MSA Engineering Journal

MSA Engineering Journal (ekb.eq)

ISSN 2812-5339 (print); ISSN 2812-4928 (online)
E-mail: jzus@msa.edu.eg

Exploring the Role of Nanoparticles Incorporated in PES
Membranes for Photodegradation of Persistent Pollutants Under
Simulated Sunlight

Hussein Mahmoud EI-Ghorab'™ Mahmoud Mohamed Abdel Azeem?', Mohamed Ismail Badawy?,
Tarek Abdel Shafy Gad Allah?, Mahmoud Saad Abdel Wahed?, Mahmoud Mohamed
Abdelmomen?

1. Public Works (Sanitary Engineering) Department, Faculty of Engineering, Ain Shams University, Cairo, Egypt.
husseinelghourab@eng.asu.edu.eg, mazeem@eng.asu.edu.eg, mahmoud_abdelmomen@eng.asu.edu.eg
2. Water Pollution Research Department, National Research Centre, Giza, Egypt. badawy46@hotmail.com,
tareqabdelshafy@yahoo.ca, ms.abdel-wahed@nrc.sci.eg

Abstract

Water scarcity is a critical global issue exacerbated by pollution and inefficient water management. Traditional water
treatment methods are often insufficient to address complex pollutants. This study investigates the fabrication and
performance of photocatalytic membrane (polyethersulfone (PES) membranes incorporated with photocatalytic
nanoparticles of titanium dioxide doped with silver) for photodegradation of trace organic compounds (TrOCs) under
simulated sunlight irradiation. The membranes were prepared using the non-solvent induced phase separation (NIPS)
method and tested their photocatalytic activity in degrading proteins such as bovine serum albumin (BSA), and dyes
such as methyl orange (MO), and methylene blue (MB). Results indicated that the incorporation of nanoparticles
significantly improved the degradation efficiency of the pollutants, with the highest performance observed in
photocatalytic membranes with the highest nanoparticles content. The study demonstrates the potential of
photocatalytic membranes for advanced water treatment applications, offering a promising solution for removal of
complex pollutants, mitigating water pollution and scarcity.
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1. Introduction

Water, a fundamental necessity for life, is becoming an increasingly scarce resource globally. While our planet is
composed of 71% water, only 2.5% of that is freshwater, and an even smaller fraction is accessible for human use.
This growing scarcity is exacerbated by factors such as population growth, climate change, pollution, and inefficient
water management practices. It is imperative to address water scarcity not only to sustain life but also to promote
socio-economic development, health, and environmental sustainability .

The scarcity of water has far-reaching implications. It directly affects agriculture, which consumes approximately
70% of global freshwater supplies. In regions experiencing severe water shortages, crop yields dwindle, leading to
food insecurity and economic instability. Urban areas are not immune either; many cities face water rationing and
potential conflicts over access to water resources. Moreover, the availability of clean water is crucial for public health.
Contaminated water sources can lead to the spread of diseases such as cholera and dysentery, impacting millions of
lives, particularly in developing countries .

Given the critical nature of water, effective treatment and management are essential. Water treatment processes are
designed to remove contaminants and ensure that water is safe for human consumption and other uses. Traditional
treatment methods, such as coagulation, sedimentation, filtration, and disinfection, have been effective to some
extent. However, the increasing presence of persistent pollutants, such as pharmaceuticals, dyes, and pesticides,
requires more advanced and efficient treatment technologies !.
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Photocatalytic reactors (PRs) offer an efficient solution for removal of trace organic compounds (TrOCs), where PRs
utilizes advanced oxidation processes to degrade organic pollutants through the excitation of semiconductor
photocatalysts (e.g., TiO2, ZnO) by UV or visible light, which generates reactive species that oxidize and break down
pollutants.? Despite their effectiveness, photocatalytic reactors face challenges in screening photocatalysts during
water treatment. The separation of photocatalysts from treated water can be difficult, leading to potential
contamination and reduced efficiency. Traditional methods, such as filtration and centrifugation, may not be sufficient
to completely remove the photocatalysts, which can affect the quality of the treated water °.

To address these challenges, photocatalytic membranes have emerged as a promising alternative. These membranes
combine the advantages of photocatalysis and membrane filtration, allowing for the simultaneous degradation of
pollutants and separation of photocatalysts from treated water. Photocatalytic membranes are typically made of
porous materials coated with photocatalytic nanoparticles, which can effectively degrade organic pollutants while
retaining the catalysts within the membrane structure, eliminating the risk of catalyst contamination in the treated
water, and ensuring higher water quality. Lastly, photocatalytic membranes can be easily scaled up for industrial
applications, making them a viable solution for large-scale water treatment 4,

This study aims to fabricate photocatalytic membrane and to consider the activity of a membrane with light in
pollutant removal, while concentrating on assessing the effect of the photocatalyst role in pollutant degradation. The
choice of membrane material was Polyethersulfone (PES) being a highly efficient material for water filtration
membranes due to its excellent chemical resistance, mechanical strength, and thermal stability. PES membranes are
widely used in various filtration applications, including microfiltration, ultrafiltration, and nanofiltration, due to their
ability to effectively remove contaminants, making PES a very strong candidate when requiring to immobilize
nanoparticles within its structure °.

The photocatalytic membranes activity was studied for removal of TrOCs in wastewater conditions, where we used
proteins of bovine serum albumin (BSA) to mimic wastewater organic content, and a mixture of methyl orange (MO)
and methylene blue (MB) dyes were added for assessment of the membrane performance in photocatalytic
degradation of TrOCs.

Previous research of polymeric membrane incorporated with photocatalytic nanostructures where successful in
removal of MB to percentages reaching up to 75% °, and up to 95% for MO 7. However, these studies don’t interpret
the effect of wastewater conditions which would be simulated in our work with the BSA incorporation in the model
solution, to furtherly study how it would affect the photocatalytic degradation and adsorption for the membranes,
while also incorporating recent progressions in extension of the photocatalytic activity to visible light through doping
TiO, semiconductor with silver nanoparticles ®.

2. Experimental Methods

2.1. Materials

Commercial-grade Polyethersulfone Ultrason E6020P (molecular weight = 58,000 g/mol and glass
transition temperature, Tg = 225 °C) served as the membrane material. Dimethyl sulfoxide (DMSO) was
utilized as the solvent for preparing the casting dope solutions. The PNPs comprised of TiO> doped with
silver. For testing the membrane’s photocatalytic performance, the model compounds included bovine
serum albumin (BSA, molecular weight = 66,500 g/mol), methyl orange (MO, molecular weight = 327.33
g/mol), and methylene blue (MB, molecular weight = 319.85 g/mol). Molecular structures of PES, MB,
and MO are shown in Figure 1.
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Figure 1: Molecular structure of PES, MB and MO %1

2.2. Membrane Fabrication

Membranes were created using solutions of PES dissolved in DMSO with various amounts of PNP through
the non-solvent induced phase separation (NIPS) method. The composition and labeling of PES/PNP
membranes are outlined in Table 1.

Table 1: Prepared membranes designations and compositions of casting solutions by weight in mg

Designation PES DMSO PNP

S1 1000 5219 31 (0.5% wt. ratio)
S2 1000 5188 62 (1.0% wt. ratio)
S3 1000 5157 93 (1.5% wt. ratio)

2.3. Membrane Performance

The photocatalytic performance of membranes was tested by a model solution consisting of 250ppm BSA,
10ppm MO and 10ppm MB (pH = 8.1). First, the membrane samples were cut into circle sized samples of
diameter 50mm and were fixed in separate petri dishes for each membrane type and then 50 ml of the
solution was poured onto it, ensuring contact between solution and membrane sample.

The dishes were fixed in an orbital shaker (WiseShake/Wisd — DAIHANSsci) and the samples were gently
shaken during the whole period of this setup. The above setup was placed under sunlight irradiation in
UVACUBE 400 sunlight simulator (Dr Honle AG UV Technology, Germany), and solution concentrations
were measured every 30 min for a total period of 6 h using a UV/VIS spectrophotometer (Jasco V630), at
wavelengths of 290, 465, and 665 nm for BSA, MO, and MB, respectively. Before solar light irradiation,
the entire setup was kept in dark conditions for 90 min to attain adsorption equilibrium, and then the solar
irradiation took place for the remaining part of the procedure’s period '.

Prior to the previous experiment, calibration curves were plotted in order to assign the concentrations of
the model pollutant constituents precisely. The spectrophotometer was set to the appropriate wavelength
for each pollutant and the absorbance was measured and recorded. A graph was plotted for the absorbance
values (y-axis) against the known concentrations (x-axis) of the standard solutions. Using best fit linear
graphing tool in MS-Excel, a linear regression line was fitted to the data points and the equation of these
line were attained '3.
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3. Results and Discussion

3.1. Calibration Curves

Spectral analysis of all solutions was obtained and plotted properly as shown in Figure 2. The obtained data
from that analysis was used to plot the calibration curve for BSA, MO and MB separately as shown in
Figure 3, Figure 4 and Figure 5 respectively. The equations acquired from these curves were then used in
determining the solution concentration during the photocatalytic activity experiment (See section 3.2)
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Figure 2: Spectral analysis of different concentrations for model solution
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Figure 3: Calibration curve of BSA concentration
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Figure 4: Calibration curve of MO concentration

y =0.1891x+0.0205"®
R? = 0.9959
16 .

14

18

1.2 P

Absorption

0.8
0.6

0.2

0 2 - 6 8 10
Concentration ppm

Figure 5: Calibration curve of MB concentration

3.2. Photocatalytic Activity Measurement

The concentrations were calculated in each beaker during the time of the experiment (from 0 till 360
minutes), S1 to S3 represent the different PNPs content (see Table 1). The data shown in Table 2 shows the
concentration of BSA, MO and MB for all samples. These concentrations were plotted against the time as
shown in Figure 6, Figure 7 and Figure 8 for BSA, MO and MB respectively.
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Table 2: Concentrations of BSA, MO and MB in the photocatalytic activity experiment

E

—

Concentration (pp

Concentration (ppm)

BSA MO MB
Time S1 S2 S3 S1 S2 S3 S1 S2 S8
0 250 250 250 10 10 10 10 10 10
—f,E 30 247 244 231 96 96 93 97 9.7 89
@] 60 247 243 231 95 93 92 97 96 8.8
90 247 243 230 95 93 92 96 96 8.8
120 230 226 221 3.7 43 4.0 91 90 84
150 227 221 211 23 25 23 87 83 8.1
180 219 217 209 22 22 20 81 79 76
%ﬁ 210 211 210 207 18 18 18 75 7.0 7.0
4 240 207 207 201 1.7 17 17 6.8 6.4 6.3
300 201 200 198 1.7 1.7 16 6.0 59 56
330 196 192 191 16 16 15 55 53 5.0
360 186 186 182 16 16 15 50 49 44
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Figure 6: Concentrations of BSA in the photocatalytic activity experiment
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Figure 7: Concentrations of MO in the photocatalytic activity experiment
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Figure 8: Concentrations of MB in the photocatalytic activity experiment

As shown in the acquired data, during the dark condition, the concentrations of all the substances decrease
due to adsorption by membrane material. It was noticed that the adsorption increased with the increase of
the PNP content in the membrane, which is due to the nanoparticles increasing the overall capacity of the
membrane to capture pollutants from the solution by affecting the membranes’ surface charge and porosity
providing more active sites for adsorption '.

When analyzing the data after subjecting the samples to solar irradiation, the concentrations of the
substances are greatly reduced during time, reaching a reduction of 27%, 85%, and 56% to the initial
concentrations of BSA, MO and MB respectively during the whole time of the experiment, which represent
the substances photodegradation overtime by the PNPs incorporated membranes.

When analyzing the data of S1, S2, and S3 in comparison with each other, which takes into account the
boosted photodegradation by the increasing dosage of incorporated PNPs, we find an increase of substance
concentration degradation as the percentage of PNPs in the membrane increases.

For BSA, the reactive species generated by PNPs can break down the peptide bonds in BSA, leading to its
degradation 8. Also, light induces structural changes and denaturation, leading to unfolding and aggregation
of the protein. The concentration reduction by photodegradation of BSA represents the least reduction in
our study, given that BSA isn’t inherently photodegradable, making its denaturation by photocatalytic
activity relatively limited '°.

MO is an azo dye that can be effectively photodegraded under irradiation. This is because MO has an azo
bond (-N=N-), which is less stable and more prone to cleavage by reactive species generated during
irradiation '®. This contributes to the high efficiency of the photocatalytic membrane in the photodegradation
of MO.

On the other hand, the incorporated PNPs enhance the photodegradation of MB by a substantial value but
relatively lower than MO. Unlike MO, MB has a thiazine structure, which includes a sulfur and nitrogen-
containing heterocyclic ring. This structure is quite different from the azo bond (-N=N-) found in MO.
Having a stronger molecular structure due to its conjugated double bond system, MB shows greater stability
and rigidity. The extended conjugation in MB allows for more delocalized electrons, enhancing its stability
and making it more resistant to degradation !”-!3. Even with lower reduction values than MO, the PNPs still
contributed to a prominent influence on the photodegradation of MB %%,
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For this study, the effect of the PNPs is substantial, relatively to the very small dosage of the PNPs used in
the samples, which ranged from 2 to 6 mg in the membrane sample used in the experiment, showing how
promising the PNPs used in our study can be utilized in different photocatalytic membrane application. The
small percentage of PNPs in our study which ranged from 0.5 to 1.5% weight ratio is more likely to sustain
self-cleaning properties for the membrane, providing a prominent antifouling effect without the influence
of cleaning chemicals that cut down membrane lifetime. Higher percentages of PNPs would possibly
contribute to higher percentages of TrOCs removal.

Further studies should implement other TrOCs for determining the consistency of its behavior, also there
can be much improvement to the attained removal efficiency when this technology is combined with
activated sludge processes through a photocatalytic membrane bioreactor setup, widening the scope of
research in this matter.

4. Conclusion

This research highlights the effectiveness of Ag/TiO: nanoparticle-incorporated PES membranes for the
photodegradation of TrOCs under simulated sunlight. The study found that the addition of nanoparticles to
PES membranes significantly increased the photodegradation rates of BSA, MO and MB. with the highest
nanoparticle content yielding the best results. The silver doped TiO: revealed its capability of successful
photocatalytic activity under visible irradiation. The model solution used emphasizes the fact that the used
membrane can efficiently remove TrOCs from wastewater.

These findings suggest that the used nanoparticle-incorporated PES membranes in this study are a viable
and scalable solution for advanced water treatment, capable of addressing the limitations of traditional
methods and contributing to the sustainable management of water resources.
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