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Rapid urbanization and industrialization in the past decades have resulted in vast
amounts of wastewater containing pollutants such as inorganic chemicals, pathogens,
pharmaceuticals, plant nutrients, petrochemical products, and microplastics [1-3]. The
extensive discharge of wastewater into the environment without proper treatment poses
unprecedented threats to humans, marine life, and other organisms [4,5]. Remediating and
separating these large wastewater bodies requires methods that enable fast operation and
high separation efficiency with a relatively low energy consumption. Membrane-based
liquid separation and water treatment technologies can meet these requirements as they
rely on relatively low thermal inputs and additives while providing promising permeation
flux and separation efficiency [6-13].

This Special Issue titled “Recent Studies of Membranes for Liquids Separation and
Water Treatment” emphasizes different aspects of the membranes employed in separating
liquid mixtures and wastewater remediation. These aspects include materials, synthesis and
fabrication, separation mechanisms, performance evaluation, modeling and simulations,
and applications.

Desalinating saline water has proven to be an effective method to meet the escalating
demand for fresh drinking water. Among various desalination technologies, vacuum
membrane distillation is a relatively cost-effective method that can enable a high water
vapor flux under sufficiently high vacuum levels [14,15]. In a study by Idrees et al., techno-
economic analyses were conducted on vacuum membrane distillation for removing NaCl
and KClI salts from seawater [16]. The lab-scale experiments were conducted utilizing
a polytetrafluoroethylene (PTFE) membrane under a variation of different parameters,
including temperature, concentration, pressure, and velocity [16]. Subsequently, economic
investigations were performed based on the experimental results in combination with a
market survey to estimate the costs of an up-scale vacuum membrane distillation plant.
The results indicated that the costs associated with obtaining clean water using lab-scale
vacuum membrane distillation can be reduced by utilizing a large-scale setup [16].

Forward osmosis is another prominent water treatment process that relies on the
difference in osmotic pressure induced by different concentrations of the feed and draw so-
lutions [17]. In a study by Mendoza et al., the forward osmosis technique was implemented
using magnesium phosphate salts recovered from wastewater as the draw solution [18].
Nitric acid and citric acid were utilized to facilitate the dissolution of salts, including cattiite,
struvite, and hazenite, as they show limited solubility in water. This setup enabled water
extraction to produce nutrient solutions [18]. Subsequently, the nutrient solutions were
supplied as fertilizers to plants in a hydroponic system. The results of the study showed
the feasibility of functional growth of lettuce by utilizing recovered water as a source of
nutrition [18].
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The permeation flux in the forward osmosis process is relatively lower compared to
that in the membrane-based separation processes that operate under pressure [19,20]. To
achieve an acceptable permeation flux in forward osmosis setups, a better understanding
of the parameters affecting the flux is necessary, such as the interactions between the sol-
vent and solute. Higuchi et al. utilized the non-equilibrium molecular dynamics (NEMD)
method to quantitatively investigate the permeation flux through a semi-permeable for-
ward osmosis membrane under different solvent-solute interatomic interactions [20]. The
calculated permeation flux results were consistent with the theoretical curves obtained
from the combination of the permeation flux and Van’t Hoff equations [20]. The results
also validated the NEMD method for evaluating permeation flux in a forward osmosis
setup [20].

The release of pharmaceutical and personal care products (PPCPs) such as carba-
mazepine (CBZ) from conventional wastewater treatment facilities to the environment is
another challenge that requires immediate attention, as these products can have detrimental
effects on health even at low concentrations [21,22]. In a study by Dao et al., a moving-bed
membrane bioreactor system combined with an electrochemical process was implemented
to remove persistent CBZ and phosphate pollutants from synthetic hospital wastewater [22].
The results implied that using a moving-bed membrane bioreactor could effectively remove
components such as ammonia, whereas it could not effectively remove CBZ and phosphate.
A factorial design was subsequently applied to optimize the process and determine the
optimum operating conditions for the electrochemical process to improve the removal
of CBZ and phosphate [22]. The results indicated that the electrochemical method as an
oxidation process can be effectively combined with a moving-bed membrane bioreactor to
remediate wastewater containing CBZ and phosphate [22].

The contamination of water bodies by oil and other organic contaminants represents
another environmental hazard with potential impacts not only on humans but also on
marine and terrestrial ecosystems [23-25]. A review by Ezazi et al. summarized the recent
developments in oil-water separation membranes modified with two-dimensional (2D)
materials [26]. In particular, the review focused on the membranes modified with synthetic
2D materials, including graphene family materials, MXenes, metal-organic frameworks
(MOF), and covalent organic frameworks (COF). The synthesis and fabrication methods,
wettability, permeation flux, separation efficiency, and the type of oils separated by these
membranes were summarized [26]. The 2D materials with uniform pore size, high surface
area, tunable wettability, and relatively high thermal and chemical stability were found to
be effective alternatives to the current materials for developing membranes with promising
separation efficiency and flux. Further, these unique properties of the membranes modified
with 2D materials make them highly applicable for the sustainable treatment of complex
industrial wastewater [26]. Despite these advantages, this review encourages further
studies on different aspects of 2D materials-based oil-water separation membranes, in-
cluding thickness and durability, cytotoxicity, long-term stability, incorporating additional
functionalities, and large-scale fabrication [26].

Structural integrity is a crucial attribute of membranes that can affect separation perfor-
mance. Manufacturing imperfections, membrane aging and degradation, and membrane
fouling can deteriorate separation performance, resulting in improper liquid separation
or water treatment [27,28]. To ensure high-efficiency operation, the membranes should
be continuously monitored and inspected to detect potential performance and physical
degradation. However, performance evaluation may require disassembling membrane
units [29], which can impose process delays and additional maintenance costs. Real-time
monitoring can address this challenge by offering a continuous evaluation of membrane
performance. Various methods have been proposed to monitor the integrity of membranes,
such as acoustic sensor analysis, particle counting, and surrogate challenge tests [30]. With
the increasing demand for membranes for various applications, developing new real-time
monitoring and detection techniques is crucial. In particular, the response time, simplicity,
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accuracy, continuity, and cost-effectiveness are among the factors that should be considered
when developing new membrane monitoring systems [30].

In summary, the contributions featured here cover a wide range of attributes and
analysis methods for liquid separation and water treatment membranes, including mem-
brane configurations, membrane materials, fabrication methods, type of contaminants
removed, recovery potentials, optimizations to determine optimum operating conditions,
and techno-economic analyses. These findings highlight the importance of fundamental
studies and continuous research on membranes to develop new sustainable systems with
higher efficiency and lower energy requirements that can be applied to treat a wide range
of liquid mixtures and wastewater bodies.

Author Contributions: M.E.,, M.M.Q. and H.T. contributed to the drafting and editing of the
manuscript. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Manikandan, S.; Subbaiya, R.; Saravanan, M.; Ponraj, M.; Selvam, M.; Pugazhendhi, A. A critical review of advanced nanotech-
nology and hybrid membrane based water recycling, reuse, and wastewater treatment processes. Chemosphere 2022, 289, 132867 .
[CrossRef]

Samuel, O.; Othman, M.H.D.; Kamaludin, R.; Sinsamphanh, O.; Abdullah, H.; Puteh, M.H.; Kurniawan, T.A.; Li, T.; Ismail, A.F;
Rahman, M.A.; et al. Oilfield-produced water treatment using conventional and membrane-based technologies for beneficial
reuse: A critical review. . Environ. Manag. 2022, 308, 114556. [CrossRef]

Osman, A.L; Hosny, M.; Eltaweil, A.S.; Omar, S.; Elgarahy, A.M.; Farghali, M.; Yap, P-S.; Wu, Y.-S.; Nagandran, S.; Batumalaie,
K.; et al. Microplastic sources, formation, toxicity and remediation: A review. Environ. Chem. Lett. 2023, 21, 2129-2169. [CrossRef]
Mathavarajah, S.; Stoddart, A.K.; Gagnon, G.A.; Dellaire, G. Pandemic danger to the deep: The risk of marine mammals
contracting SARS-CoV-2 from wastewater. Sci. Total Environ. 2021, 760, 143346. [CrossRef]

Karri, RR.; Ravindran, G.; Dehghani, M.H. Chapter 1—Wastewater—Sources, Toxicity, and Their Consequences to Human
Health. In Soft Computing Techniques in Solid Waste and Wastewater Management; Karri, R.R., Ravindran, G., Dehghani, M.H., Eds;
Elsevier: Amsterdam, The Netherlands, 2021; pp. 3-33.

Shalaby, M.S.; Solowski, G.; Abbas, W. Recent Aspects in Membrane Separation for Oil/ Water Emulsion. Adv. Mater. Interfaces
2021, 8, 2100448. [CrossRef]

Zhang, N.; Yang, X.; Wang, Y.; Qi, Y.; Zhang, Y.; Luo, J.; Cui, P; Jiang, W. A review on oil/water emulsion separation membrane
material. J. Environ. Chem. Eng. 2022, 10, 107257. [CrossRef]

Tanudjaja, H.]J.; Hejase, C.A.; Tarabara, V.V.; Fane, A.G.; Chew, ].W. Membrane-based separation for oily wastewater: A practical
perspective. Water Res. 2019, 156, 347-365. [CrossRef]

Junaidi, N.ED.; Othman, N.H.; Fuzil, N.S.; Shayuti, M.S.M.; Alias, N.H.; Shahruddin, M.Z.; Marpani, F.; Lau, W.J.; Ismail, A.E;
Aba, N.D. Recent development of graphene oxide-based membranes for oil-water separation: A review. Sep. Purif. Technol. 2021,
258, 118000. [CrossRef]

Lee, H.-J.; Choi, W.S. 2D and 3D Bulk Materials for Environmental Remediation: Air Filtration and Oil/Water Separation.
Materials 2020, 13, 5714. [CrossRef] [PubMed]

Januario, E.ED.; de Camargo Lima Beluci, N.; Vidovix, T.B.; Vieira, M.F.; Bergamasco, R.; Vieira, A.M.S. Functionalization of
membrane surface by layer-by-layer self-assembly method for dyes removal. Process Saf. Environ. Prot. 2020, 134, 140-148.
[CrossRef]

Qahtan, T.F.; Gondal, M.A_; Dastageer, M.A.; Kwon, G.; Ezazi, M.; Al-Kuban, M.Z. Thermally sensitized membranes for crude
oil-water remediation under visible light. ACS Appl. Mater. Interfaces 2020, 12, 48572-48579. [CrossRef] [PubMed]

Ezazi, M.; Shrestha, B.; Kim, S.I; Jeong, B.; Gorney, J.; Hutchison, K.; Lee, D.H.; Kwon, G. Selective Wettability membrane for
continuous oil-water separation and in situ visible light-driven photocatalytic purification of water. Glob. Chall. 2020, 4, 2000009.
[CrossRef] [PubMed]

Yadav, A.; Patel, R.V,; Singh, C.P,; Labhasetwar, PK.; Shahi, V.K. Experimental study and numerical optimization for removal of
methyl orange using polytetrafluoroethylene membranes in vacuum membrane distillation process. Colloids Surf. A Physicochem.
Eng. Asp. 2022, 635, 128070. [CrossRef]

Sun, A.C.; Kosar, W.; Zhang, Y.; Feng, X. Vacuum membrane distillation for desalination of water using hollow fiber membranes.
J. Membr. Sci. 2014, 455, 131-142. [CrossRef]

Idrees, H.; Ali, S.; Sajid, M.; Rashid, M.; Khawaja, FI.; Ali, Z.; Anwar, M.N. Techno-Economic Analysis of Vacuum Membrane
Distillation for Seawater Desalination. Membranes 2023, 13, 339. [CrossRef]


https://doi.org/10.1016/j.chemosphere.2021.132867
https://doi.org/10.1016/j.jenvman.2022.114556
https://doi.org/10.1007/s10311-023-01593-3
https://doi.org/10.1016/j.scitotenv.2020.143346
https://doi.org/10.1002/admi.202100448
https://doi.org/10.1016/j.jece.2022.107257
https://doi.org/10.1016/j.watres.2019.03.021
https://doi.org/10.1016/j.seppur.2020.118000
https://doi.org/10.3390/ma13245714
https://www.ncbi.nlm.nih.gov/pubmed/33333822
https://doi.org/10.1016/j.psep.2019.11.030
https://doi.org/10.1021/acsami.0c13888
https://www.ncbi.nlm.nih.gov/pubmed/33074661
https://doi.org/10.1002/gch2.202000009
https://www.ncbi.nlm.nih.gov/pubmed/33033625
https://doi.org/10.1016/j.colsurfa.2021.128070
https://doi.org/10.1016/j.memsci.2013.12.055
https://doi.org/10.3390/membranes13030339

Membranes 2023, 13, 779 4 of 4

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nagy, E. Chapter 17—Forward Osmosis. In Basic Equations of Mass Transport Through a Membrane Layer, 2nd ed.; Nagy, E., Ed.;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 447-456.

Mendoza, E.; Magri, A.; Blandin, G.; Bayo, A.; Vosse, J.; Buttiglieri, G.; Colprim, J.; Comas, J. Second-Generation Magnesium
Phosphates as Water Extractant Agents in Forward Osmosis and Subsequent Use in Hydroponics. Membranes 2023, 13, 226.
[CrossRef] [PubMed]

Singh, S.K.; Sharma, C.; Maiti, A. Modeling and experimental validation of forward osmosis process: Parameters selection,
permeate flux prediction, and process optimization. J. Membr. Sci. 2023, 672, 121439. [CrossRef]

Higuchi, H.; Miyagawa, M.; Takaba, H. Solvent-Solute Interaction Effect on Permeation Flux through Forward Osmosis
Membranes Investigated by Non-Equilibrium Molecular Dynamics. Membranes 2022, 12, 1249. [CrossRef]

Cizmas, L.; Sharma, V.K,; Gray, C.M.; McDonald, T.J. Pharmaceuticals and personal care products in waters: Occurrence, toxicity,
and risk. Environ. Chem. Lett. 2015, 13, 381-394. [CrossRef]

Dao, K.-C.; Tsai, Y.-P; Yang, C.-C.; Chen, K.-F. Simultaneous Carbamazepine and Phosphate Removal from a Moving-Bed
Membrane Bioreactor Effluent by the Electrochemical Process: Treatment Optimization by Factorial Design. Membranes 2022, 12,
1256. [CrossRef]

Ismail, N.; Salleh, W.; Ismail, A.; Hasbullah, H.; Yusof, N.; Aziz, F,; Jaafar, J. Hydrophilic polymer-based membrane for oily
wastewater treatment: A review. Sep. Purif. Technol. 2020, 233, 116007. [CrossRef]

Yang, Y.; Ali, N.; Bilal, M.; Khan, A.; Ali, F; Mao, P; Nji, L.; Gao, X.; Hong, K.; Rasool, K ; et al. Robust membranes with tunable
functionalities for sustainable oil/water separation. J. Mol. Lig. 2021, 321, 114701. [CrossRef]

Baig, U.; Faizan, M.; Dastageer, M. Polyimide based super-wettable membranes/materials for high performance oil/water
mixture and emulsion separation: A review. Adv. Colloid Interface Sci. 2021, 297, 102525. [CrossRef]

Ezazi, M.; Quazi, M. Recent Developments in Two-Dimensional Materials-Based Membranes for Oil-Water Separation. Membranes
2023, 13, 677. [CrossRef]

Ostarcevic, E.R.; Jacangelo, J.; Gray, S.R.; Cran, M.]. Current and Emerging Techniques for High-Pressure Membrane Integrity
Testing. Membranes 2018, 8, 60. [CrossRef]

Sanderson, R.; Li, J.; Koen, L.J.; Lorenzen, L. Ultrasonic time-domain reflectometry as a non-destructive instrumental visualization
technique to monitor inorganic fouling and cleaning on reverse osmosis membranes. |. Membr. Sci. 2002, 207, 105-117. [CrossRef]
Mukherjee, M.; Menon, N.V,; Liu, X; Kang, Y.; Cao, B. Confocal Laser Scanning Microscopy-Compatible Microfluidic Membrane
Flow Cell as a Nondestructive Tool for Studying Biofouling Dynamics on Forward Osmosis Membranes. Environ. Sci. Technol.
Lett. 2016, 3, 303-309. [CrossRef]

Guo, H.; Wyart, Y.; Perot, J.; Nauleau, F.; Moulin, P. Low-pressure membrane integrity tests for drinking water treatment: A
review. Water Res. 2010, 44, 41-57. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/membranes13020226
https://www.ncbi.nlm.nih.gov/pubmed/36837730
https://doi.org/10.1016/j.memsci.2023.121439
https://doi.org/10.3390/membranes12121249
https://doi.org/10.1007/s10311-015-0524-4
https://doi.org/10.3390/membranes12121256
https://doi.org/10.1016/j.seppur.2019.116007
https://doi.org/10.1016/j.molliq.2020.114701
https://doi.org/10.1016/j.cis.2021.102525
https://doi.org/10.3390/membranes13070677
https://doi.org/10.3390/membranes8030060
https://doi.org/10.1016/S0376-7388(02)00122-9
https://doi.org/10.1021/acs.estlett.6b00218
https://doi.org/10.1016/j.watres.2009.09.032
https://www.ncbi.nlm.nih.gov/pubmed/19836818

	References

