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This research explored a new approach that uses a waste material, polyamide 66 (PA66), as a
raw material in the manufacture of membranes for the treatment of textile effluents. Membranes were
produced by combining PA66 with silicon carbide (SiC) using the phase inversion technique, in the
presence of magnesium chloride, using different solvents such as formic acid and hydrochloric acid.
The SiC was characterized using X-ray diffraction and the grain size of the sample was measured.
The membranes were characterized using various techniques, including water absorption, porosity,
bubble point, average pore radius, contact angle, chemical resistance, water flow and effluent flow.
The water-dye separation tests revealed a significant reduction in concentration. All the membranes
showed a yield of over 99%, which demonstrates the potential of these membranes for this application.

Keywords: Membrane, hybrid, polyamide, silicon carbide, dye.

1. Introduction

One of the main challenges facing society today is the
increasing pollution of water. Water pollution occurs when
one or more harmful substances are introduced into a water
body, negatively impacting its quality'. Humanity has known
the pigment process for millennia, historical sources date the
existence of the textile dyeing industry back more than 4000
years; dyes are organic compounds capable of coloring textile
or non-textile substrates and are characterized by absorbing
light in the uniform visible UV region®’.

The textile wastewater is one of the worst polluters,
causing countless problems for living beings. When it comes
to human health, ingesting dyes can cause cancer, allergies,
dermatitis and mutagenesis, among other health problems.
Various techniques have therefore been applied to solve this
problem. Some of these techniques are flocculation, biological
treatment, advanced oxidation process, adsorption and membrane
separation technology'>.

[t is now indisputable that membrane separation processes
(MSP) have gained an important place in technology and are
used in a wide range of applications due to their numerous
benefits. In this context, the industry’s great interest in
understanding and reducing the costs of such applications has
led to a growing number of studies using MSP to treat effluents
containing textile dyes®.

Membranes can be defined as a selective barrier between
two phases, which totally or partially restricts the transport of
chemical species present, the term selective being inherent to a
membrane or a membrane process’. The technology involved
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in MSP uses the mimicking of a natural membrane by means
of a synthetic material. Membrane separation involves the
separation of chemical species across the membrane interphase
by the difference in transport rate®’.

The phase inversion technique is the most widely used for
producing microporous polymeric membranes; this technique
is characterized by the destabilization of a polymeric solution
obtained by inducing a state of supersaturation in it, promoted
by changes in its chemical nature, composition, temperature or
pressure’. The most widely used method for obtaining polymeric
membranes is immersion-precipitation, which consists of
preparing a polymer solution, which is deposited on a molded
glass plate to form a thin film. This film is then immersed in a
non-solvent bath, usually water. For the polymer, the process
can be divided into five steps: (i) preparation of the polymer
solution; (ii) deposition of the solution on the glass plate to
form the film; (iii) immersion of the film in a precipitation
bath; (iv) removal of residual solvent from the polymer matrix
formed; and (v) drying of the membrane. Precipitation occurs
due to the exchange of solvent for a non-solvent, promoting
the destabilization of the polymer solution until the formation
of the solid structure of the membrane’.

Membranes can be classified into two categories: dense
or porous; the main properties of a membrane: permeability,
selectivity, mechanical resistance, chemical resistance and
resistance to fouling depend directly on the materials and
methods used to obtain them®’. Synthetic membranes are made
from two distinct classes of materials: organic and inorganic’.

Since the end of World War 11, the materials industry has
excelled in synthetic polymer technology. Polyamides are a
group of these synthetic polymers with excellent mechanical
properties'’. Among engineering polymers, polyamides are
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the most widely used due to their excellent balance between
cost and performance, and are one of the most widely used
polymers for membranes®!12.

Polyamide membranes offer the advantage of being a
hydrophilic material, there are several studies reporting on their
performance, polyamide membranes are used in applications
from microfiltration to reverse osmosis'*"’. According to
Kondo et al.'?, the main characteristics of polyamides are:
high strength and rigidity, high fluidity, good ductility at low
temperatures, high oxygen barrier, good cost/performance ratio,
good chemical resistance, resistance to aging at high temperatures
and long periods of time. These intrinsic characteristics of
polyamides are essential for application in MSP.

Developments in materials science have led to an association
between materials and an in-depth understanding of what we
call composites. It is now a consensus among researchers that
numerous recent technological achievements only became
feasible after the advent of composites. A composite can be
defined as a physical mixture between two or more phases, so
itis understood that the basic characteristic of composites is to
combine at least two distinct phases which are called matrix
and reinforcement’®. The fusion of one or more materials
has made it possible to create membranes known as hybrids.

The addition of particles of inorganic compounds to
polyamide matrices leads to significant changes in the
morphological structure of the membranes. In addition, the
use of these additives offers a wide range of applications, from
microfiltration to reverse osmosis'®'*!”. The incorporation of
materials such as semiconductors, graphene, molybdenum,
zirconium and tungsten oxides, carbon nanotubes, zinc, zinc
oxide, aluminum, magnetite and titanium dioxide nanoparticles,
as well as silicon carbide, calcium carbonate, alumina, carbon-
based materials, activated carbon, clays, among others, in
polyamide solutions for the manufacture of hybrid membranes,
contributes significantly to improving the efficiency in the
treatment of water and effluents. This improvement is due to
the intrinsic properties of these additives, such as high specific
surface area, high functional efficiency, porous structure and
hydrophilicity, desirable characteristics in membrane separation
processes'**. The incorporation of silicon carbide (SiC) into
polyamide membranes improves their thermal, chemical and
mechanical resistance, in addition to increasing hydrophilicity
and separation efficiency, making these membranes suitable for
operations in severe conditions and for the efficient removal of
contaminants such as dyes, oils, heavy metals and suspended
particles. SiC can be functionalized to improve its dispersion
in the polymer matrix or add functional groups that interact
with specific pollutants and is considered safe and non-reactive
for use in drinking and industrial water treatment systems.

Table 1. Composition of polyamide membranes and their hybrids.
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The automotive industry generates a lot of polyamide
synthetic fiber waste when producing fabrics used to reinforce
tires. If discarded without treatment, this waste can harm the
environment. Some alternatives for recovering these fibers
present in tires have been studied, such as reusing them in
cardboard packaging as reinforcement, as part of the raw
material in asphalt, producing other plastic compounds, and as
an additive for lightweight concrete®“°. To avoid this problem,
these fibers can be reused to obtain hybrid membranes, a
sustainable and low-cost material that is ideal for filtration
processes. These membranes help remove contaminants from
water, allowing it to be reused for cooling industrial processes
or disposed of safely, in compliance with environmental
legislation. In addition to reducing the environmental impact,
this solution brings savings, as it reduces the production costs
of the membranes. Therefore, transforming polymeric waste
into raw material for filtration is essential to make the industry
more sustainable and efficient. The objective of this work is to
obtain microporous membranes from residual fibers with the
addition of inorganic particles in a polyamide 6.6 (PA66) matrix
to be used in the treatment of effluents containing textile dyes.

2. Materials and Methods

For this work, silicon carbide (SiC) was used as the inorganic
particle for preparing the hybrid membranes, purchased from
Treibacher Schleifmittel Brazil, according to the manufacturer
the material is 96.0% pure. The polymeric matrix used was waste
polyamide 6.6 synthetic fibers made available by an automobile
industry located in Camacari — BA, Brazil, two solvents were
used to solubilize the polyamide and mix the inorganics in the
hybrid solutions during the preparation of the membranes,
formic acid - FA (85%) which is a monocarboxylic organic
acid, its formula is CH,O,, with an average molecular mass of
46 g.mol"!, manufactured by Vetec Laboratory Products Ltd.;
and hydrochloric acid — HA (37%) which is an inorganic acid,
its formula is HCI, with an average molar mass of 36.5 g.mol"!,
manufactured by Neon Laboratory Products Ltd. The salt used
as an additive was magnesium chloride MgCl,, with an average
molar mass 0f95.211 g.mol"!, manufactured by Contemporary
Chemical Dynamics Ltd.

The PA66 synthetic fibers and the additives used, SiC
and MgCl,, dried in an oven at 80 °C for 24 hours before
mixing them in HA and FA to start preparing the solutions.
As described in Table 1, the dissolution of PA66 synthetic
fibers, MgCl,, and hybrids with 3% by weight of SiC in
HA and FA was aided by magnetic stirrers for a period of
approximately 2 hours at a temperature (32 + 2 °C) and relative
humidity of 50%. The prepared solutions were spread onto

Membrane PAG66 (g) SiC (g) HA (g) FA (g) MgCl, (g)
PA66-HA 10.0 - 40 - 1
PA66-HAH 9.4 0.6 40 - 1
PA66-FA 10.0 - - 40 1
PA66-FAH 9.4 0.6 - 40 1

*PA66-HA = Polyamide 6.6 produced with hydrochloric acid; PA66-FA = Polyamide 6.6 produced with formic acid; PA66 = Polyamide 6.6; H = Hybrid.
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glass plates using glass rods and then immediately placed in
a water bath so that the plates were completely submerged in
water at room temperature (31 + 2 °C). This procedure was
carried out in an exhaust hood. The membranes remained in
the bath until their precipitation was completely complete.
They were then removed from the plates, washed and then
submerged in a mixture of 10% hexane and 90% water to
prevent the membrane pores from collapsing.

2.1. Characterization of SiC

The silicon carbide was passed through a 200 mesh
sieve for particle size distribution on a Mastersizer Malvern
Instruments model 2000 laser diffraction particle size analyzer
(granulometer). The XRD analysis of the SiC was carried
out on a Shimadzu XRD-6000 X-ray diffractometer with
copper ka radiation and a scan from 5 to 80°. Subsequently,
the SiC was analyzed using HighScore Plus software and
the Powder Diffraction File (PDF) of the SiC sample was
obtained from the Crystallography Open Database (COD).

2.2. Bubble point (maximum radius of pores)

The bubble point method was used to measure pores over
50 nm in size and is standardized by ASTM International
F316-03* and from the normal we can obtain the maximum
radius of the pores present in the membrane. The method
consists of measuring the pressure required to flow a gas
(air or N,) through a membrane whose pores are filled with
a liquid. The maximum radius of the pores using the bubble
point test can be determined using Equation 1'2,

20 cosf ()
P

Rpgx =

Rpay 1s the radius of the pore, assuming it has a cylindrical
shape; o is the surface tension; 0 is the contact angle and AP is
the pressure difference between the two sides of the membrane.

2.3. Water absorption

The water absorption capacity was measured by placing
the membranes with different masses in contact with water.
The system kept at a temperature of 24 °C + 1. The membranes
were weighed before and after 24 hours of water absorption.
The experiment conducted in triplicate. The percentage of water
content was measured by the difference in weight between the
dry and wet membranes, expressed using the Equation 24,

Water absorption(%) = {(WWW—WMJ X100 )
w

Where W and W, are the masses of the wet and dry
membrane, respectively.

2.4. Porosity

Porosity was determined by immersing the membranes
in water for 24 hours. This considered the initial mass of the
membranes, the absorbed mass of water, the relative volume
of the membranes and the density of the penetrating liquid,
which is water. The experiment was carried out in triplicate,
expressed by Equation 32,

) o

Vmpa

Where W (g) and W, (g) are the masses of the wet and
dry membrane, respectively. 7, (cm3) is the volume of the

membrane and Pa (g -C"f}) the density of water in 25 °C.

2.5. Contact angle

The contact angle (CA) of the membranes analyzed using
a Contact Angle Meter, obtained from Alcalitech Manufacture
of Apparatus and Measuring Equipment, Model AGC 001.
The drop formed manually by means of a micrometric
dispenser, and the image of the drop was captured by the
camera built into the equipment, where it was analyzed in
the software. The contact angle defined as the angle formed
between the solid/liquid interface.

2.6. Flow measurements

For the continuous water flow measurement tests, a
perpendicular filtration cell coupled to a filtration system
was used to measure the permeate. The membranes were
subjected to permeability tests at a pressure of 1.0 bar. The
effluent flow measurements were catried out in the same
perpendicular filtration cell using a concentration of 500 mg.L-
I. The textile dye used to produce the synthetic effluent was
the commercial Tupy Red 15 dye, from the manufacturer
Tupy Dye Industry and Commerce Ltd., Red 15 is a non-
toxic azo dye. The performance of the membranes can be
assessed through the permeate flux and the selectivity of a
particular solute present in the feed solution. The flow (J)
for the membranes with pure PA with different acids and PA
with 3% SiC was determined using Equation 4.

P tevol L
- ermeatevo ume( ) (4)
Time(h)x Membrane area (m2 )

2.7. Average pore radius

The equation used to find the Average Pore Radius is the
Guerout-Efford-Ferry Equation®, where 1) is the viscosity
of water (8.9 x 10 Pa.s); / is the average thickness of each
membrane (m), which was measured using an Asimetro
Outside MIC micrometer; Q is the permeate flow (m*.s);
¢ is the porosity (admensional) determined by Equation 4;
P is the transmembrane operating pressure (Pa) and 4 is the
membrane area (m?), as shown in Equation 5:

8710 (2.9-1.75¢) 3)

Average Pore Radius =
ePA

2.8. Membrane backwash

Each backwashing experiment consisted of distinct stages
which included: initial flow of pure water, rinsing with water
to remove residual material and then the final flow with pure
water. The membranes were subjected to permeability tests
at a pressure of 1.0 bar with dye, the permeate was collected
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at an interval of 3 min, for a total period of 30 min for each
membrane, totaling 10 collections. The backwashing time and
pressure chosen were based on the literature: 1 minute with a
pressure of 1.5 bar*. The membranes were then subjected to
permeability tests again at a pressure of 1.0 bar with the dye.
The volume of water used calculated according to Equation 6:

Vr
Water used = T (6)

T

The V, e V, are the masses of water from backwashing and
total flow over 30 min, respectively.
Backwashing efficiency measured according to Equation 7:

Lp
na :.E;;; X100% (7)

Lp is the flow after backwashing divided by the permeation
pressure, and Lp, is the backwashing flow divided by the
backwashing pressure.

2.9. Textile dye concentration

The absorbance analyses of the effluent containing textile
dye after permeation and backwashing tests were conducted
using a UV-vis Kasuaki spectrophotometer, model IL - 593 - BI.

2.10. Membrane efficiency

The membranes efficiency was estimated by the rejection
coefficient (R%) or yield, calculated based on the ratio of
the dye concentrations in the permeate (C,) and in the feed
(C,) expressed using Equation 8".

R(%){(C";C”)]Xloo% (8)

3. Results and Discussion

3.1. Particle size distribution and X-ray diffraction

Figure 1 shows the particle size distribution, which was of
the bimodal type with a wide distribution range and an average
particle diameter of around 1.38 pum. The distribution range extends
from 0.04 pm to approximately 5 um. And around 60.6% of the
accumulated particles are smaller than 2 um. In addition, 10%
of the particles have diameters smaller than 0.09 um, 50% of
the particles have diameters smaller than 0.38 pm and 90% of
the particles have diameters smaller than 3.18 pm.

The X-ray diffraction of the SiC sample is shown in Figure 2.
The material has considerable crystallinity and is mostly
composed of a single phase. The phase of the SiC crystals can
be identified by the diffraction planes (101), (103) around the
most intense diffraction peak (102)*. All the reflections observed
can be indexed in symmetry, with interplanar spacings reported
in the literature for polytype: SiC-6H (PDF —96-901-0159)*+6,

3.2. Contact angle

Figure 3 shows how the polyamide 6.6 membranes
behaved with the use of different solvents and the addition
of SiC. The pure membranes had higher contact angle (CA)
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values when compared to their hybrid counterparts. The
PA66-FA membrane recorded the highest contact angle,
probably due to the low roughness of its surface layer. At
the initial time of 5 seconds, its contact angle was 84.55°,
with a slight decrease over time, reaching 77.32° at the final
time of 45 seconds. In the case of the PA66-HA membrane,
the initial contact angle was 56.90° at 5 seconds, with a
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Figure 1. Particle size distribution of silicon carbide.
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Figure 2. X-ray diffraction of SiC.
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slight reduction, reaching 50.50° after 45 seconds. The
microfiltration membranes prepared showed high contact
angles, consistent with studies in the field'®4¢47.

Atthe initial test time of 5 s, the PA66-FA|H and PA66-HA|H
membranes showed values of 72.83° and 52.60° respectively,
and at the end of the test the values found were 69.59° and
49.20°. The addition of 3% by weight of SiC to the polymer
solutions gave lower contact angle values compared to the
pure membranes, regardless of the acid used, possibly due
to the formation of a morphological structure with a rougher
surface on the hybrid membranes. The hydrophilic properties
of the surface of the polyamide 6.6 material allow all the
membranes to have a large contact angle, but the addition
of SiC led to a decrease in these values. Improvements in
permeability are directly associated with CA, the smaller the
contact angle the greater the permeate flux; the membrane with
the highest hydrophilicity was PA66-HA[H. The incorporation
of SiC in membranes with a polyamide matrix, regardless of
the solvent used in the preparation of the hybrid membranes,
increased hydrophilicity and, consequently, will positively
influence the separation efficiency.

3.3. Water absorption and porosity

Figure 4 shows the percentage of water absorbed in 24 hours,
with the PA66-HA membrane showing water absorption of
(73.71 £ 0.45) %; the PA66-HA|H membrane showed (76.08 =
0.92) % water absorption; the PA66-FA membrane showed
(24.84 + 6.59) % and the PA66-FA[H membrane showed
(23.53 +£2.68) % water absorption. For the samples obtained
with hydrochloric acid, the hybrid membranes showed higher
water absorption compared to the pure membrane, which may
indicate a porogenic action of the SiC. However, this was not
the case for the membranes obtained with formic acid, where
the SiC seems to have had no effect or showed a densifying
effect (generating agglomerates); it can be seen that the pure
membrane obtained with formic acid showed a water absorption
value similar to that of the hybrid membrane. It is important
to emphasize that SiC has an inherently hydrophilic surface,
promoting greater affinity with water and a lower tendency to
form fouling (incrustation). It has a porous structure and high
surface area, which can contribute to the modification of the
membrane morphology, increasing the active separation area
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Figure 4. Membrane water absorption.

and improving the adsorption and size exclusion mechanisms,
favoring the increase in permeate flux and the efficiency of
the filtration process.

Figure 5 shows the porosities obtained. The membranes
obtained with hydrochloric acid had higher PA66-HA porosity
values with water absorption of (66.67 + 0.85) %, while the
PA66-HAH hybrid membrane had (73.86 + 1.89) %. The
membranes obtained with formic acid showed low porosity,
the PA66-FA membrane showed (37.19 + 6.70) % and the
PA66-FA|H hybrid membrane showed (36.70 + 6.88) %.

The lower value for water absorption and, consequently,
porosity may be a result of the morphology of the membrane
prepared with formic acid, in which the thickness of the
membrane is relatively high (~350pm). The dissolution stage of
the membrane is of paramount importance in the formation of
the film and its performance. Poletto et al.*s obtained polyamide
6.6 membranes, also using formic acid and hydrochloric acid,
and the authors reported that the membrane prepared with
hydrochloric acid had lower porosity compared to the one
prepared with formic acid. In principle, the reason for this
difference can be attributed to the solvent evaporation time, in
the work, authors speculate that the high solvent evaporation
time led to low porosity for the formic acid membranes!”#.

Another important point was the addition of SiC, which
behaved differently when in contact with the different acids.
When used with HCI, the desired effect was an increase in
porosity'**. However, in contact with FA, SiC had a densifying
effect. Yan et al.' in an attempt to produce a UF membrane,
graphene oxide (GO) was incorporated into a polyamide 6.6
matrix, the values tested were 0%, 0.1%, 0.3% and 0.5%
by weight, and what was observed was that the porosity of
the ultrafiltration membrane decreased as graphene oxide
was added, The authors pointed out that with the addition
of GO, the viscosity of the solution gradually increased,
hindering the phase separation process and resulting in a
final membrane with a relatively dense structure.

3.4. Maximum pore radius and average pore radius

Figure 6 shows the maximum pore radius of the membranes
obtained. Figure 6 shows that the PA66-HA; PA66-HA[H;
PA66-FA; PA66-FA|H membranes had maximum pore radii of
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Figure 5. Membrane porosity.
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approximately 1.68; 1.78; 6.82 and 3.01 um, respectively. The
membrane with the smallest pore radius was PA66-HA, with
an increase in pore radius for the PA66-HA|H hybrid; however,
the opposite happened for the membranes solubilized in formic
acid, further strengthening the idea that SiC acted as a densifier,
as the PA66-FA membrane had a pore size approximately 2.3
times larger than the PA66-FA|H membrane. Chang et al.*® when
calculating the bubble point for polyamide 6.6 membranes,
showed that the concentration of the materials used will influence
the maximum pore size, what the authors reported is that the
pore size grew according to the solvent concentration.

Figure 7 shows the average pore radius of the membranes
produced. Using the Guerout-Elford-Ferry formula, it was
possible to find the average pore radius. The PA66-HA
membrane has an average pore size of (0.132 + 0.002) um,
the second composition with the addition of SiC particles,
the PA66-HA|H membrane, has an average pore size of
(0.159 + 0.003) pm. The PA66-FA membrane has (0.230 +
0.028) um, while its hybrid pair the PA66-FA|H membrane
has (0.148 £ 0.018) pum.

The larger pore radius present in the PA66-FA membrane
found in the bubble point and average pore radius results can be
attributed to the interaction of magnesium chloride with formic
acid. Medeiros et al."' observed that the use of inorganic salts
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Figure 6. Maximum membrane pore radius.
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causes phenomena that can contribute to an increase in pores.
They reported that the addition of calcium chloride (CaCl,) to
pure polyamide 6 membranes and hybrid membranes caused
an increase in the size and distribution of pores.

All the membranes demonstrated are within the range
that would be characteristic for microfiltration MSP and are
compatible with other studies in the literature'>*°. Here we
can highlight the dual effect of SiC, which depends on the
solvent. Its porogenic action was observed when combined
with HCl and a densifying action when combined with FA.

3.5. Water and effluent flow measurements

The water mass flux measurement tests (J,) were carried
out using a pressure of 1.0 bar. Figure 8 shows the curves
of the flux measurements made with distilled water of the
PA66-HA, PA66-HA|H, PA66-FA and PA66-FA|H membranes.

The measurements of the flux permeated with water for
the membranes produced with HCl initially showed a decrease,
followed by stability at approximately 30 min. The PA66-HA
membrane did not show great variations, with a very low flux.
These results are in line with those previously reported by
the average pore size radius, confirming the presence of very
small pores. The PA66-HA|H membrane had the highest flux,
but showed a considerable drop in flux, due to a mechanical
compaction phenomenon caused by the pressure applied
and/or possible swelling in the membranes, since when the
membrane comes into contact with water, it causes a gradual
reduction in the pores, thus reducing its permeability*. Due
to this phenomenon, additive is preferred, and compared to
its pure counterpart, the hybrid membranes proved to be far
superior. Furthermore, SiC has high hardness and mechanical
strength, increasing the structural robustness of the membrane,
which can reduce possible deformations and mechanical wear
of the hybrid membranes during operation.

When analyzing the membranes obtained with FA, both
had a low flux compared to the membranes obtained with
HCI. This difference can be attributed to the fact that these
membranes have lower porosity and denser thicknesses; the
HCl membranes were obtained with a thickness of ~250 um,
while the FA membranes were obtained with ~350 um. The
PA66-FA membrane showed a higher flux than the PA66-FAH
hybrid membrane, which was the opposite of the membranes
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Figure 8. Permeate flux of water at a pressure of 1 bar.
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obtained with HCI. This was due to the densification caused
by the SiC, which clogged some of the membrane’s pores.
Unlike the membranes obtained with HCI, those obtained
with FA did not show the phenomenon of mechanical compaction;
on the contrary, in a certain range there was an increase in
flux (Table 2). This phenomenon can be attributed to the
momentary relaxation of the pores due to the temperature;
the measured temperature of the liquid present in the tubes of
the equipment responsible for the flux reached a temperature
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Figure 9. Permeate effluent flux at a pressure of 1 bar.

of 50 +£ 2 °C. SiC is an advanced ceramic material with
exceptional properties, which makes it an excellent choice to
be incorporated into polyamide membranes in order to improve
their performance in separation applications, especially in
aggressive environments, such as water and industrial effluent
treatment. SiC has excellent thermal resistance, withstands
high temperatures without degradation, allowing its use in
thermal processes or with temperature variations. A similar
behavior was observed by Poletto et al.*® when performing
a flux on a polyamide 6.6 membrane and noticing a gradual
increase in flux over a certain period of time.

The pollutant mass flow measurement tests (J) were carried
out using a pressure of 1.0 bar. Figure 9 shows the curves of
the flux measurements made with the dye for the PA66-HA,
PA66-HA|H, PA66-FA and PA66-FA|H membranes.

In accordance with the pattern found in the water flow
tests, Figures 9 shows the same behaviour with the effects
found for the water flow, such as concentration polarization,
compaction, swelling, pore reduction and, in addition to the
use of a pollutant, the fouling effect, i.e. the filling of the pores
by the particulate material present in the effluent®'. Figure 10
shows the intensity of the color of the material retained on the
surface of the membrane, the fouling that occurred with the
gradual filling of the membrane pores by the dye particles.
This can be seen in Table 3 when we compare the effluent
flow values with the pure water values in Table 2.

Figure 10. Surface of PA66 membranes after flux with effluent a) PA66-HA, b) PA66-HA[H, c) PA66-FA, d) PA66-FAH.

Table 2. Initial, intermediate and final water flux values obtained by the membranes for pressure of 1 bar.

Initial Flux (L.m>h™")

Intermediate Flux (L.m2.h")

Final Flux (L.m2.h™")

Composition 1 min 30 min 60 min
PA66-HA 144.65 136.27 137.56
PA66-HA|H 344.73 258.78 231.60
PA66-FA 95.71 118.50 134.51
PA66-FAH 48.93 57.18 59.10
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The mass flow measurements when separating the dye
in water (J) from the membranes were plotted in reference
to the mass flow of water (J ), i.e. J/J . The influence of the
dye concentration on the flux factor (J/J) of the membranes
can be seen in Figure 11.

The pure membranes, regardless of the acid used to
obtain them: PA66-HA and PA66-HA, showed a decrease
over 30 minutes and then stability in these ratios, probably
due to compaction or swelling in the membranes, as seen
in the water flow measurements. Another factor responsible
for the relative decline in the permeability of the unmodified
membranes was influenced by the adsorption of dye molecules
on the surface®'.

A certain amount of molecules is adsorbed on the surface
ofthe pores, and this can result in the formation of a film on
the inner surface of the membrane, a similar phenomenon
was observed by Arahman et al.’> in polyethersulfone
(PES) membranes, it was observed that membranes with
high hydrophilicity can reduce the adsorption of molecules
on the surface of the membrane pores, as a consequence,
the formation of the fouling layer can be minimized and
therefore the relative permeability of this membrane does
not change significantly. The hybrid membranes showed a
progressive increase and maintained a higher J/J ratio over
time compared to the pure membranes at the same pressures.
We can assume that because of the added SiC load, there
was an increase in the hydrophilicity of the membranes
according to the contact angle results shown in Figure 3.

Membrane fouling is a common phenomenon in microfiltration
membrane separation processes that significantly impair
filtration efficiency. This makes membrane regeneration an
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Figure 11. Influence of the dye concentration on the flux factor (J/J )
of the membranes.
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integral part of microfiltration systems and necessitates the
need for effective membrane cleaning in order to maintain
greater efficiency of the separation process®.

3.6. Membrane backwash

The chemical resistance of the membrane is essential
to withstand multiple backwash cycles (backwashing or
chemical cleaning), especially in water and effluent treatment
applications. Backwashing often involves acidic, alkaline or
oxidizing solutions (e.g. hypochlorite, citric acid, sodium
hydroxide) which are aggressive chemical agents to remove
organic, inorganic or biological fouling. A membrane with
low chemical resistance degrades or loses performance
after repeated exposures. Chemical degradation can alter
the morphology of the membrane (porosity, surface charge),
compromising the rejection of contaminants. Chemical
resistance ensures selectivity stability over time. Therefore,
materials with high chemical resistance, such as SiC-modified
membranes, maintain their structural and functional properties
even after multiple cleanings, reducing replacement frequency
and operating cost.

Figure 12 illustrates the effect of the backwashing
conducted to evaluate the reduction in membrane fouling
and the improvement in membrane cleaning efficiency. The
procedure led to an increase in flux for all the membranes.
The PA66-HA[H membrane showed the greatest initial
growth with probable dilation of its pores, but over the
course of 30 min, there was a drop in flux associated with the
formation of fouling; while the PA66-HA membrane followed
its observed flux pattern, backwashing not generating large
increases in flux. However, the pure and hybrid membranes
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Figure 12. Influence of backwashing on membrane flux at a
concentration of 500 mg.L"! and a pressure of 1.0 bar; the left side
represents the moment before backwashing and the right side after
the backwashing process.

Table 3. Initial, intermediate and final effluent flux values obtained by the membranes at a pressure of 1.0 bar.

i 2 -1
Composition Initial Flux (L.m2.h™")

Intermediate Flux (L.m?2.h") Final Flux (L.m2.h™")

1 min 30 min 60 min

PA66-HA 127.76 85.01 83.00
PA66-HAH 303.59 256.27 230.96
PA66-FA 71.02 83.99 88.35
PA66-FAH 21.22 48.41 54.20
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made with formic acid show progressive increase in their
continuous flux was slightly modulated by backwashing.

Table 4 shows the values for the volume of water used
and the backwashing efficiency. We can see that there appears
to be a relationship between the volume of water used and
efficiency. The PA66-FA membrane had the lowest volume and
the highest efficiency, which we can relate to the progressive
increase in its flow over time. However, PA66-FA showed
the worst performance with an efficiency value of 14.53%.

Membranes with high chemical resistance, such as those
modified with silicon carbide, are more durable, stable and
efficient in systems that require frequent backwashing,
ensuring better performance over time and lower maintenance
costs, as SiC has high chemical resistance due to a stable
material in acidic and alkaline environments, resists oxidizing
agents and organic solvents and is ideal for applications
in aggressive environments, such as industrial effluents
contaminated with dyes.

3.7. Dye concentration and membrane efficiency

Through spectrophotometric analysis, it was possible
to identify the peak wavelength of the dye, from which
an absorbance curve was plotted. These curves are shown
in Figure 13, where the peak wavelength is highlighted at
505 nm. This value indicates the wavelength at which the
dye shows maximum light absorption.

From the 505 nm wavelength value, the absorbance calibration
curve of the red dye was plotted at all concentrations (0 mg.L' to
500 mg.L"), resulting in Figure 14, where it was possible to
obtain the straight line equation (y = 0.00129x - 0.00216)
with R?0.9977. This indicates that the absorbance results of
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——C=300mg.L"
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Figure 13. Absorption Specter of the red dye at concentrations of 50
mg.L", 100 mg.L, 200 mg.L", 300 mg.L!, 400 mg.L" e 500 mg.L".

the dye at each concentration follow a well-fitting function
and are therefore useful for correlating with the absorption
data of each effluent sample used in the treatment with the
membranes produced. From the straight-line equation, it was
possible to determine the concentration of dye remaining in
the permeate after treatment:

Ty ®

With the concentration of the dye remaining in the
permeates, the efficiency of the polyamide 6.6 membranes
in retaining the particulates was found in each case using
Equation 9, both parameters are shown in Table 5, with all
membranes achieving yields of over 99%. Similar results were
found by Liu et al.’!, who prepared polyamide membranes
with additives using the phase inversion technique through
the immersion precipitation method. Adjustments to the
microstructure of the membranes were made with seven
commercial ionic surfactants and one self-synthesized
surfactant, S20, to improve performance and mechanical
strength. As a result, the tensile strength of the membranes
and their porosity were improved, since, for example, S20
decreased the molecular weight and consequently the average
pore size of the membrane. The membrane that had 50%
S20 by weight of the copolymer removed 98% of Congo
red dye and 80% of Chrome blue dye, showing promising
results in the treatment of textile effluents.

Table 6 shows the performance of the membranes before
and after backwashing. It is known that backwashing causes
damage to membrane pores and decreases their selectivity, but
an insignificant decrease was obtained, thus demonstrating
that the time and pressure chosen were adequate®-°.
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Figure 14. Calibration curve of dye absorbance.

Table 4. Volume of water used and efficiency of membrane backwashing.

Composition Supply pressure (bar) Backwash pressure (bar) Water used na - Backwashing efficiency (%)
PA66-HA 1.0 1.5 0.34 14.53
PA66-HA|H 1.0 1.5 0.17 35.44
PA66-FA 1.0 1.5 0.07 68.35
PA66-FAH 1.0 1.5 0.11 36.96
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¢) PAG6-FAJH.

Table 5. Concentration of the dye in permeate after 60 min in the
dye flow test, for pressure of 1 bar.

Concentration

Composition (mg.L") Efficiency (%)
PA66-HA 0.58 99.88

PA66-HAH 0.93 99.81
PA66-FA 0.88 99.82

PA66-FAH 1.03 99.79

Table 6. Concentration of the dye in permeate after 30 min in the
flow test with dye and backwashing, for pressure of 1.0 bar.

. - Concentration . o
Backwashing ~ Composition (mg.L") Efficiency (%)
PA66-HA 0.52 99.89
PA66-HAH 1.09 99.78
Before
PA66-FA 0.58 99.88
PA66-FAH 0.52 99.89
PA66-HA 0.58 99.88
PA66-HAH 1.44 99.71
After
PA66-FA 1.03 99.79
PA66-FAH 0.63 99.87

Figure 15 shows the visual aspects of the permeates, with a
sudden change in color from the raw effluent to the permeate
obtained, proving the efficiency in separating the dye by
the membranes and the potential of these membranes to be
applied in the treatment of textile effluents.

4. Conclusion

It was possible to successfully obtain pure and hybrid
PA66 membranes with different solvents from PA66 yarn waste
from the automotive industry. The membranes obtained with
formic acid showed low water absorption and low porosity
compared to the membranes obtained with hydrochloric
acid. The pure formic acid membranes had larger pore sizes
due to the interaction with the inorganic salt, while those

Materials Research

obtained with hydrochloric acid had the smallest pore sizes.
It observed that silicon carbide can perform distinct functions
depending on the acid used. The contact angle values showed
that there was an increase in the hydrophilicity of the hybrid
membranes containing 3% SiC. Backwashing proved to be
efficient, restarting flows without damaging the membrane’s
permeability and selectivity. The results obtained show that
these are microfiltration-scale membranes that have the
potential to use in the treatment of wastewater containing
textile dyes. The membranes produced from the reuse of
polyamide showed more than 99% efficiency in removing
the textile dye used.
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