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ABSTRACT

Research subject: The presence of antibiotics in drinking water sources indicates the inefficient removal of pharmaceutical compounds by conventional
treatment methods, and the environmental consequences of their presence cannot be ignored. This research aims to fabricate a polyethersulfone
nanofiltration membrane modified with titanium dioxide nanoparticles for the removal of amoxicillin from aqueous solutions.

Research approach: In this study, pure polyethersulfone membranes and nanoparticle-modified membranes were fabricated using the phase inversion
method. First, the base polymer concentration was optimized, and the membrane pore structure was controlled to achieve maximum separation
performance. Subsequently, the selected membrane was modified with different nanoparticle loadings (0.2, 0.5, and 1 wt.%). A 22% polyethersulfone
membrane with 79% rejection and a pure water flux of 1.19 I.m2.h™ was identified as the optimal membrane, and used for further modification. The
membranes were characterized using FTIR, water contact angle, SEM, AFM, and XRD, along with evaluations of pure water flux and amoxicillin
separation efficiency.

Main results: FTIR analysis and contact angle measurements showed a significant increase in membrane hydrophilicity due to the presence of hydroxyl
groups in the TiO; structure. SEM images showed that nanoparticle incorporation increased membrane thickness and promoted the formation of small
tear-like pores in the active layer, as well elongated pores in the substrate. These structural changes increased porosity and enhanced pure water flux
from 1.19 to a maximum of 53.04 1. m2.h"! for the membrane containing 1wt.% nanoparticles. AFM analysis further revealed increased surface roughness
with nanoparticle addition. The membrane containing 0.5 wt.% nanoparticles exhibited optimal performance, with a flux of 27.32 .m2.h? and a rejection
of 85.72%. Overall, the results demonstrate that nanocomposite membranes show strong potential for the removal of non-biodegradable contaminants,
such as amoxicillin, from water sources.
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Table 1 Percentage composition of pure membrane components

Memb
éMPrane | bes (wt. %) | DMF (wt.%) | CBT(°C)
number

MB1 15 85 30
MB2 20 80 30
MB3 20 80 25
MB4 21 79 25
MBS 22 78 25
MB6 22 78 23
MB7 22 78 20

TiO; &l,356 sol> slie slizl doyo S 5 ¥ Jgoo
Table 2 Percentage composition of membrane components
containing TiOz nanoparticles

Membrane Tio2
PES(wt. %) DMF(wt. %) CBT(°C)
number (wt. %)
MT1 22 0.2 77.8 20
MT2 22 0.5 775 20
MT3 22 1 77.0 20
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Figure 1 FT-IR spectrum of pure polyethersulfone membrane and
nanoparticle-containing membrane
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Figure 2 X-ray diffraction patterns of pure titanium dioxide
nanoparticles and different membranes
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Figure 3 SEM images of the cross-section of pure membranes with
different polymer concentrations
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Figure 5 SEM images of the surface of nanoparticle-containing
membranes
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Figure 6 Contact angle of pure membranes
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Figure 7 Contact angle of membranes containing nanoparticles
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Table 3 Contact angle of different membranes

Membrane type Contact angle
MB1 69.29
MB3 72.90
MB7 79.96
MT1 67.97
MT2 60.20
MT3 50.56
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Figure 4 SEM images of the cross-section of membranes
containing different concentrations of nanoparticles
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Table 6 The results of pure water flux for different membranes

Membrane type PWF (I.m2.ht) P (bar)
MB1(PES15%) 62.00 2
MB2(PES20%) 5.30 7
MB3(PES20%) 5.12 7
MB4(PES21%) 3.89 10
MB5(PES22%) 217 10
MB6(PES22%) 1.52 10
MB7(PES22%) 1.19 10
MT1(PES22%+Ti020.2%) 5.75 10
MT2(PES22%-+ TiO20.5%) 28.66 10
MT3(PES22%+ TiO21%) 53.04 10
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Table 4 Surface roughness parameters of different membranes

Membrane | Ra(nm) Rq (nm) Rt (nm)
MB1 56.64 62.98 442.51
MB2 42.97 48.25 228.56
MB7 23.55 27.10 182.03
MT2 44.40 52.33 298.51
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Table 5 Values of porosity percentage and average pore radius

Membrane €/ rm(nm) | Type
MB1(PES15%) 7141 21.00 UF
MB2(PES20%) 47.00 2.57 NF
MB3(PES20%) 39.49 231 NF
MB4(PES21%) 38.23 2.00 NF
MB5(PES22%) 36.74 1.62 NF
MB6(PES22%) 35.54 1.38 NF
MB7(PES22%) 31.38 1.32 NF

MT1(PES22%+Ti020.2%) 32.56 2.84 NF
MT2(PES22%+ TiO20.5%) | 34.12 6.00 NF
MT3(PES22%+ Ti021%) | 51.61 6.36 NF
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Table 7 Permeation flux and rejection results

Membrane %R Permeation Type
flux(l.m?2.h?)
MB1(PES15%) 29.81 55.01 UF
MB2(PES20%) 53.31 5.00 NF
MB3(PES20%) 56.10 3.23 NF
MB4(PES21%) 62.83 2.98 NF
MB5(PES22%) 72.33 2.00 NF
MB6(PES22%) 7351 1.49 NF
MB7(PES22%) 79.00 0.72 NF
MT1(PES22%+Ti0,0.2%) 81.11 5.11 NF
MT2(PES22%+ TiO,0.5%) 85.72 27.32 NF
MT3(PES22%+ TiO,1%) 70.03 51.81 NF
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Figure 8 Rejection rate and permeation flux of polyethersulfone
membranes
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Table 8 The results of previous research

No. Membrane Process Effluent type Oper.a.tlng % Rejection PWF Ref
name type conditions
C:500 mg/L SR2 7.5
1 SR2, SR3 NF synthetic T:22 oC 64.9 SR32.1 [49]
P:12.5 bar I/(m?.h.bar)
T:25-C
2 NF-CK NF synthetic PH:5 >70 - [50]
C:5 mol/lit
T:25-C
3 NF-HL NF synthetic PH:5 >70 - [50]
C:5 mol/lit
T:25-C
4 UF-JK UF synthetic PH:5 40 - [50]
C:5 mol/lit
pH=8.3
PEEHILY irradiation time=30
PEG-1500 min
5 NF synthetic . <60 - [51]
PEG-3000 LH2RIEe
PEG-6000 L
C:100 mg/L
. T:25-C, P:3 bar 2
6 NF Membrane NF synthetic C:100 mg/L 85 103.8 .Lm=.h [52]
h tical
7 ANMBR UF pharmacetica - 732 - 53]
wastewater

o



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Ding Y., Zhang H., Shen L., Jiao Y., Xu Y., and Lin H.,,
Pioneering integration of bimetallic Fe203-Mn203
nanoparticles into polyamide nanofiltration membranes for
enhanced antibiotic wastewater treatment, Journal of Cleaner
Production, 518, 145969-145977, 2025.

Hussein M.M., Alsalhy Q.F., Gar Alalm M., and El-Halwany
M.M., Optimization of Developed TiO2 NWSs-Fe203
Modified PES Membranes for Efficient NBB Dye Removal,
ChemEngineering, 9 (4), 82-102, 2025.

Taheran M., Brar S.K., Verma M., Surampalli R.Y., Zhang
T.C., and Valéro J.R., Membrane Processes for Removal of
Pharmaceutically Active Compounds (PhACs) from Water
and Wastewaters, Science of The Total Environment, 547, 60-
77,2016.

Bojnourd F.M., and Pakizeh M., Preparation and
Characterization of a PVA/PSf Thin Film Composite
Membrane After Incorporation of PSSMA into a Selective
Layer and its Application for Pharmaceutical Removal,
Separation and Purification Technology, 192, 5-14, 2018.
Derakhsheshpoor R., Homayoonfal M., Akbari A., and
Mehrnia M.R., Amoxicillin Separation from Pharmaceutical
Wastewater by High Permeability Polysulfone Nanofiltration
Membrane, Journal of Environmental Health Science and
Engineering, 11(9), 1-10, 2013.

Homayoonfal M., and Mehrnia M.R., Amoxicillin Separation
from Pharmaceutical Solution by pH Sensitive Nanofiltration
Membranes, Separation and Purification Technology, 130,
74-83, 2014.

Brami M V., Oren Y., Linder C., and Bernstein R.,
Nanofiltration Properties of Asymmetric Membranes Prepared
by Phase Inversion of Sulfonated Nitro-polyphenylsulfone,
Polymer (Guildf), 111, 137-147, 2017.

Koloti L.E., Gule N.P., Arotiba O.A., and Malinga S.P.,
Recent Applications of Laccase Modified Membranes in the
Removal of Bisphenol A and Other Organic Pollutants,
Emerging Trends in Chemical Sciences, 285-312, 2017.
Alenazi N.A., Hussein M.A., Alamry K.A., and Asiri A.M.,
Nanocomposite-based aminated  Polyethersulfone and
Carboxylate Activated Carbon for Environmental Application.
A real sample analysis, Journal of Carbon Research, 4(2), 1-
22,2018.

Noel Jacob K., Senthil Kumar S., Thanigaivelan A., Tarun M.,
and Mohan D., Sulfonated Polyethersulfone-based
Membranes for Metal lon Removal via a Hybrid Process,
Journal of Membrane Science, 49, 114-122, 2014.

Shirke B.S., Korake P V., Hankare P.P., Bamane S.R., and
Garadkar K.M., Synthesis and Characterization of Pure
Anatase TiO 2 Nanoparticles, Journal of Materials Science:
Materials in Electronics, 22, 821-824, 2011.

Wu G, Gan S, Cui L., and Xu Y., Preparation and
Characterization of PES/TiO2 Composite Membranes,
Applied Surface Science, 7080-7086, 2008.

Hosseini-Sarvari M., and Dehghani A., Visible-light-driven
photochemical activity of ternary Ag/AgBr/TiO 2 Nanotubes
for Oxidation C (sp 3)-H and C (sp 2)-H Bonds, New Journal
of Chemistry, 44(39), 16776-16785, 2020.

Kumar K.A., Subalakshmi K., and Senthilselvan J., Effect of
Mixed Valence State of Titanium on Reduced Recombination
for Natural Dye-Sensitized Solar Cell Applications, Journal of
Solid State Electrochemistry, 20, 1921-1932, 2016.

Modi R., Mehta R., Brahmbhatt H., and Bhattacharya A.,
Tailor made thin film composite membranes: Potentiality
Towards Removal of Hydroquinone from Water, Journal of
Polymers and the Environment, 25, 1140-1146, 2017.

Barth C., Goncalves M.C., Pires A.T.N., Roeder J., and Wolf
B.A., Asymmetric Polysulfone and Polyethersulfone
Membranes: Effects of Thermodynamic Conditions During
Formation on their Performance, Journal of Membrane
Science, 169, 287-299, 2000.

\f2

10.

11.

12.

13.

&=y
Lucas D., Badia-Fabregat M., Vicent T., Caminal G,
Rodriguez-Mozaz S., Balcazar J.L., and Barcelé D., Fungal
Treatment for the Removal of Antibiotics and Antibiotic
Resistance Genes in Veterinary Hospital Wastewater,
Chemosphere, 301-308, 2016.
Deblonde T., Cossu-Leguille C., and Hartemann P., Emerging
Pollutants in Wastewater: A Review of the Literature,
International Journal of Hygiene and Environmental Health,
214(6), 442-448, 2011.
Saitoh T., and Shibayama T., Removal and Degradation of -

lactam Antibiotics in Water Using
Didodecyldimethylammonium Bromide-modified
Montmorillonite  Organoclay, Journal of Hazardous

Materials, 317, 677-685, 2016.

Zhang J., Wang Z., Zhang X., Zheng X., and Wu Z., Enhanced
Antifouling Behaviours of Polyvinylidene  Fluoride
Membrane Modified through Blending with Nano-
TiO2/Polyethylene glycol Mixture, Applied Surface Science,
345, 418-427, 2015.

Tamimi H., Shishe S.a.z.m., Farzam M., and Jafari D., A
Review of Titanium Dioxide Nanoparticles: Properties,
Synthesis Methods and their Application in Organic Coatings.
International Conference on Engineering and Applied
Sciences (2015).

Bojnourd F.M., and Pakizeh M., Preparation and
Characterization of a Nanoclay/PVA/PSf Nanocomposite
Membrane for Removal of Pharmaceuticals from Water,
Applied Clay Science, 326-338, 2018.

Nasrollahi N., Aber S., Vatanpour V., and Mahmoodi N.M.,
Development of Hydrophilic Microporous PES Ultrafiltration
Membrane Containing CuO Nanoparticles with Improved
Antifouling and Separation Performance, Materials Chemistry
and Physics, 338-350, 2019.

Modi A., and Bellare J., Amoxicillin Removal Using
Polyethersulfone Hollow Fiber Membranes Blended with ZIF-
L Nanoflakes and cGO Nanosheets: Improved Flux and
Fouling-Resistance, Journal of Environmental Chemical
Engineering, 8(4), 1-9, 2020.

Shakak M., Rezaee R., Maleki A., Jafari A., Safari M.,
Shahmoradi B., Daraei H., and Lee S.M., Synthesis and
Characterization of Nanocomposite Ultrafiltration Membrane
(PSF/PVP/SiO2) and Performance Evaluation for the
Removal of Amoxicillin  from Aqueous Solutions,
Environmental Technology & Innovation, 17, 2020.

Wu M., Ruan X., Tinotenda K.R., Hou B., Jiang X., and He
G., Cefalexin Crystallization Residual Liquor Separation via
Nanofiltration Based Multistage Process, Separation and
Purification Technology, 251, 1-8, 2020.

Bilal A., Yasin M., Akhtar F.H., Gilani M.A., Almohamadi H.,
Younas M., Mushtag A., Aslam M., Hassan M., Nawaz R.,
Agsha A., Sunarso J., Bilad M.R., and Khan A.L., Enhancing
water purification by integrating titanium dioxide nanotubes
into polyethersulfone membranes for improved hydrophilicity
and anti-fouling performance, Membranes (Basel), 14 (5),
116-137, 2024.

Jassim Z.S., Braihi A.J., and Shabeeb K.M., Performance of
Graphene Oxide—Titanium Dioxide, Polyethersulphone
Membranes for Industrial Wastewater Treatment, Ecological
Engineering & Environmental Technology, 25 (9) 336-347,
2024.

Mirkhalafi S., Mohammadnezhad B., Mousazadehgavan M.,
Kiehbadroudinezhad M., Altaee A., Hosseinzadeh-Bandbafha
H., Hashim K., Technical and Environmental Sustainability of
Pharmaceutical Wastewater Treatment Using Ce-NaY
Zeolite-Modified Polyethersulfone (PES) Membranes: A Life
Cycle Assessment Approach, ACS ES&T Water Journal, 5(7),
3813-3830, 2025.



46.

47.

48.

49.

50.

51.

52.

53.

Qiu S., Wu L., Pan X., Zhang L., Chen H., and Gao C,,
Preparation and Properties of Functionalized Carbon
Nanotube/PSF Blend Ultrafiltration Membranes, Journal of
Membrane Science, 342(1), 165-172, 20009.

Hong J., and He Y., Polyvinylidene Fluoride Ultrafiltration
Membrane Blended with nano-ZnO Particle for Photo-
Catalysis Self-Cleaning, Desalination, 332(1), 67-75, 2014.
Ganiyu S.0., Van Hullebusch E.D., Cretin M., Esposito G.,
and Oturan M.A., Coupling of Membrane Filtration and
Advanced Oxidation Processes for Removal of
Pharmaceutical Residues: A Critical Review, Separation and
Purification Technology, 156 (3), 891-914, 2015.

Zazouli M.A., Susanto H., Nasseri S., and Ulbricht M.,
Influences of solution chemistry and polymeric natural
organic matter on the removal of aquatic pharmaceutical
residuals by nanofiltration, Water Research, 43 (13), 3270-
3280, 20009.

Javier Benitez F., Acero J. L., Real F. J., Roldan G., and
Rodriguez E., Ultrafiltration and nanofiltration membranes
applied to the removal of the pharmaceuticals amoxicillin,
naproxen, metoprolol and phenacetin from water, Journal of
Chemical Technology & Biotechnology, 86 (6), 858-866,
2011.

Derakhsheshpoor R., Homayoonfal M., Akbari A., and
Mehrnia M.R., Amoxicillin separation from pharmaceutical
wastewater by high permeability polysulfone nanofiltration
membrane, Journal of Environmental Health Science and
Engineering, 11, 1-10, 2013.

Homayoonfal M., and Mehrnia M.R., Amoxicillin separation
from pharmaceutical solution by pH sensitive nanofiltration
membranes, Separation and Purification Technology, 130,
74-83, 2014.

Huang B., Wang H.C., Cui D., Zhang B., Chen Z.B., and
Wang A.J., Treatment of pharmaceutical wastewater
containing B-lactams antibiotics by a pilot-scale anaerobic
membrane bioreactor (AnMBR), Chemical Engineering
Journal, 341, 238-247, 2018.

A

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Tam C.M., Dal-Cin M., and Guiver M.D., Polysulfone
membranes. V. Performance Evaluation of Radel A/PVP
Membranes, Journal of Membrane Science, 78(1), 123-134,
1993.

Dal-Cin M.M., Tam C.M., Guiver M.D., and Tweddle T.A.,
Polysulfone Membranes. V. Poly (Phenyl Sulfone)(Radel R)-
poly (Vinyl Pyrrolidone) Membranes, Journal of Applied
Polymer Science, 783-792, 1994.

Sotto A., Boromand A., Balta S., Kim J., and Van der Bruggen
B., Doping of Polyethersulfone Nanofiltration Membranes:
Antifouling Effect Observed at Ultralow Concentrations of
TiO2 Nanoparticles, Journal of Materials Chemistry, 21,
10311-10320, 2011.

Panda S.R., and De S., Preparation, Characterization and
Performance of ZnCI2  Incorporated  Polysulfone
(PSF)/Polyethylene glycol (PEG) Blend Low Pressure
Nanofiltration Membranes, Desalination, 347, 52-65, 2014.
Aminudin N.N., Basri H., Harun Z., Yunos M.Z., and Sean
G.P., Comparative Study on Effect of PEG and PVP as
Additives on Polysulfone (PSF) Membrane Structure and
Performance, Journal Teknologi, 65(4), 47-51, 2013.
Moghimifar V., Livari A.E., Raisi A., and Aroujalian A.,
Enhancing the Antifouling Property of Polyethersulfone
Ultrafiltration Membranes Using NaX zeolite and Titanium
oxide Nanoparticles, RSC Advances, 5(69), 55964-55976,
2015.

Sukitpaneenit P., and Chung T.S., Molecular Elucidation of
Morphology and Mechanical Properties of PVDF Hollow
Fiber Membranes from Aspects of Phase Inversion,
Crystallization, and Rheology, Journal of Membrane Science,
340(1), 192-205, 20009.

Faneer K.A., Rohani R., and Mohammad A.W., Synthesis and
Characterisation of Polyethersulfone Membranes
Incorporated with Titanium Dioxide Nanoparticles for Xylitol
Separation from Mixed Sugars Solution, Journal of Physical
Science, 2017.

Abdorrezaee Z.,, and Raisi A, A  Hybrid
Ultrafiltration/Nanofiltration/Pervaporation Membrane
Process for Intensifying the Refining of Crude Canola Oil and
Solvent Recovery, Chemical Engineering and Processing -
Process Intensification, 169, 3-15, 2021.

Alipoori S., Rouh, H., Linn E., Stumpfl H., Mokarizadeh H.,
Esfahani M.R., Wujcik E.K., Polymer-based Devices and
Remediation Strategies for Emerging Contaminants in Water,
ACS Applied Polymer Materials, 3(2), 549-577, 2021.

Gul A., Hruza J., and Yalcinkaya F., Fouling and chemical
cleaning of microfiltration membranes: A mini-review,
Polymers, 13 (6), 846-870, 2021.

Bessieres A., Meireles M., Coratger R., Beauvillain J., and
Sanchez V., Investigations of Surface Properties of Polymeric
Membranes by Near Field Microscopy, Journal of Membrane
Science, 109(2), 271-284, 1996.

Liu Y., and Kumar S., Polymer/Carbon Nanotube Nano
Composite Fibers—A Review, ACS Applied Materials &
Interfaces Journal, 6(9), 6069-6087, 2014.

Lama G., Meijide J.,, Sanroman A., and Pazos M.,
Heterogeneous Advanced Oxidation Processes: Current
Approaches for Wastewater Treatment, Catalysts, 12(3), 1-31,
2022.

Roberts J., Kumar A., Du J., and Hepplewhite C.J.,
Pharmaceuticals and Personal Care Products (PPCPs) in
Australia’s largest Inland Sewage Treatment Plant, and its
Contribution to a Major Australian River During High and
Low Flow, Science of The Total Environment, 541(24), 1625-
1637, 2015.

YinJ., KimE.S,, Yang J., and Deng B., Fabrication of a Novel
Thin-Film Nanocomposite (TFN) Membrane Containing
MCM-41 Silica Nanoparticles (NPs) for Water Purification,
Journal of Membrane Science, 423, 238-246, 2012.



