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Abstract: Comprising advanced materials like Polyvinylidene fluoride (PVDF) for mechanical sta-
bility and biofouling prevention and Polyvinylpyrrolidone (PVP) for hydrophilicity, these mem-
branes enable selective filtration, retaining larger particles and external contaminants in wastewater
treatment. Incorporating activated carbon during manufacturing is a strategic approach to enhance
membrane (AC-CO2 membrane) properties, leveraging its high surface area and adsorption capac-
ity.This study produced mixed polymeric membranes by combining PVDF, PVP, and activated car-
bon (AC-CO2), using N-Methyl-2-pyrrolidone (NMP) as the solvent. These membranes were em-
ployed for the filtration of phenolic compounds, particularly phenol. In the AC-CO2 membrane for-
mulation with 1.3g of PVP, 1.15g of PVDF, 8.8 ml of NMP, and 2.5g of AC-CO, with thickness var-
iations of 150 um and 300 um, approximately 56.77% and 90.35% of 50mg/l of phenol in model
wastewater were removed within 5 minutes, respectively, with breakthrough occurring at 15
minutes. Finally, this study developed a hydrophilic membrane with alkaline characteristics and a
neutral pH point of zero charge (pHrzc), establishing the feasibility of employing these membranes
to treat model wastewater containing phenolic compounds. The prospect of scaling up for practical
applications presents a promising avenue for future investigations.
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® Current industrial wastewater treatment IWWT) systems follow a well-defined se-
quence of stages!?2. Initially, there is the preliminary treatment, which involves the re-

moval of coarse pollutants, such as solids and large-sized materials, through processes
such as screening, sieving, sand traps, and flotation, among others?®. Subsequently, the
publication under the terms and ~ PTiMmary treatment removes suspended solids and some organic matter. This step is fol-
conditions of the Creative Commons  lowed by secondary treatment, which focuses on the more thorough removal of organic
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However, due to the high organic load often present in wastewater, it becomes nec-
essary to adopt additional treatment alternatives to deal with these effluents effectively.
Various treatment approaches are applied to minimize the adverse impacts of this IWWT
on the environment, encompassing physical, chemical, and biological aspects>7. These ap-
proaches can be implemented in an integrated manner within industrial facilities to treat
IWWT completely. Examples of such approaches include membrane filtration®® and ad-
sorption using activated carbon'®!!, which contribute to even more effective purification
of this wastewater before its discharge into the natural environment.

A polymeric membrane is a thin layer of synthetic or natural polymers featuring mi-
cropores, mesopores, and macropores that enable selective passage of specific substances.
This selective capacity renders polymeric membranes attractive for meeting demands
across diverse domains’>. A polymeric membrane can encompass various approaches,
preparation methods, and characterization techniques. Yet, all membranes are composed
of polymeric materials, such as polyethersulfone (PES)*, polyacrylonitrile (PAN)", poly-
propylene (PP)'5, polysulfide (PS), polytetrafluoroethylene (PTFE), polyvinylidene fluo-
ride (PVDF), among other polymers. PVDF is a semicrystalline polymer that exhibits sol-
vent resistance. Its chemical resistance to many acids and alkalis imparts thermal stability.
At the same time, its amorphous phase provides the flexibility desired in a membrane’®.

PVDF is also renowned for its hydrophobic properties, enabling an effective barrier
against the passage of liquid contaminants. Its mechanical attributes ensure the structural
stability of the membrane during the filtration process, enhancing the material's durability
and lifespan!”. However, the high hydrophobicity also poses a drawback. Nevertheless, a
method that aids the membrane in reducing its hydrophobic character involves grafting
hydrophilic polymers onto the hydrophobic surface of the membrane. This approach aims
to enhance the membrane interaction capacity with organic compounds and other polar
substances in the effluents-20.

Polyvinylpyrrolidone (PVP) is hydrophilic, facilitating interactions with water mol-
ecules and aqueous solutes, aiding in enhanced adsorption and retention of organic con-
taminants?!. Incorporating PVP into membrane production seeks to optimize its water af-
finity, similar to its ability to retain pollutants in the effluent?.

As an innovative approach, incorporating other materials into the polymeric mem-
brane matrix, such as AC-CO2, may improve the filtration capacity. The activated carbon
is already utilized in INWT systems due to its pivotal role in selectively adsorbing organic
contaminants, inorganic compounds, metal ions, and dyes in the effluent?-?>. Due to its
high surface area and porosity, activated carbon significantly augments its capacity to re-
move contaminants and impurities, thus enhancing effluent treatment efficacy?2627.2.

The primary objective of this study is to fabricate a membrane by combining PVDF
and PVP polymers with the addition of AC-COs.. The purpose of this enhanced AC-CO:
membrane is to employ it in a filtration/adsorption process to remove phenolic com-
pounds. This amalgamation is designed to leverage the membrane's hydrophobic, hydro-
philic, and absorptive characteristics, significantly improving pollutant removal effi-
ciency.

2. Materials and Methods

2.1. Materials

In the experimental setup, the materials were PVDF and PVP as polymers, which
THERMO SCIENTIFIC manufactured. As for the solvent, NMP was chosen for AC-CO2
membrane production.

The research group produced the AC-CO: within the laboratory of the Mountain Re-
search Center (CIMO), where exhausted olive pomace underwent slow pyrolysis in an
inert atmosphere using nitrogen (N2), and carbon dioxide (COz) was utilized during acti-
vation.
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Furthermore, for the application of polymeric films at adjustable thicknesses, the
Knife film applicator (Elcometer; model 3580/7) was acquired, providing precise control
in the research laboratory's AC-COz2 membrane production processes.

2.2. Methods
2.2.1. Polymeric membranes based on activated carbons production

To produce the membranes, the determined mass of 1.3g of PVP and 2.5g of AC-CO2
were added to a beaker, followed by 8.8 ml of NMP, and then subjected to ultrasonication
for 3 hours to achieve a homogeneous mixture. Subsequently, 1.15g of PVDF was added
to form the gel, which was then placed in an agitated bath at 40°C, 200 rpm, for 48 hours.
After 48 hours, the material needed to rest for at least 12 hours. After this resting period,
the material was spread using the Knife film applicator equipment at thicknesses of 150
pum, 200 pm, and 300 um. Following the material spreading, the gel was immersed in a
coagulation bath of distilled water. This process can be analyzed through the schematic
diagram depicted in Figure 1.

Figure 1 - Schematic diagram for AC — CO2 membrane preparation
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For the filtration process, a setup was assembled (Figure 2), including an HPLC
pump with a flow rate of 0.5 ml/min. The inlet was connected to a solution containing the
pollutant, in this case, phenol, at a concentration of 50 mg/L, while the outlet was con-
nected to the reactor with the membrane. Samples (2 ml) were collected at intervals of 0,
5, 15, 30, 45, and 60 minutes.

I - Solution containing the pollutant

1I - High precision liquid chromatography
III - Membrane module

IV - Solution after treatment

Figure 2. Structural diagram for the AC — CO2 membrane filtration system.
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2.2.2. Characterization techniques

The Fourier-transform infrared spectroscopy (FT-IR) was obtained by Perkin Elmer
FT-IR spectrophotometer UATR Two, with a resolution of 4 cm-1 and scan range 4500 —
400 cm-1. The analysis required previous preparation of sample pellets, which was per-
formed by dispersing 1 mg of sample in 100 mg of potassium bromide (KBr). This mixture
was pressed into a mold with 8 tons for 3 minutes.

To evaluate acid-base properties, five distinct solutions were prepared (NaCl 0.01
mol/L, HC1 0.02 mol/L, and 0.01 mol/L, NaOH 0.02 mol/L and 0.01 mol/L). Analyzing the
acid-base properties of the material offers insights into the adsorption mechanism and the
interaction between the adsorbent and the adsorbate, allowing characterization of its ba-
sicity or acidity. The acidity of the materials was determined by adding the solid sample
(0.2 g) into 25 mL of a 0.02 mol/L NaOH solution and mixing on a magnetic stirrer at 300
rpm for 48 h. The resulting solution was then filtered, and a 20 mL aliquot of the recovered
solution was titrated with 0.01 mol/L HCl solution using phenolphthalein as an indicator.
For basicity, 0.2 g of the solid sample was added to 25 mL of 0.02 mol/L HCl solution and
mixed on a magnetic stirrer at 300 rpm for 48 h. After filtration, 20 mL of the recovered
solution was titrated with 0.01 mol/L. NaOH solution, using phenolphthalein as an indi-
cator.

The pHrzc was determined by preparing up to nine dilutions of 0.01 mol/L NaCl at
pH values ranging from 4 to 12 by adding 0.02 mol/L NaOH or HCI. Then, 0.15 g of the
solid sample was added to each solution, and each suspension was stirred on a magnetic
stirrer at 300 rpm for 24 h. Afterwards, each suspension was filtered, and the pH of each
recovered solution was measured. At last, initial and final pH values were plotted to de-
termine the pHrzc when the charge in the adsorbent surface was zero.

The contact angle measurement was conducted using the sessile drop technique,
which relies on determining the contact angle by measuring the base diameter and height
of the droplet®. The sample was positioned on a flat base, and then a 5 pul droplet of dis-
tilled water was deposited onto the AC-CO, membrane surface. A photo was captured at
the exact moment the droplet made contact with the membrane. The contact angle was
subsequently determined using Image] software.

3. Results and discussion
3.1. Surface chemistry

The FTIR analysis for the polymeric AC-CO, membrane and AC-COz is depicted in
figure 3. Each peak corresponds to the absorption of infrared radiation at a specific fre-
quency, and these peaks are associated with different molecular vibrations, providing in-
formation about functional groups and chemical composition.
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Figure 3. FTIR characterization for AC-CO, membranes and AC-CO..

The peaks observed in the AC-CO2 membrane at the wavenumbers of 1562 cm-1 are
associated with the variation of C=C stretching in aromatic rings®, indicating the pres-
ence of carbonyl-containing groups due to the incorporation of AC-COz. The peaks at 1039
and 1342 can also describe the stretching vibrations of the alcohol group in C¢-OH and the
secondary alcohol group in Cs-OH31%2,

In the FTIR spectrum of AC-COz, the prominent band at 2924 cm-1 is distinguished
by symmetric and asymmetric vibrations of methyl and methylene groups®. In the 1633
cm-1 region, it is possible to discern the presence of C=O groups conjugated to an aromatic
ring, indicating the formation of carbonyl-containing groups during carbonization and
physical activation®. The band at 1263 cm-1 can be associated with oxygen-containing
functional groups, such as C—O and C=O carboxylic groups, or the in-plane vibration of
O-H in the carboxylic group. Conversely, the band at 1021 cm-1 corresponds to the stretch-
ing vibration of the C-O group in alcohols, phenols, ethers, or esters®.
The surface acidity and basicity analysis plays a crucial role in interpreting the surface
chemistry of adsorbed materials®.

The polymeric AC-CO, membrane (2.63 mmol/L) and the AC-CO; (9.75 mmol/L) ex-
hibited a surface alkalinity. This characteristic is ascribed to groups comprising oxygen
on the material's surface, such as carboxylic acids, phenols, and lactonas®. It is also asso-
ciated with a high content of electron-rich sites and a low concentration of electron-with-
drawing groups in the basal plane.

The surface charge of polymeric membranes is responsive to pH, resulting in a posi-
tive, negative, or neutral charge at specific pH values. The pH at which the net charge on
the AC-CO, membrane becomes zero is referred to as the zero point of charge (figure 4).
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Figure 4. pHrzc of AC-CO2 and AC-CO2 membrane.

Figure 4 illustrates a pHrzc of 6.58 for the AC-CO2 membrane, denoting the particular
pH at which the net surface charge nullifies. This finding implies that the AC-CO2 mem-
brane is electrically neutral, displaying a harmonious balance between positive and neg-
ative charges®. Such information is pivotal for identifying and fine-tuning the mem-
brane's performance in specialized applications, including selective filtration and adsorp-
tion?”.

The pHrzc for AC-CO:z was determined to be 10.5, and considering the results ob-
tained from the FTIR analysis, where the presence of alcohols, phenols, ethers, and other
compounds with basic characteristics (band at 1021 cm-1), the assigned value of pHprzc is
expected, given that this component has basic characteristic 35%.

The contact angle is a reliable measure of the hydrophilicity and hydrophobicity of a
surface, reflecting various wetting situations. For instance, an angle 0 of 0° indicates a
completely hydrophilic surface, while an angle between 0° < 0 < 90° represents a hydro-
philic surface. An angle between 90° and 180° signifies a hydrophobic surface, while an
angle of 180° indicates an entirely hydrophobic surface. The results obtained from this
analysis are presented in table 1.

Table 1. AC-CO2 Contact Angle.

Membrane Contact Angle

AC-CO2 membrane 56,09+2

Therefore, since the AC-CO, membrane exhibited a contact angle below 90° (56.09°),
being considered hydrophilic, this result can be attributed to AC-CO; hydrophilic prop-
erties®. Activated carbon is known for its ability to interact favorably with water, making
surfaces where it is applied more susceptible to wetting by water.

Adding AC-CO; to the membrane can modify its surface properties, increasing the
affinity for water and resulting in a lower contact angle, as observed in the value of 56.09.
Furthermore, the presence of the PVP polymer in the AC-CO2 membrane matrix contrib-
utes to the hydrophilic nature of the membrane.

3.1.1. Phenol Removal through Polymeric Membranes based on activated carbons

The produced AC-CO: membrane is remarkable for its high mechanical strength and
hydrophilic nature, with an intrinsic affinity for aqueous solvents, facilitating the
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permeability of water and soluble substances’®. Furthermore, the AC-CO2> membrane fea-
tures suitable active sites for the filtration and adsorption of these pollutants. These char-
acteristics confer practical utility to this material in tackling the targeted pollutant, foster-
ing favorable interactions with the treatment process.

Experiments were conducted with membranes of different thicknesses (150 um, 200
pum, and 300 pm) to assess the affinity between AC-CO: and the polymeric membrane.
During these experiments, a solution containing phenol was used as a model contaminant
to analyze the interaction between these materials table 2.

Table 2. - Phenol Removal Rate Using Polymeric AC-CO: membranes.

150 um 200 pm 300 pm
R 1 R 1
Points (min) C (mg/l) e:f)‘/")"a C (mg/1) e‘(f;")"a C(mg/l) Removal (%)
(] ()
0 55.96 0 55.33 0 47.41 0
5 2419 5678 1557 7186 457 90.36
15 3351 4012 2668 5178 34.74 26.73
30 3783 3239 3674 3361 41.70 12.04
45 4034 2790 4383 2078 4530 4.45
60 4413 2113 4718 1473 4755 -0.29

Concerning the AC-CO2 membrane with a thickness of 150 um, the initial phenol
concentration was 55.95 mg/L. In the first 5 minutes, there was a notable reduction of ap-
proximately 56.77% in the effluent concentration. Subsequently, a gradual decline in re-
moval efficiency occurred over time, with a tendency to stabilize after 45 minutes of anal-
ysis, maintaining approximately 20% removal. This suggests membrane saturation.

The 200 um AC-CO: membrane exhibited an impressive removal rate of 71.86%
within 5 minutes of analysis. It continued to effectively eliminate the pollutant over time,
displaying higher efficiency than the 150 um membrane, as highlighted in Table 1. This
superior performance indicates a substantial improvement in pollutant adsorption, at-
tributed to the increased contact area between the AC-CO: membrane and the permeated
stream*!.

Upon evaluation of the 300 um membrane, a remarkable removal rate of 90.36% was
observed in the initial 5 minutes. However, its efficiency gradually declined throughout
the analysis due to rapid saturation from the intense initial removal of pollutants#+. This
decline is visually depicted in figure 5, clearly illustrating the efficacy of the three mem-
branes in phenol removal.
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Figure 5. Phenol Removal Using Polymeric Membrane.

Considering all three membranes collectively, the 200 pm AC-CO: membrane
demonstrated superior efficiency over time, attributed to its larger contact area. It sur-
passed the performance of the 150 um AC-CO: membrane and fell slightly below that of
the 300 um membrane. By the conclusion of the analysis, the 200 um AC-CO2 membrane
achieved a significant removal of pollutants, outperforming the other membranes in this
regard.

4. Conclusion

The composite polymeric AC-CO2 membranes have shown promising results, with
the incorporation of AC-CO: proving to enhance the adsorption of phenolic compounds,
using phenol as the model pollutant. In summary, the FTIR analysis highlighted the in-
corporation of AC-CO: into the AC-CO, membrane, revealing characteristic peaks indic-
ative of carbonyl-containing groups and various functional groups associated with acti-
vated carbon.

The surface analysis indicated a alkalinity of 2.63 mmol/L for the polymeric AC-CO:
membrane, while AC-CO: displayed a 9.75 mmol/. These features are attributed to oxy-
gen-containing groups and electron-rich sites on the material's surface.

The investigation into surface charge revealed a pHrzc of 6.58 for the AC-CO2 mem-
brane, indicating electrical neutrality and a balanced distribution of positive and negative
charges, crucial for tailoring the membrane's performance in specific applications.

The contact angle analysis demonstrated the hydrophilic nature of the AC-CO, mem-
brane (56.09°), enhanced by the presence of the PVP polymer, making the AC-CO2 mem-
brane more susceptible to wetting by water.

Finally, the comparative analysis of membranes with different thicknesses showed
that the 200 um AC-CO: membrane outperformed in phenol removal, emphasizing the
critical role of AC-COz2 membrane thickness in influencing pollutant removal and the need
to optimize contact areas for enhanced treatment efficacy.

Funding: The authors are grateful to the Foundation for Science and Technology (FCT, Portugal)
for financial support through national funds FCT/MCTES (PIDDAC) to CIMO (UIDB/00690/2020
and UIDP/00690/2020) and SusTEC (LA/P/0007/2020), and to the project "BagaCo+Valor — Clean
technology for the recovery of olive pomace by-product in the oil extraction industry — (NORTE-01-
0247-FEDER-072124). Ana Paula Ferreira da Silva were supported by the doctoral Grant
SFRH/BD/151346/2021and PRT/BD/153090/2021 financed by FCT with funds from NORTE2020, un-
der MIT Portugal Program. Jose L. Diaz De Tuesta acknowledges the financial support through the



Eng. Proc. 2023, 5, x FOR PEER REVIEW 90of 10

program of Atraccion al Talento of Comunidad de Madrid (Spain) for the individual research grants
2020-T2/AMB-19836 and 2022-T1/AMB-23946.

References

1. Zioui, D., Martins, P. M., Aoudjit, L., Salazar, H. & Lanceros-Méndez, S. Wastewater Treatment of Real Effluents by Microfil-
tration Using Poly(vinylidene fluoride-hexafluoropropylene) Membranes. Polymers 15, 1-11 (2023).

2. Liang, L. et al. Application of Photo-Fenton-Membrane Technology in Wastewater Treatment: A Review. Membranes 13, 1-19
(2023).

3.  Garcés, L. F. & Penuela, G. A. Fotocatalisis de las aguas residuales de la industria textil utilizando colector solar. Rev. Lasallista
Investig 4, 24-31 (2012).

4. Araujo, K. S, Antonelli, R. & Gaydesczka, B. Processos oxidativos avancados: uma revisdo de fundamentos e aplica¢gdes no
tratamento de aguas residuais urbanas e efluentes industriais. Revista Ambiente e Agua 9, 445-458 (2016).

5.  Esteves, B. M., Rodrigues, C. S. D., Maldonado-Hddar, F. J. & Madeira, L. M. Treatment of high-strength olive mill wastewater
by combined Fenton-like oxidation and coagulation/flocculation. Journal of Environmental Chemical Engineering 7, (2019).

6.  Domingues, E., Fernandes, E., Gomes, ]., Castro-Silva, S. & Martins, R. C. Olive oil extraction industry wastewater treatment by
coagulation and Fenton’s process. Journal of Water Process Engineering 39, 101818 (2021).

7. Ferraz, M. M. P. de F. Contribuicao para o estudo do tratamento de efluentes de lagares de azeite. (2012).

8.  Melin, T. et al. Membrane bioreactor technology for wastewater treatment and reuse. Desalination 187, 271-282 (2006).

9.  Zscherpe, C., Weissgerber, C. & Schwermann, S. Development of a reverse osmosis and nanofiltration membrane cascade to
produce skim milk concentrate. Journal of Food Engineering 343, (2023).

10. Proietti, S. et al. Extra Virgin Olive oil as carbon negative product: Experimental analysis and validation of results. Journal of
Cleaner Production 166, 550-562 (2017).

11. Tan, S. et al. Utilization of current pyrolysis technology to convert biomass and manure waste into biochar for soil remediation:
A review. Science of The Total Environment 864, 160990 (2023).

12. Thiirmer, M. B., Poletto, P., Marcolin, M., Ferreira, D. G. & Andrade, M. Z. PREPARACAO E CARACTERIZA(;AO DE MEM-
BRANAS ASSIMETRICAS DE POLI(FLUORETO DE VINILIDENO) SUPORTADAS EM POLIESTER-I.

13. Waj, K. P, Koo, C. H,, Pang, Y. L., Chong, W. C. & Lau, W. J. Purifying surface waters contaminated with natural organic
matters and bacteria using Ag/PDA-coated PES membranes. Environmental Engineering Research 28, (2023).

14. Radmanesh, F., Bargeman, G. & Benes, N. E. Cyclomatrix polyphosphazene organic solvent nanofiltration membranes. Journal
of Membrane Science 668, (2023).

15. Tahmasebi, E. & Mirzania, R. Polyaniline-polycaprolactone electrospun nanofibrous mat: new polymeric support with anion
exchange characteristic for immobilizing liquid membrane in efficient on-chip electromembrane extraction of polar acidic
drugs. Microchimica Acta 190, (2023).

16. Wu, L, Sun, J. & Wang, Q. Poly(vinylidene fluoride)/polyethersulfone blend membranes: Effects of solvent sort, polyethersul-
fone and polyvinylpyrrolidone concentration on their properties and morphology. Journal of Membrane Science 285, 290-298
(2006).

17. Liu, F,, Hashim, N. A,, Liu, Y., Abed, M. R. M. & Li, K. Progress in the production and modification of PVDF membranes.
Journal of Membrane Science 375, 1-27 (2011).

18. Kachhadiya, D. D. & Murthy, Z. V. P. Microfluidic synthesized ZIF-67 decorated PVDF mixed matrix membranes for the per-
vaporation of toluene/water mixtures. Journal of Membrane Science 676, (2023).

19. Yasir, A. T., Benamor, A., Hawari, A. H. & Mahmoudi, E. Poly (amido amine) dendrimer based membranes for wastewater
treatment — A critical review. Chemical Engineering Science 273, (2023).

20. Morais, D. C. et al. Combining Polymer and Cyclodextrin Strategy for Drug Release of Sulfadiazine from Electrospun Fibers.
Pharmaceutics 15, (2023).

21. Kartohardjono, S., Salsabila, G. M. K., Ramadhani, A., Purnawan, I. & Lau, W. J. Preparation of PVDF-PVP Composite Mem-
branes for Oily Wastewater Treatment. Membranes 13, (2023).

22. Nayab, S.S. et al. Anti-foulant ultrafiltration polymer composite membranes incorporated with composite activated carbon/chi-
tosan and activated carbon/thiolated chitosan with enhanced hydrophilicity. Membranes 11, (2021).

23. S. J. Gregg, K. S. W. S Adsorption, surface area, and porosity. Academic Press 40-45 (1982)
doi:https://doi.org/10.1002/bbpc.19670710837.

24. Marsh, H. & Rodriguez-Reinoso, F. Activated Carbon (Origins). Activated Carbon 13-86 (2006) doi:10.1016/B978-008044463-
5/50016-9.

25. Heylmann, K. K. A. etal. Production, characterization, and application of activated charcoal from peach kernel in textile effluent
treatment. Engenharia Sanitaria e Ambiental 26, 485-494 (2021).

26. Rosson, E. et al. Novel correlations between spectroscopic and morphological properties of activated carbons from waste coffee
grounds. Processes 9, (2021).

27. Dabek, L., Anna, P. O., Szelag, B., Szulzyk-Cieplak, ]J. & Lagod, G. Modeling and optimization of pollutants removal during

simultaneous adsorption onto activated carbon with advanced oxidation in aqueous environment. Materials 13, 1-21 (2020).



Eng. Proc. 2023, 5, x FOR PEER REVIEW 10 of 10

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

Frikha, K. et al. Potential Valorization of Waste Tires as Activated Carbon-Based Adsorbent for Organic Contaminants Removal.
Materials 15, 1-24 (2022).

Arsyad, A., Saaid, F. I, Najihah, M. Z. & Tan, W. FTIR studies on interactions among components in PVdF-HFP:PC:MPII elec-
trolytes. IOP Conference Series: Earth and Environmental Science 1151, (2023).

Purnawan, L. et al. Polyvinylidene fluoride membrane with a polyvinylpyrrolidone additive for tofu industrial wastewater
treatment in combination with the coagulation—flocculation process. Membranes 11, (2021).

Tsai, C. H. & Tsai, W. T. Optimization of Physical Activation Process by CO2 for Activated Carbon Preparation from Honduras
Mahogany Pod Husk. Materials 16, 1-11 (2023).

Hosseini, S. M., Bagheripour, E. & Ansari, M. Adapting the performance and physico-chemical properties of PES nanofiltration
membrane by using of magnesium oxide nanoparticles. Korean Journal of Chemical Engineering 34, 1774-1780 (2017).

Albo Hay Allah, M. A. & Alshamsi, H. A. Green synthesis of AC/ZnO nanocomposites for adsorptive removal of organic dyes
from aqueous solution. Inorganic Chemistry Communications 157, 111415 (2023).

Bagheripour, E. et al. Highly hydrophilic and antifouling nanofiltration membrane incorporated with water-dispersible com-
posite activated carbon/chitosan nanoparticles. Chemical Engineering Research and Design 132, 812-821 (2018).

Christian, N., Manga Ngomo, H., Raoul, T. & Anagho, S. Optimisation of Activated Carbon Preparation by Chemical Activation
of Ayous Sawdust, Cucurbitaceae Peelings and Hen Egg Shells Using Response Surface Methodology. International Research
Journal of Pure and Applied Chemistry 14, 1-12 (2017).

Al-Maliky, E. A., Gzar, H. A. & Al-Azawy, M. G. Determination of Point of Zero Charge (PZC) of Concrete Particles Adsorbents.
IOP Conference Series: Materials Science and Engineering 1184, 012004 (2021).

El-Kordy, A. et al. Preparation of sodalite and faujasite clay composite membranes and their utilization in the decontamination
of dye effluents. Membranes 12, 1-18 (2022).

Bansal, R. & Goyal, M. Activated Carbon Adsorption. Activated Carbon Adsorption (2005). doi:10.1201/9781420028812.
Huang, Y.-X., Wang, Z., Horseman, T., Livingston, J. L. & Lin, S. Interpreting contact angles of surfactant solutions on mi-
croporous hydrophobic membranes. Journal of Membrane Science Letters 2, 100015 (2022).

Li, C, Zhang, J., Han, J. & Yao, B. A numerical solution to the effects of surface roughness on water—coal contact angle. Sci Rep
11, 459 (2021).

Dharupaneedi, S. P. et al. Membrane-based separation of potential emerging pollutants. Separation and Purification Technology
210, 850-866 (2019).

Chu, K. H,, Mang, J. S., Lim, J., Hong, S. & Hwang, M.-H. Variation of free volume and thickness by high pressure applied on
thin film composite reverse osmosis membrane. Desalination 520, 115365 (2021).

Heczko, D. et al. The Effect of Various Poly (N-vinylpyrrolidone) (PVP) Polymers on the Crystallization of Flutamide. Pharma-
ceuticals 15, (2022).



