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The three ultrafiltration membranes prepared from different concentrations (13, 15, and 17
wt.%) of Polyvinylidene fluoride polymer are used to remove Congo Red Dye. The phase
inversion method is utilized to fabricate the membranes. Membrane characterizations were
studied using atomic force microscopy (AFM) to examine roughness. Scanning electron
microscopy (SEM) was used to compare morphology and cross-sectional structure. Energy-
dispersive spectrometry (EDS) determines the number, type, and distribution of atoms.
Results showed that increasing the polymer concentration to 17 wt.% enhanced the
membrane's hydrophobicity and improved dye rejection, attributed to higher surface
roughness, a uniform and dense distribution of chemical elements (higher F and C peaks),
and reduced porosity. Membrane performance was studied under operating pressures (2-7
bar) using a 100 ppm Congo Red dye solution in a cross-flow filtration system. The PVDF
17 wt.% membrane showed a flux rate of 4.46-41.89 L/m2-h at 2 and 7 bar, respectively,

with 99% dye removal at 2 bar, decreasing to 94% at 7 bar.
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1. Introduction

One of the most effective ways to address the shortage of clean
water supplies is to reuse water and wastewater by utilizing
advanced treatment technology for both national and industrial
needs [1]. The widespread discharge of sewage containing
various dye species poses a threat to both people and the
environment [2]. Massive wastewater unloading, which
includes many dyes, is hazardous to the environment and poses
a risk to human health [3]. It is known that the most popular azo
dye, Congo red (CR), catabolizes the carcinogenic compound
benzidine [4]. The dye can produce allergic reactions when
exposed to it. Congo red has also been widely employed in the
dye industry due to its low cost and superior adhesive properties
[5]. However, the azo dye is frequently dumped into
neighboring natural water streams as industrial wastewater,
endangering the ecology. Therefore, it must be removed from
wastewater [6].

As a result, several techniques, including biodegradation,
extraction, electrophoresis, coagulation, photocatalysis,
oxidation, and adsorption, were employed to treat wastewater
containing the dye [5], [6]. However, it is essential to
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acknowledge that the methods mentioned above have
significant drawbacks, including the inefficiency of diluted
solutions, the production of by-product sludge, and the need for
post-treatment. One of the potential approaches for removing
dyes from wastewater has been demonstrated to be membrane
technology [3], [7]. Membrane technology has several
advantages, including reduced operating costs, decreased
energy consumption, a small footprint, a need for fewer
chemical additives to remove pollutants, enhanced
manufacturing efficiency, and quality control [8], [9]. Reverse
osmosis (RO), microfiltration (MF), ultrafiltration (UF), and
nanofiltration (NF) are a few of the membrane separation
technologies used to treat water. A considerable amount of
research has been conducted to determine the feasibility of
using ultrafiltration (UF) membranes for wastewater treatment
in the textile and leather tanning industries. Previous studies
have shown that the UF method may retain numerous dye types,
including methylene blue, safranin T, and crystal violet [10].
Using membrane technologies to recover dyes and other
chemical elements from natural textile and leather tanning
waste fluids successfully would be a more critical possibility at
present. For the phase inversion method of manufacturing
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ultrafiltration (UF) membranes, a significant range of synthetic
polymer materials is commercially accessible. Among all these
polymers, poly (vinylidene fluoride) (PVDF) is a
semicrystalline polymer that has a wide range of uses due to its
superior mechanical strength, chemical resistance, and thermal
stability [10], [11].

This research aims to develop a research project to investigate
the impact of preparation factors (such as porosity and polymer
concentration) on UF membranes in terms of Congo Red Dye
removal. For this purpose, the phase inversion technique
fabricated pristine membranes of polyvinylidene fluoride
(PVDF) with concentrations (13, 15, and 17 wt.%). SEM, EDX,
AFM, and porosity were employed to investigate and
characterize the membranes' hydrophobicity, cross-sectional
morphology, and surface area roughness. The water
permeability measurements and separation performance of dye
removal from aqueous solution were also carried out under
different pressures (2-7 bars). In comparison, the study's results
differed from those of other studies [12]-[15], as evidenced by
the following points: (1) different polymer concentrations that
were accessible and useful were chosen, resulting in
membranes having nanoporous structures with porosity and
permeability acceptable, and (2) the results also demonstrated a
high removal of dye. To the best of our knowledge, this is the
first study to use a PVDF-UF membrane for removing Congo
Red and dye under these operating conditions.

2. Materials and Experimental Works
2.1. Materials

The membrane material of Polyvinylidene fluoride (PVDF, Mw
= 534,000 g mol™!, Sigma-Aldrich, USA) used in this work,
NN-Dimethylformamide (DMF, H.CO.N (CH3)2, MW =
73.10 g mol™!, Ambernath 421 501, India) was the polymer
solvent, and Congo Red Dye [C.l. = 22120, chemical formula
= C32H22N6Na206S2, M.W= 696.7 g mol~!, BDH Chemicals
Ltd Poole England, UK]. All materials were purchased through
a local dealer in Iraq and used without further purification.

2.2. PVDF Membranes Preparation

The membranes were prepared via the phase inversion method.
The PVDF was dissolved at 60°C in the solvent DMF (a
suitable solvent for PVDF) at three different concentrations (13,
15, and 17 wt.%). The solution was magnetically stirred for at
least 8 hours to ensure thorough dissolution of the polymer. A
hand-casting knife with a thickness of 180 pm casts the
solutions uniformly onto a glass substrate and then submerges
them into a coagulation bath at room temperature. The
membranes were placed in a deionized water bath after
complete coagulation and left for at least 24 hours to remove
solvent remnants. Table 1 shows the composition of all
membranes in the casting solution.

Table 1. Casting solution membranes

Type of PVDF polymer DMF

Membranes (Wt. %) (Wt. %)
PVDF 13% 13 87
PVDF 15% 15 85
PVDF 17% 17 83
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2.3. Performance of the Membranes Test

The performance of the membrane samples was evaluated
based on their permeability and dye rejection characteristics.
The PVDF UF membranes' water flux and rejection efficiency
were assessed using a flat membrane module with an active area
of (21 cm?). Fig. 1 depicts the UF configuration as a system.
The preparing membrane was tested by the condition of passing
100 ppm of aqueous solutions for Congo Red dye at feed
pressures at a range (2 -7 bars), (1) was used to determine the
pure water flux of the samples for applying transmembrane
pressures at room temperature.
v
F= AXAt (1)

Where F (L/m? h) is the water flux, A (m?) is the effective
membrane area, At (h) is the time taken for permeate collection,
and V (L) is the volume of permeate.

The rejection efficiency (%) of the PVDF membrane was
estimated by determining the concentration of dye in the feed
(Cf) and permeate (Cp) flows (mg/L), respectively, as shown in
equation (2).

R= (1 Cp) x 100 2
Herein, Cp and Cf were determined by UV-Vis
spectrophotometry.

2.4. Membrane Characterization Techniques

The surface and cross-sectional morphology of the membranes
were examined using scanning electron microscopy (SEM)
(FESEM Tescan Mira3, France) to determine the membranes
that had formed. The membranes were ruptured and submerged
in liquid nitrogen for 20 seconds for cross-sectional
observation. The membranes were then wrapped in golden film.
Finally, the SEM apparatus was used to evaluate the samples at
an accelerating voltage of 20 kV. EDS was used to track and
describe the components in the membranes. Atomic Force
Microscopy (AFM) was used to examine the surface roughness
of the manufactured membranes (Angstrom Advanced Inc.,
2008, USA).

2.5. Porosity

The porosity of membrane samples was determined using a
gravimetric technique. (Ww) stands for the wet weight (g) of
the membrane area (6 cm?), which is weighed first. The sample
was dried for 24 hours. Before being reweighed to get its Wd
represents dry weight (g), and the water density is (0.998 g/cm?®
at 25 °C).
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Figurel. Diagram of UF membrane filtration process
The membrane sample's total porosity, € (%), was determined
using (3).

_ Ww-wd
- AXtXp

(3)

The water density, effective membrane area, and membrane
thickness are represented as p (g/cm®), A (cm?), and t (cm),
respectively.

3. Results and Discussion
3.1. Membrane Characterization
3.1.1. Scanning electron microscopy test (SEM)

Fig. 2 displayed the impact of PVDF concentration on the
membrane morphology. Throughout the phase inversion
process, the composition constantly changes in response to the
varying polymer and solvent concentrations in the casting
solution. When the concentration of the solution increases, the
number of lows and highs on the membrane surface increases,
but their depth decreases [12], [14]. All PVDF membranes are
characterized by nodules that vary in size and compactness. The
selective layer's increased membrane skin thickness, resulting
from a rise in concentration, substantially impacts the inner
membrane structure. The cross-sectional images of the
ultrafiltration PVDF 17 wt.% membrane show a dense and
compact surface with no visible micropores that can be
identified. Darvishmanesh et al. [16] found that as the
concentration of casting polymer increases, the number of pores
and microvoids decreases. Moreover, they discovered that as
the polymer concentration increases, the membrane film
thickness also increases, resulting in a decrease in membrane
flux rates.

In contrast, the surface of the PVDF 13 wt.% and 15 wt.%
membranes began to show an increasing number of wrinkles
and micro-pores. Along the surface of membranes, the granular
particle boundaries are linear and occasionally burst the surface.
The pores in the membrane are formed by forming gaps
between the granular objects, and their size and distribution are
highly dependent on the overall porosity of the membrane [16],
[17]. Because the size of these particles primarily determines
the porosity of a membrane, it is expected that a membrane

prepared with a low polymer concentration will have greater
porosity than a membrane prepared with a higher polymer
concentration. In the case of the sponge part, as the macro voids'
part shortens, it will become slightly larger [18].

Notably, the PVDF 17 wt.% membrane showed that an increase
in polymer content causes porosity to decrease rapidly, which
aligns with the findings of the Mulder study [19]. Additionally,
Zhang et al. [17] demonstrated that the membrane pore size and
porosity decrease rapidly as the casting polymer concentration
increases. As a result, the dye's rejection ratio rises.

Surface SEM images Cross-Sectional images.

,,,,,

Figure 2. Surface SEM images of PVDF 13% (A), PVDF
15% (C), and PVDF 17% (E); cross-sectional SEM images of
PVDF 13% (B), PVDF 15% (D) and PVDF 17% (F).

3.1.2. Energy dispersion spectrometry (EDS)

Energy-dispersive X-ray spectroscopy (EDS) was used to
investigate the chemical composition of the produced
membranes, revealing the distribution of atoms within the
membranes and estimating the relative quantities of each atom.
Fig. 3 shows the type and amount of each constituent for all
forms of PVDF membranes. The characteristic peaks for
elements O and F are observed in the EDS spectrum of
membranes. The peaks for the elements Mg and Al partially
overlap with those for Na or Zn. The faint peaks in the EDS
spectra of the membrane's constituents may be caused by the
shallow penetration depth used in EDS characterization
techniques. In the spectra of the PVDF 13 wt.% membrane, no
carbon peak was detected, and the fluorine peak was lowered.
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In contrast, the oxygen peak recorded the highest ratio, which
may interact with other molecules (such as water and epoxies)
through van der Waals forces and hydrogen bonds on the
polymer backbones. The hydrophilicity of the membrane
surface was improved [20]. As a result, the permeability rate
increases. This is due to the low concentration of the PVDF.
Increasing the PVDF concentration in the membrane to 15 wt.%
increased the F element content, a decrease in the O element
content, and the appearance of the C element. On the other
hand, the PVDF 17 wt.% membrane exhibited the highest F and
C peaks and the lowest O peaks among the different
membranes. Moreover, the high presence of C and F elements
and the uniform dispersion of Mg, Ca, Na, and Si elements
across the surface of the PVDF 17 wt.% membrane due to the
PVDF support was identical to what is shown in the SEM
images in Fig. 2. This observation means that this membrane
showed a superhydrophobic surface and thus had a high dye
rejection.

3.1.3. Atomic force microscopy (AFM) test

As shown in Fig. 4, three-dimensional (3D) and two-
dimensional (2D) AFM surface images for all PVDF
membranes are displayed in a scan area of 0.39x0.39 um. It's
also worth noting that the surface of the membrane exhibited
valley and hill structures with different roughness for each type
of formed layer. The brightest areas in these images represent
the membrane's highest points, whereas the darkest areas denote
valleys or membrane pores [21]. The membrane's roughness
can be estimated by measuring the distance between its peaks
and valleys, and there is a direct connection between a
membrane's performance and roughness [22]. The PVDF 13
wt.% membrane showed lower roughness compared with the
membrane of 15 wt.% of PVDF. However, increasing the
concentration of PVDF to 17 wt.% displayed the highest
roughness. Increasing the roughness would result in a decrease
in water flux while the dye removal increases. According to
Khayet et al. [23], the polymer concentration significantly
impacts the membrane's porosity and roughness. They noticed
that the surface roughness of the resultant membrane rises with
an increase in PVDF solution concentration.

Additionally, they found that as the polymer concentration
increased, permeability decreased, and retention increased.
They concluded that the membrane's pore size and porosity are
significant factors in these results. Tiraferri et al. [24]
confirmed that as the casting polymer content increases from 9
to 18 wt.%, the water flux decreases, which is related to declines
in membrane porosity and the number of microvoids.

3.1.4. Porosity

Membrane porosity is directly related to membrane
morphology. All the membranes made from different
concentrations of PVDF exhibited varying porosity, which is
consistent with the SEM images shown in Fig. 2. The overall
porosity of the membranes decreased as the concentration of
PVDF polymer increased, as seen in Table 2.
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Figure 3. EDS analysis for PVDF 13% (A), PVDF 15% (B),
and PVDF 17% (C) membranes.

188 nm

(4)

19 nm
M 0nm

¥: 039 ym

Figure 4. The 3D (left) and 2D (right) AFM images of PVDF
13% (A, B), PVDF 15% (C, D), and PVDF 17% (E, F).
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Table 2. The surface roughness and porosity of PVDF

membranes
Name of Surface Porosity (%) Surface
Roughness Roughness,
Ra (nm)
PVDF 13% 63 11
PVDF 15% 55 28
PVDF 17% 48 44

The resulting membrane from 13 wt.% PVDF presented a
higher porosity of 63%, which further decreased with the
addition of 15 wt.% PVDF, reaching a value of 55%. However,
PVDF content of 17 wt.% caused a reduction in porosity at
48%. On the contrary, the surface roughness of the PVDF 17
wt.% membrane was higher than that of the other PVDF
membranes. It is evident that concentration significantly alters
the morphologies and porosities of membrane surfaces [25]. As
concentration rises, the roughness criteria for membranes also
rise. The pore size typically decreases as the surface roughness
increases. Thus, membrane surfaces naturally show a distinct
peak and valley. Generally, the granular item size decreases
with increasing polymer concentration, resulting in a reduction
in membrane porosity. Therefore, the concentration has a
significant effect on membrane roughness [21].

3.2. Permeability and rejection of dye versus operating
pressure

The performance of each PVDF membrane was evaluated by
measuring the flux rate and rejection of Congo Red dye at
varying operating pressures. Fig. 5 and Fig. 6 show the water
flux and dye rejection results for each type of polymer.

The pure water flux versus operating pressure for the three
membranes is shown in Fig. 5. Observe that the PVDF 13 wt.%
membrane had the highest water fluxes at 147.4 L/m? h at 7
bars. Otherwise, the average value of water flux found in the
PVDF membrane is 15 wt.%. Regarding the PVDF, 17 wt.%
membranes had the lowest value for the flow of water in the
range (4.46 - 41.89) L/m? h in 2 and 7 bars, according to the test
findings, respectively. These rates are considered acceptable
despite the high rejection rates of dye for this membrane. By
increasing the transmembrane pressure (TMP), the pure water
flux of the membrane samples rises. This impact is linked to the
increase in membrane driving force as transmembrane pressure
rises. In other words, raising TMP increases the mass transfer
driving force for water to pass through the membrane pores.
While the membrane resistance remains constant, the pure
water flux rises [26].

Fig. 6 shows the dye removal at different operational pressures.
The highest dye removal was observed at 2 bar, with an
efficiency of approximately 94% for the three membranes. The
PVDF 17 wt.% was the optimal membrane, with removal
percentages of 99% at 2 bar and 94% at 7 bar, as evidenced by
the SEM test, indicating that the polymer layer was precisely
produced. Conversely, dye removal at 7 bars decreased to
approximately 70%, especially for the P\VDF membranes with

13 and 15 wt.% concentrations. However, colossal pressure
may reduce dye rejection due to increased concentration
polarization [27]. The operating conditions usually determine
the performance of a membrane in a practical application. As a
result, it's critical to investigate membrane flux under various
experimental conditions, such as operating pressure, operating
time, and dye concentration [28]. Because dye rejections are
declining, this study's findings indicate that pressure has a
substantial impact on dye rejection.
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Figure 5. Permeability as a function of operating pressure
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Figure 6. Dye rejection as a function of operating pressure

4. Conclusions

This research describes how ultrafiltration membranes were
formed by utilizing Polyvinylidene fluoride (PVDF) polymer
with varying concentrations (13, 15, and 17 wt.%) through
phase inversion.

The SEM images demonstrated a shift in ultrafiltration
membrane shape from porous to dense with increasing PVDF
concentration to 17 wt.%.

According to the AFM test, the membranes with 13 and 15
wt.% of PVDF showed the least roughness compared to the
PVDF 17 wt.% membrane. The most effective membrane has
the highest roughness.

Increasing the peaks of F and C elements in the PVDF 17 wt.%
due to increasing the polymer concentration in the membrane,
as shown in EDS analysis.
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The porosity of membranes decreased with increasing polymer
concentration. Consequently increasing the hydrophobicity of
membranes.

The operating pressures affected permeability and removal, as
higher pressures increased flux and decreased dye rejection. An
operating pressure of 2 bar is considered the optimum.

The PVDF 13 wt.% membrane exhibited a high flux rate of
147.4 L/m#h, but dye removal significantly declined to 70% at
7 bars.

The results revealed that the PVDF 17 wt.% membrane's
permeability rate is 5 L/m#/h at 2 bar and 42 L/m2/h at 7 bar. It
also recorded the highest dye removal, between 99% and 94%,
at a range of 2 and 7 bar, respectively. This demonstrates the
significant potential for treating the dye in wastewater with such
an optimal membrane.
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