascribed to their fascinating physicochemical and mechanical properties (e.g. high
surface area, porosity, permeability, and good strengths) [16—19], as well as, the
applicability to produce composites with other materials [20]. There are many meth-
ods to produce NFM such as blow spinning, centrifugal spinning, draw spinning,
and electrospinning [21-24]. Among these methods, electrospinning is the most
advanced technique for NFM fabrication due to its simplicity, low cost, a large selec-
tion of materials, strong versatility, and ability to produce nanofibers with small pore
diameters [21, 25]. Electrospinning is a versatile technology that has been applied
for the creation of ultrafine nonwoven fibrous membranes of a variety of materi-
als, such as inorganic materials [26, 27], polymers [28, 29], and hybrid materials
[30, 31]. These fibers exhibit diameters ranging from nanometers to micrometers
with large ratios of surface area to volume and various hierarchical structures [32].
Electrospun nano-fiber membranes (ESNFMs) have high porosity, high specific
surface area, and unique interconnected structure [33]. It has huge advantages and
potential in the treatment and recycling of wastewater. Electrospun nano-fibers have
seen a wide range of applications including filtration, catalysis, sensor, electronic
and optical device, energy conversion and storage, and biomedical uses [33]. There
are various polymers originating from synthetic and natural sources that have been
processed into electrospun nano-fibers with various morphologies like silk fibroin
[34], cellulose acetate (CA) [35], polycaprolactone [36], polystyrene [37], collagen
[38], poly(methyl methacrylate) [39], poly(L-lactic acid) [40] and poly(vinyl alco-
hol) (PVA) [41]. Such fabricated nano-fibers can be used in air/ wastewater filtra-
tion. Also, Ding et al. [42] reported the application of the electrospinning method
for the fabrication of functional electrospun nanofibers from variable polymers such
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as polysulfone, polyvinylidene fluoride, and polyvinyl alcohol. The basic electro-
spinning setup consists of a spinneret with a metallic needle, a high-voltage power
supply, and grounded collector. Polymer solution (or melt) is filled inside a plas-
tic syringe, which is loaded into a syringe pump to form a droplet at the tip, the
power supply is electrically charging the droplet, which is stretched many times and
dries or solidifies to leave a polymeric nanofiber on grounded collector [43, 44].
With the utilization of the electrospinning process, the morphology of nanofibers
can be easily adjusted by changing the number of variables. These variables can
be separated into three main groups; solution parameters (polymer concentration,
molecular weight, and conductivity) [44, 45], processing parameters (Applied volt-
age, flow rate, and tip to collector distance needle diameter) [46] at ambient condi-
tions (atmospheric pressure and room temperature) [47].

On the other hand, due to the fast fashion cycle, enormous amounts of non-biode-
gradable synthetic textile wastes are annually produced from carpet factories causing
serious environmental problems [48—50]. Among these textile wastes, polyamides
(PA) are the most widely used in carpet factories, especially, PA6 and PA6.6 fibers
that are used as face carpet yarns [51]. Polyamides (PAs) are versatile semi-crys-
talline polymers with high chemical resistance and good thermal and mechanical
properties [52]. They are produced usually in the form of fibers, for use in a broad
scope of applications (fashion, automotive, construction, packaging, electrical, elec-
tronic, and coatings industries) [53]. Therefore, polyamides represent an important
proportion of polymer waste. As with the physical method, electrospinning offers
the opportunity to prepare fibrous polymer products from post-industrial polymers.
For example, poly (ethylene terephthalate)-based waste drinking bottles were used
to fabricate electrospun fibers with an average diameter of 95-37 nm for filtration
applications [54], while Isik et al. [55] obtained expanded polystyrene (EPS) from
insulation and packing material without further purification.

Utilizing polyamide (PA) as base layers, various composite fibrous membranes
were fabricated using different materials (e.g. zeolite, fresh basalt, carbon nano-
tubes, graphene oxide ... etc. [56, 57]. Unlike the previously applied fresh basalt
(FB) composed mainly of pyroxene, olivine, and calcic plagioclase as primary com-
ponents with some subordinate magnetite, ilmenite, and nepheline minerals, the
weathering processes to which the FB was subjected contributed to a noticeable
appearance of clay minerals (e.g. montmorillonite, illite, and vermiculite) among its
dominant components on the expense of the primary ones [58]. Consequently, such
weathering products (WB) accumulate in huge reserves at the fresh basalt quarries
in several localities in Egypt with no proper industrial application causing a cute
environmental problem. These products are clay-like materials enriched in ferro-
magnesian metal oxide components.

So, to maximize the market value and mitigate the environmental problems gen-
erated by such industrial (PA 6.6) and natural (WB) wastes, these wastes were uti-
lized in the fabrication of valuable electrospun nano-composite membranes (ESPA-
WB). This nano-composite was applied in the removal process of both cationic
and anionic dyes (MB and MO, orderly) from synthetic wastewater. As well, the
removal mechanisms of these dyes by the current fabricated membrane (ESPA-WB)
were carefully investigated and the role of the incorporated WB in the adsorption
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process was highlighted. Similarly, the impact of different experimental parameters
such as initial dye concentration, pH, pressure, and the involved electrolytes on the
dye removal efficiency by the addressed nano-membrane was studied. Also, the life
operation performance of this nano-filter membrane was evaluated.

Materials and experiments
Materials

Weathered basalt (WB) was obtained from the Western Desert (Egypt). Polyamide
(PA6.6) waste was collected from an Egyptian carpet factory. Formic acid 90% was
supplied from (BDH Chemicals, England). Methyl orange (MO) and methylene blue
(MB) dyes were purchased from (Fluka, Switzerland). All dye stock solutions were
prepared using deionized (DI) water. Most of the chemicals used in this research
including NaOH, CaCl,, NaNO;, H,SO, (98.0%), and HCI (32.0%) were purchased
from Sigma-Aldrich Company.

Preparation of raw materials (WB and PA waste)

The collected WB samples were crushed by a ball mill machine (Retsch Pm 100,
Germany) < 65 nm, then washed with deionized water (DI) to neutral pH, and finally
dried in an oven at 70 °C for 24 h. The PA-fibers were washed with a non-ionic
detergent solution (1 g/L) at 80 °C for 20 min, rinsed in DI to remove any impuri-
ties, and then air-dried at room temperature [59].

Fabrication of electrospun polyamide membrane (ESPA)

The electrospun polyamide membrane (ESPA) was fabricated using an electrospin-
ning device that consists of a programmable mono-channel syringe pump (NE-
4000, USA) and a high-voltage power supply (HVA b2 Electronics). In this regard,
the waste polyamide fiber was dissolved in 90% formic acid at a concentration of
15 wt.% and stirred for 30 min at room temperature. Then the polyamide solution
was fed to the 10 mL plastic syringe with a positively charged metallic micro-tip.
The spinning process was conducted at a constant electric field (18 kV), fixed col-
lecting distance, and flow rate (15 cm and 1.2 ml/h, orderly). The electrospun poly-
amide (ESPA) was collected on a negatively charged fixed collector. To maintain the
thickness of the produced ESPA fixed (120-130 um), the electro-spinning processes
were performed for about 6 h at ambient temperature.

Fabrication of electrospun polyamide-weathered basalt nano-composite
membrane (ESPA-WB)

To fabricate the desired ESPA-WB membrane the above mention protocol was
applied with only one exception that include the addition of WB (<63 nm) to be
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completely dispersed in the dissolving reagent (formic acid) before the addition of
PA to the mixture achieving a mass ratio of 1:4 (WB:PA) with continuous stirring
for 30 processes at each addition.

For the above fabricated (ESPA), the WB was added to the spinning solution at a
mass ratio of 1:4 (WB:PA) and stirred for 30 min.

Both fabricated membranes (ESPA and ESPA-WB) were rinsed with deionized
water (DI) for 20 min then washed with a mixture of alcohol:water (30:70) to be
neutralized before open air drying and packing for further application.

Preparation of stock solutions

One gram of each dye (MB and MO) was dissolved in 1000 mL of DI to prepare
stock solutions with a concentration of 1000 ppm/L. The stock solutions were
diluted separately using DI to prepare the required initial concentrations of both
dyes (15-120 ppm).

Studies of the dye rejection with the variation of membrane parameters
Membrane performance and ultrafiltration setup

A High productivity filtration system (Millipore, model 8050) containing a filtration
cell fitted with a membrane of a 3.14 cm? area was used to analyze the performance
of prepared membranes. The system was pressurized with nitrogen (5-22 bar) and
the feed solution was stirred continuously at 400 rpm to minimize concentration
polarization. The stirred cell and reservoir of a total volume of 2 L were filled with
dye solution at a variable pressure (5-22 bar) at an initial concentration of 120 ppm
and pH value of 7 for dyes’ solutions. The ultrafiltration setup is shown in Fig. 1.
The pH feed dye solution was adjusted at the desired value by adding hydrochloric
acid or sodium hydroxide solution (0.1 M) and kept in the range of 3—-10. Also, the
feed solution was adjusted at fixed pressure and initial concentration of 15 bar and
120 ppm, respectively. The dye concentration was varied (20, 30, 60, 120 ppm) at
a feed pressure of 15 bar at a neutral pH value. Then, 15 mL of permeate solution
was used to measure the remaining dye concentration using UV—-Vis spectroscopy
(UV-2500 PC, Shimazu). The effect of each ionic electrolyte concentration of NaCl,
CaCl,, and NaOH on both dyes was adjusted to 120 mg /L at a pressure of 15 bar
and pH 6 and 8 for MB and MO, respectively. The electrolyte feed solution was
measured using an ion chromatography technique (Metrohm 883 Basic. C.I.C. Plus,
EPRI) equipped with an anion separation column (Metrosep A Supp 5-100/4.0,
Metrohm, EPRI). The efficiency of the membrane used was regularly checked with
the NaCl rejection before starting each run. The samples were measured triplicated
for each study in the membrane dead-end system. The concentrations of dyes in per-
meate and feed solutions were defined using UV—-Vis spectroscopy (UV-2500 PC,
Shimazu), at the wavelength range of 464 nm and 664 nm. The rejection ratio (R%)
of the dyes was expressed as shown in Eq. 1.
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Fig. 1 Ultrafiltration setup has a filtration cell, ultrafiltration membrane, magnetic stirrer, pressure
source, and reservoir

R% = (1- C,/C;) 100 (1)

whereas, the concentrations of dyes in permeate, and feed sides, are C, and C,
respectively.

Membrane regeneration

Membrane cleaning was performed with 0.01 N HCI and NaOH according to the
feed dye solution and/or distilled water for 60 min for 7 cycles. The permeate sam-
ples from the membrane module were collected and analyzed after a certain time
of operation. UV—Vis spectroscopy was used to analyze the dyes in permeate and
feed solutions. A spectrophotometer was carried out after the sample solutions were
acidified with HCI.

Characterization

The surface morphology and functional groups of the fabricated samples (ESPA
and ESPA-WB nanocomposite membrane before and after dyes uptake) were char-
acterized by scanning electron microscopy technique (SEM), JSM-6700F, JEOL,
Tokyo, Japan, acting space of 11.1 to 12.2 mm, beam energy: 20-30 kV) [60], and
Fourier transform infrared spectroscopy (FTIR) spectroscopy (Bruker VERTEX
70, Germany, with an ATR sampling accessory MIRacle, Pike Technology, Inc.
ranged from 4000 to 500 cm™! with resolution 4 cm™~! at room temperature), respec-
tively. Fiber diameters were quantitatively measured using Image J software. The
conductivity of the solutions was measured by using Wissenschaftlich-Technische-
Werksta tten WTW and 3151=SET apparatus.
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While the crystallinity and surface area characteristics of the ESPA and ESPA-
WB membranes were obtained by the X-ray diffraction (XRD) patterns (Philips
APD-3720 diffractometer, where the X-ray supply is Cu Ka radiation, that working
at 40 mA and 40 kV with a 5°/min at 5-80 degrees (20) range) [61] and Surface
Area Analyzer (Nova 2000 Quantachrome, samples degassed in a vacuum at 100 °C
for 2 h to clean the samples surfaces and pores from the contaminants), respectively.
Brunauer-Emmetand Teller model was used to determine the BET surface area

while the Barrett—Joyner—Halenda (BJH) formula was used to calculate the pore vol-
ume and size.

Results and discussion

SEM analysis

Figure 2a, b demonstrate the surface SEM images of both the ESPA and ESPA-WB
membranes. The SEM image of the ESPA membrane (Fig. 2a) was decided as a
uniform structure having a small pore in the nano-scale. The SEM image of the
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Fig.2 SEM of a ESPA, b ESPA-WB, and the fiber diameter distribution histogram plots of ¢ ESPA and
d ESPA-WB
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ESPA-WB (Fig. 2b) revealed that the presence of WB increased surface roughness
[62]. As well, the degree of cross-linking and diameter of fibers was also improved
due to the interaction between WB and PA components. Thus, this leads to an active
layer being developed on the pristine membrane as seen from the increase in the
rejection of the membrane for the two dyes [63]. Additionally, the fiber diameter dis-
tribution histogram plots that were derived from the SEM pictures using the Image
J software [65] (Fig. 2c, d), showed a noticeable difference in the diameter of ESPA-
WB fiber relative to that of ESPA. The fiber average diameter of ESPA was about
294.57 nm with standard deviation of 176 (Fig. 2a, c). Whereas, that of the ESPA-
WB was 188.96 nm with standard deviation of 51 (Fig. 2b, d). The perceptible
reduction in the average diameter of fibers and the improvement of its distribution
with WB incorporation can be attributed to the increase in the conductivity of the
electrospinning solution. This was supported by the conductivity measurements that
were conducted for both solutions (WB-free and WB-bearing solutions of ESPA and
ESPA-WB membranes, respectively). Such measurements revealed that the incorpo-
ration of WB increased the conductivity from 10.2 pS/cm for ESPA to 42.2 pS/cm
in the case of ESPA-WB. This increase can be ascribed to the increase in the number
of mobile ions in the solution owing to the enrichment of WB with several metal
oxides such as MgO, FeO, CaO, etc.. [58]

X-ray diffraction

The X-ray diffraction analysis of the ESPA and ESPA-WB shows the patterns of a
predominant amorphous material with some crystallinity (Fig. 3a). In this sense, the
bands around 19.87° and 23.67° correspond to the reflection of (100) and (010, 110)
of a-phase of nylon 6.6 crystals oriented in a triclinic cell. The o' phase corresponds
to the distance between adjacent chains of nylon 6.6, interacting through hydrogen
bonding, while the a® phase is attributed to the distance between lamellae of the
polymer [66]. A couple of bands attributed to the a phase were more intense for the
ESPA sample than for the ESPA-WB. In the case of ESPA-WB, weak diffraction
peaks were observed in the diffraction patterns (Fig. 3a), which may come from the
1, polymorph of WB, which interconnected and increases the network of PA fib-
ers during the electrospinning process of the membranes. The diffractograms of the
ESPA-WB show peaks at 20.4°, 21.6°, 23.6°, and 27.7° with crystalline plans (200)
and (002, 202), attributed to the crystalline phases of nylon 6.6 and WB, respec-
tively; these signals have nearly the same intensity. We found also that the same
peaks of PA fibers remain after the incorporation of the WB particles whose pres-
ence is confirmed for the new peaks observed. The intensity of the crystalline plan
(002, 202) is lower than the intensity of the reflection (200) which indicates that
the WB particles favor the formation of the , phase in the ESPA-WB matrix [66].
This behavior has been previously reported by other authors in spherical nanoparti-
cles dispersed in nylon 6.6; these authors concluded that this phenomenon is closely
related to a secondary crystallization process, where crystal growth is held onto the
crystalline phase with a higher energy level [67].
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Fig.3 a XRD of ESPA and ESPA-WB, b FTIR of ESPA and ESPA-WB, and ¢ Nitrogen adsorption/des-
orption isotherms of ESPA and ESPA-WB membranes

FTIR spectroscopy

FTIR spectra of ESPA and ESPA-WB are presented in Fig. 3b. As shown in
Fig. 3b, the band appearing at 1543 cm™' is due to N-H deformation (Amide
II). The appearance of Amide I and Amide II peaks indicates the forma-
tion of the ESPA matrix [68]. The absorption peak at 3297 cm™! is due to the
stretching vibration of N-H, the peaks at 2932 cm™! and 2860 cm™" are due to
—CH,~ stretching, the peak at 1640 cm™! is due to C=0 stretching that gener-
ally overlapped with amide I, and the peak at 1462 cm™' is due to the specific
N-H bending peak of ESPA [68]. The broad bands noticed at 3400, 3298, and
2930 cm™! with dissimilar strengths and positions may be for the O-H group
of WB in ESPA-WB [69]. The stretching and bending vibrations of Si—~O-Si in
silicates appeared at 1038 cm™! and 579 cm™, respectively. In addition, a strong
band appeared at 1638 cm™! was assigned to — OH deformation of H,O mole-
cules. However, the peak that appears at 1542 cm™! is corresponding to the C=0
absorption band of WB [64].
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BET analysis

Table 1 presents the pore size, pore volume, and surface area determined by both
BET analysis and N, adsorption/desorption isotherm [43]. It is noticeable that most
of the pores obtained from the analysis lie between 2 and 3 nm, and this indicates
that the distributions between the pore sizes are very narrow. It’s found that the aver-
age pore diameter produced for ESPA and ESPA-WB membranes are 2.816 and
2.193 nm, respectively. Meanwhile, the average pore volume for the same two mem-
branes obtained using the N, adsorption/desorption isotherm analysis as shown in
Fig. 3c is 0.1418 and 0.652 cc/g, respectively. As shown in Fig. 3c, the N, adsorp-
tion—desorption isotherm of the ESPA and ESPA-WB membranes belongs to the
type II isotherm of TUPAC. Such isotherms indicate that the pores of the material
are macropores and mesopores. Its linear shape reflected the unrestricted single-
layer adsorption, and the inflection point of the curve was not obvious, indicating
that the coverage of the monolayer was superimposed with the initial amount of
multilayer adsorption. The ESPA-WB membrane had a higher specific surface area
(350.5 m? g~!) than the ESPA. This indicates the good compatibility between the
two determination methods [47]. Finally, it can be concluded from this analysis that
the preparation of ESPA and ESPA-WB were investigated efficiently [48].

Membrane adsorption process
Effect of pH

The pH value is one of the most important factors affecting the adsorption process.
To investigate the influence of pH on the MO and MB removal by ESPA and ESPA-
WB, in such experiments, the pH range between 2.5 and 10.0 and the dye concentra-
tion of 125 mg/L were chosen. In Fig. 4, the highest removal efficiencies of ESPA at
pH 9.5 for MO and MB, respectively, are approximately 34.8% and 70.45% whereas,
the maximum efficiencies of ESPA-WPS are 48.32% and 73.2%, respectively [49].
We also noted that the removal efficacy of MB dye (as a positively charged mole-
cule), increased when the pH values increased from 2.5 to 9.5 due to the reduction in
the attraction force. Whereas, for MO dye the lowest removal efficacy is correlated
to a pH of 9.5 that no repulsive force or exclusion is important.

This can be explained by the fact that rising the pH of the dye solution accelerates
the binding of the positive cations of the MB dye with the negative charged func-
tional groups on the adsorbent membrane surface. Also, the pH may affect the rejec-
tion of the membranes due to charge exchange and changing the membrane surface

Table 1 Surface textures of

2
ESPA and ESPA-WB Membrane SA (m/g) Pore volume (cc/g) ([;ore
l1ameter
(nm)
ESPA 75.42 0.1418 2.816
ESPA-WB 350.5 0.652 2.193
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composition due to the dissociation of its functional groups. This is what happened
in this study, where the increase in the pH values of MO and MB dyes’ solutions,
led to shrinking the pore size of ESPA and ESPA-WB membranes thus increasing
the degree of ESPA and ESPA-WB membranes rejection.

Several parameters such as the adsorption capacity of the adsorbent, surface
charges, and active sites might be attributed to the adsorption behavior of the adsor-
bent at various pHs. The surface of ESPA and ESPA-WB contains a large number of
active sites. The dye uptake can be related to the active sites and also to the chem-
istry of the dye in the solution. Theoretically, at pH <isoelectric point, the surface
gets positively charged, which enhances the adsorption of the negatively charged
dye anions through electrostatic forces of attraction. At pH > isoelectric point, the
surface of ESPA and ESPA-WB gets negatively charged, which favors the adsorp-
tion of cationic dyes [70].

It was found that the pH of the ESPA-WB membrane at the isoelectric point (IP)
is 6.2, after that, the membrane become has negative charges, due to the adsorption
of more hydroxyl ions on its surface, because, after the IP, the repulsive electromo-
tive force between the ESPA-WB membrane surface and the negatively charged par-
ticles increases. Moreover, at a pH lower than IP, the ESPA-WB membrane surface
has a more positive charge than the ESPA membrane, thus the removal of positively
charged contaminants such as methylene blue dye is more effective [51].

Effect of dye initial concentration

The initial dye concentration is a significant feature of the adsorption performance
of adsorbent material. As shown in Fig. 5, increasing dyes (MB and MO) concentra-
tion, led to growing the uptake efficiency, due to growing the space prevention and
impact size exclusion. Dye removal experiments were performed at different con-
centrations of dyes (20-120 mg/L), to reach a steady state, by adjusting the pressure
rate and at the same initial water flow [71].

When the dye concentrations were increased with constant pH, the negative
charge on the surface of the ESPA and ESPA-WB membranes, led to an increase in
the repulsive force between the membranes surface and the dye molecules. Figure 5
viewings the percentage of uptaking MO dye onto ESPA and ESPA-WB membranes
at different initial dye concentrations of 20—120 mg/L. It was found that the uptake
efficacy of MO dye decreases when the concentration of the positively charged dye
increased by passing more molecules through the ESPA and ESPA-WB membranes
at constant pressure and pH [55]. At high MO dye concentration, the adsorption pro-
cess and the uptake efficiency are reduced.

It was found that the ESPA-WB membrane succeeds to remove 74% of MO dye
concentration at 20 mg/L, which means, a very fast uptake. With increasing the
initial MO dye concentration, the adsorption processes of MO dye solution onto
the ESPA-WB membrane surface decrease, and thus the efficiency of its uptake
decreases. Note that at the same time of adsorption onto the ESPA-WB membrane
surface, the concentration of MO dye solution increases, and its uptake percentage
decreases [56]. This can be attributed to the fact that the polyamide (PA) matrix has
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a maximum saturation limit, after which the polymer cannot completely remove the
dye.

Effect of electrolyte completions

The ESPA and ESPA-WB membranes were employed for the filtration of mixed
solutions of crystal violet dye/inorganic salt. The results of equilibrium flux flow
and dye uptake degree versus the dye/salt mixtures at different dye concentrations
onto ESPA and ESPA-WB membranes are shown in Fig. 6a, b. Thus, it is found that
the initial rejection rate of the two membranes is slightly different and the effect of
flood strain on the dying of both ESPA and ESPA-WB membranes is analogous [72].
From the results, it is clear that the MB dye can be completely removed from the
dye/salt mixture using the two membranes, and that there are significant differences
in the dye removal rate and its concentration change between the two membranes.
The membrane was further employed for the filtration of another dye solution: MO.
The ESPA-WB membrane displayed high rejection for MB (95, 91.2, and 83.8%)
with salts NaOH, NaCl, and CaCl,, respectively. In the case of MO, the rejection
rate is 83.5, 54, and 61.6% for NaOH, NaCl, and CaCl,, respectively. The reason
was that the pore size of ESPA-WB is much larger than the sizes of the hydrated
salt ions (0.66—1.0 nm) [72]. Therefore, the ESPA-WB membrane can be used for
the purification of dye products containing salts. As compared with other NF mem-
branes [73-75], the obtained ESPA-WB membranes showed a higher rejection rate
for the same dyes. The staggered pores (2.1 nm) of the ESPA-WB membrane render
a high rejection for dyes together with a fast transport of salt and solvents than in the
case of the ESPA membrane (Fig. 6a, b).

Effect of pressure

Figure 7 reveals that when the pressure increases from 0.5 to 24 bar, the removal
efficiency for both acid and disperse dyes is increased [61]. In contradiction, an extra
pressure increase led to a slight reduction in the uptake efficacy. In the case of posi-
tively charged methylene blue dye, increasing the pressure had a negative effect on
the uptake efficacy because more dyes were passed through the membrane as seen in
Fig. 7 [62].

Repeatability cycles and properties of membranes

Membrane repeat experiments were performed to study the repeatability of the pre-
pared ESPA and ESPA-WB membranes. Figure 8 shows the membrane separation
performance in terms of salt rejection. The results indicate that the repeatability of
the prepared membranes is satisfactory.

The ESPA-WB membrane achieve an average trial-to-trial rejection perfor-
mance of 82.5 and 65% for MB and MO dyes, respectively, at 120 mg/L dye
aqueous solution and 24 bar operating pressure, in addition, the ESPA-WB mem-
brane gave an average trial-to-trial performance of 7 cycles under the same condi-
tions. We found that after 7 cycles, the rejection remained above 66% and 49% for
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MB and MO dye, respectively [76]. It’s noted that the performance of fiber mem-
brane adsorption is decreased after five cycles of regeneration. This is because
the texture of the fiber membrane itself was relatively soft, and repeated adsorp-
tion cycles cause blockage of the fiber pores of the membrane and damage the
fiber structure to a certain extent. In the control experiments, the adsorption of
membrane for dyes demonstrated that the rejection was mainly ascribed to the
pore-sieving mechanism and chemisorptions mechanism according to dye type
[77]. These results indicate that the ESPA-WB membrane had regeneration per-
formance in the adsorption of MB and MO.
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Also, the images inserted into Fig. 8 show the noticeable color change with the
increase in the number of reuse cycles of the membranes. It can be noticed from
Fig. 8 that the color intensity of MB increases from left to right with the increase in
the number of cycles, and similarly in the case of MO.

Mechanism of adsorption process simulation

We can conclude that the mechanism and efficiency of adsorption of MO and MB
dyes onto the surface of the prepared membrane depend mainly on the pH of the dye
solution [65]. Under acidic conditions, the surface of the ESPA-WB membrane pos-
sesses a positive charge and exists in its protonated form.

Figure 9a—c shows the combining of SEM and FTIR analysis after the adsorption
of MB and MO dyes onto the ESPA-WB membrane surface to determine the mecha-
nism of adsorption

Based on this analysis, it can be seen that the dominant factor in the adsorption
process mainly is a physical effect, i.e., electrostatic attraction via the insertion of
MB and MO molecules inside the hollow structure of the ESPA-WB membrane [70,
71].

The high removal efficiency of MB can be discussed according to the presence
of; (1) Strong hydrogen bonds, i.e., strong chemical interaction, and (2) The exist-
ence of electrostatic attraction between the positively charged MB dye and the ani-
onic ESPA-WB membrane surface. The decrease in the adsorption performance of
MO dye is due to the following reasons; (1) There is no chance of hydrogen bond
formation between the ESPA-WB membrane and the MO dye in the basic medium.
(2) The low concentration of hydroxyl ions reduces the negative charge density on
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the ESPA-WB membrane surface which causes the formation of protons on the
ESPA-WB membrane (due to the presence of NH * centers); thus, the adsorption
process decreases [69].

Conclusion

In this work, the development of polymeric membranes for adsorbing toxic dyes is a
challenge, so, we aim to prepare two superior and recyclable novel adsorbent materi-
als (ESPA and ESPA-WB) for adsorbing toxic dyes. By comparing the ESPA mem-
brane with the ESPA-WB membrane, it was found that the latter is characterized
by its high recyclability, and its efficiency in removing methylene blue (MB) and
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methyl orange (MO) dyes because it is a mixture of ESPA membrane and Weath-
ered basalt (WB). Hence, its efficiency was improved for the following reasons: (1)
increasing the sum of the active binding sites, and (2) improving the reaction due to
the formation of new functional groups that favor the adsorption of dye molecules.
Furthermore, to achieve the applicability of the ESPA-WB composite membrane
towards MB and MO dye adsorption, filtration adsorption experiments were per-
formed with different doses, pH, and dye concentrations. Also, after blending, the
surface of the fibers became smoother and their diameter increased, while the mor-
phology of the nanofibers did not significantly change. The best results for removal
efficiency were reported at pH 9 and 3 for MB and MO dye, with the uptake percent-
ages of more than 99% and 70%, respectively. Therefore, the prepared ESPA-WB
electrospun nanocomposite membrane could be a good candidate for the treatment
of dye-bearing wastewater.
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