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ABSTRACT 

 

The European Union is the world's largest producer, consumer and exporter of olive oil. 

Consequently, olive pomace, a by-product of olive oil production, is generated in  abundance 

and, when disposed incorrectly, can cause negative impacts to the environment. Despite being 

a severe environmental problem, olive pomace is a precious  resource of valuable compounds 

for recovery and valorization. One alternative for valorization is the production of activated 

carbon materials produced via pyrolysis of biomass, followed with activation by physical, 

chemical or physicochemical methods, developing high porosity, which improves adsorption 

capacity for wastewater treatment.                         In this study, activated carbons are developed from olive 

pomace by pyrolysis and activation with CO2 injection (AC_CO2), resulting in a material with 

a high surface area and adsorptive capacity. To make these materials more attractive, they can 

be incorporated into polymeric membranes, which can be used in filtration systems for 

wastewater treatment. Thus, this study focuses on incorporating activated carbons in polymeric 

membranes to be used in the recovery of phenolic compounds such as phenol. 

 

Keywords: Olive pomace; activated carbons; polymeric membranes; wastewater treatment 
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RESUMO 

 

A União Europeia é o maior produtor, consumidor e exportador de azeite do mundo. 

Consequentemente, o bagaço de azeitona, um subproduto da produção de azeite, é gerado  em 

abundância e, quando eliminado incorretamente, pode causar impactos negativos para o 

ambiente. Apesar de ser um grave problema ambiental, o bagaço de azeitona é um recurso 

precioso de compostos valiosos para recuperação e valorização. Uma alternativa                      de valorização 

é a produção de materiais de carbono ativado produzidos através da pirólise da biomassa, 

seguida de ativação por métodos físicos, químicos ou físico-químicos, desenvolvendo uma 

elevada porosidade, o que melhora a capacidade de adsorção para o tratamento de águas 

residuais. Neste estudo, os carvões ativados são desenvolvidos a partir de bagaço de azeitona 

por pirólise e ativação com injeção de CO2  (AC_CO2), resultando num material com elevada 

área de superfície e capacidade adsorvente. Para tornar estes materiais mais atrativos, podem 

ser incorporados em  membranas poliméricas, que podem ser utilizadas em sistemas de filtração 

para tratamento de águas residuais. Por conseguinte, o presente estudo visa incorporar carvões 

ativados em membranas poliméricas para serem utilizados na recuperação de compostos 

fenólicos como o fenol. 

 

Palavras chave: bagaço de azeitona; carvões ativados; membranas poliméricas; tratamento de 

águas residuais 
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1. INTRODUCTION 

The environmental challenges of the 21st century are central topics in global political agendas, 

focusing on energy reuse, waste valorization, greenhouse gas reduction, and the utilization of 

clean energies1. The objective is to control climate change and resource depletion. This control 

aims to promote a healthy quality of human life, ensuring access to environmental resources 

for future generations and enabling sustainable development. 

Olive oil production worldwide is continuously expanding due to consistent consumption in 

recent years, driven by the popularity of "Mediterranean diets," which promote a healthy 

lifestyle due to the associated benefits2. As a result, the European Union produces 

approximately 2 million tons annually, with Spain, Italy, Greece, and Portugal being the major 

olive oil producers in the region. 

The olive oil extraction process can be done using three different methodologies: mechanical 

pressing, two-phase centrifugation, and three-phase centrifugation3,4. Each extraction method 

generates by-products, such as olive pomace (OP) and olive mill wastewater (OMWW)5,6. The 

liquid waste generated has significant pollutant potential, leading to various environmental 

burdens, including soil contamination, hindrance of plant development, water body pollution, 

leaching of pollutants like phenolic compounds into groundwater, and disruption of aquatic 

ecosystems7. The OP has about 55 to 70% moisture content and approximately 2 to 3% oil 

content. It can be sent to Olive Pomace Oil Extraction Industriy (OPOEI), where, through the 

use of a solvent (n-hexane), the remaining oil is removed, leaving behind only dried and 

extracted OP, which can be directed for valorization or energy recovery8. 

This study aims to valorize the extracted olive pomace (EOP) residue generated by OPOEI 

through recovery via the slow pyrolysis process with CO2 injection to develop activated carbon 

porosity. This activated carbon will be incorporated into the manufacturing process of 

polymeric membranes due to its affinity for phenolic compounds, especially phenol. This 

incorporation aids in the adsorption and filtration of model wastewater. The phenol can be 

recovered and used in the pharmaceutical and cosmetic industries, reducing the need for new 

natural resources.
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2. STATE OF THE ART 

2.1 Olive Oil Production 

The olive tree (Olea Europaea L.) is cultivated for olive oil production. It constitutes one of 

the leading agricultural activities in Mediterranean countries (Spain, Italy, Greece, and 

Portugal) due to the favorable edaphoclimatic conditions in the region, making it the world's 

largest producer9. Olive oil is considered a healthy fat and has experienced consistent 

consumption in recent years due to the popularity of "Mediterranean diets", promoting a 

healthy lifestyle2. Various studies have reported beneficial effects of olive oil from different 

cultivars on human health10, such as anti-inflammatory properties, prevention of cardiovascular 

diseases, cholesterol reduction, and decreased risk of diabetes11–13. 

Cultivating olive trees provides several societal benefits beyond their economic importance, 

including improved quality of life from olive oil consumption, landscape maintenance and 

enhancement, and ecological and environmental services14,15. Global olive oil production has 

been steadily increasing, rising from 2.83 million tons in 2008-2009 to 3.23 million tons in 

2019-2020, representing a growth of approximately 14%16,17. The European Union (EU) 

produces around 2 million tons annually, with Spain (66%), Italy (15%), Greece (13%), and 

Portugal (5%) being its major producers18. 

Portugal has the potential to become the world's third-largest olive oil producer due to 

modernization in olive grove cultivation, improved production practices through intensive and 

mechanized methods, increased harvest yield, and reduced operational costs3. The northern 

region of Portugal accounts for approximately 15% of the country's olive production, yielding 

about 650 thousand tons of OP, a pasty residue with high moisture content. However, its 

composition can be influenced by the extraction method used19. Typically, the produced OP 

has limited economic value; nevertheless, reuse practices are increasingly adopted, such as 

extracting the remaining 2 to 3% of oil, a common practice in olive pomace oil extraction 

industries20. 

2.2. Olive Oil Extraction Industry 

Olive oil extraction can occur through three distinct methodologies: mechanical pressing, 

two-phase centrifugation, and three-phase centrifugation3,4. The pressing method, the 

oldest of the three, is based on extracting olive juice through mechanical or hydraulic 

pressure, generating the oily must that is then directed for spontaneous decantation or 

centrifugation, resulting in the separation of oil and moist pomace. However, this method 
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has low production efficiency and high labor costs21. The three-phase centrifugation 

method involves oil separation and includes basic steps such as debris removal, washing, 

crushing, beating, and vertical centrifugation. This system heavily relies on the moisture 

content in olives, as if necessary, a portion of water is added to facilitate extraction, 

leading to a significant volume of wastewater (Figure 1) 22,23 .   

 

Figure 1 -  Olive oil extraction process using the three-phase method and pressing. 

 

The two-phase centrifugation method does not involve adding water, thereby reducing 

wastewater generation at the end of the process. In this procedure, olives are crushed and 

separated into oil and a mixture of water and pulp. Two by-products are obtained from this 

process: olive oil and EOP (Figure 2). Due to its water-free extraction process, this method is 

more appealing due to its energy efficiency, cost-effectiveness, and reduced water 

consumption.

 

Figure 2 - The olive oil extraction process using the two-phase method. 
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Both methodologies generate by-products such as EOP and OMWW5,24. However, what sets 

the methods apart is the volume produced at the end of the extraction process. When these 

liquid or solid residues are not properly treated or reused, they can lead to a series of 

environmental problems, such as soil contamination, hindering plant development, or water 

body pollution, leaching pollutants like phenolic compounds into groundwater and other water 

bodies, hampering the self-purification process, ecological balance, and imparting color and 

odor7. 

The wet pomace resulting from the two-phase olive oil extraction process is characterized as a 

thick residue containing small amounts of pits and pulp, with a moisture content ranging from 

55% to 70% and about 3% to 4% fat content25. To valorize this residue, it is sent to the OPOEI, 

where, using the solvent n-hexane, it can achieve a yield of 21.7% of residual oil, which is 

subsequently refined for human consumption26,27. After the extraction process, the EOP is 

directed for drying. In Portugal, approximately 129,000 tons of dry pomace are generated 

annually. This residue can undergo various forms of valorization or be used as biomass for 

burning, serving as a source of heat in drying processes, or being commercialized for 

combustion in other industries23,28. 

2.2.1. Dried Extracted Olive Pomace 

Virgin pomace is a by-product generated during the initial olive oil extraction, containing 

notable levels of water (24%) and oil (9%)29,30. Wet pomace is produced in a two-phase and 

three-phase hydraulic press and centrifugation systems31,                        while extracted pomace is a residue 

obtained after extracting oil from OP using n-hexane29. Lastly, dried extracted pomace is a 

residue obtained in extraction units after removing the residual oil from dry pomace. The 

physicochemical characterization of the extracted EOP found in the literature is presented in 

Table 1. 
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Table 1 - Physical-chemical characteristics of the extracted pomace.  

Characterization Extracted Olive 

Pomace 

Direct Analysis (% Weight) 

Carbon 22.13 

Volatile Matter 72.29 

Ash 4.58 

Moisture 12.69 

Elemental Analysis  

(% Weight) 

Carbon 50.54 

Hydrogen 5.86 

Nitrogen 0.97 

Sulfur 0.07 

Oxygen 42.56 

Calorific Value (kcal/kg Dry) 

Higher 4500 

Lower 4300 

 

EOP is a residue composed of the pulp and epicarp of the fruits produced in olive oil extraction 

units. Chemically, it consists of two types of components: structural and non-structural29. 

Structural elements include polysaccharides like cellulose, hemicellulose, and lignin, which 

comprise insoluble polymeric macromolecules responsible for forming cell walls and 

imparting shape and chemical and physical properties to the material. Lignin represents 

approximately 40% of the pomace's mass32. On the other hand, non-structural components are 

compounds with low degrees of polymerization, or even non-polymerized, characterized by 

low molecular weight and can be removed through solvent solubilization processes. These 

components encompass a variety of organic chemical families and compounds such as n-

alcohols, waxes, fatty acids, sterols, phenols, and polyphenols5,32. 

2.2.2. Wastewater from Olive Pomace Oil Extraction Industries 

Industrial wastewater originates from various activities and does not fall under domestic or 

rainwater wastewater. These wastewaters contain a variety of organic, inorganic, biological, 

and toxic pollutants33. Discharging these untreated wastewaters into the natural environment 

can lead to severe imbalances in the aquatic ecosystem, as they consume oxygen during 

decomposition, potentially causing the death of microorganisms and fish. Additionally, 
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nutrients such as phosphorus and nitrogen can trigger the eutrophication process7,34. The 

characterization of OMWW can be found in Table 2. 

 

Table 2 - Characterization of OMWW.  

       Parameter            Concentration 

pH 4.8 Sorensen Scale 

COD 50.4 g de O2 L
-1 

BOD5 8 g de O2 L
-1 

Total Suspended 

Solids 
0.6 g L-1 

Total Volatile 

Solids 
15.3 g L-1 

Total Solids 27.4 g L-1 

Total Polyphenols 4.3 g L-1 

 

The chemical composition of OMWW is influenced by various parameters, including 

maturation time, olive tree type, region, and variety, as well as the extraction method employed. 

Each method plays a significant role in the wastewater's composition, leading to variations in 

the chemical characteristics of OMWW35. 

According to Davies36, the wastewater from olive pomace oil extraction units can contain 83-

94% water, an inorganic or mineral fraction (metal ions) of 4-16%, and an organic fraction of 

0.4-2.5%. The organic fraction comprises a significant composition of phenolic compounds. 

This industrial wastewater has high levels of suspended solids, odor, turbidity, low 

biodegradability, and high organic content, mainly concerning COD (Chemical Oxygen 

Demand). It also contains a high concentration of phenolic compounds (PCs), with over 50 

types identifiable, imparting a dark color and bactericidal character to the wastewater, 

complicating biological treatment. Due to their challenging degradability (toxic to most 

microorganisms), acidic pH (3-6), and high organic load, discharging them into the 

environment can lead to severe impacts, such as altering the color of natural waters, modifying 

soil quality, changing microbial characteristics, and inducing phytotoxicity2,37,38.  

The olive contains a significant amount of PCs in its composition, of which about 2% remain 

in the olive oil after the extraction process, resulting in an wastewater with 98% PCs39. 

Consequently, the generated OMWW exhibits high concentrations of these compounds, 
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reducing the effectiveness of possible biological treatments. The permitted concentrations for 

the discharge of industrial wastewater into the sewer system are regulated by Decree-Law No. 

236/9840 and the General Regulation for Collection, Treatment, and Discharge of 

Wastewaters41, as presented in Annex II, for parameters such as pH, COD, TSS, oils and fats, 

sulfides, and phenolic compounds. These values must not exceed the Maximum Allowable 

Limits (MAL), Recommended Maximum Values (RMV), and Emission Limits (EL), as 

indicated in Table 3. 

 

Table 3 - Industrial Wastewater Discharge Parameters.  

Parameter Unit ELV RMV MAV 

Temperature ºC 40 - - 

pH Sorensen Scale - 6 ≤ pH ≤ 9 4.5 ≤ pH ≤10 

BOD₅ at 20ºC mg O2 L
-1 500 - - 

COD mg O2 L
-1 - 1000 2000 

Total Suspended 

Solids (TSS) 

mg L-1 - 500 1000 

Oils and Fats mg L-1 - 50 100 

Phenolic 

Compounds 

mg (C6H5OH) L-1 - 20 40 

Sulfides mg L-1  - 10 20 

 

However, PCs offer advantages due to their low molecular weight. These compounds can be 

recovered and utilized at appropriate concentrations in various industrial sectors, including 

food, cosmetics, and pharmaceuticals, owning to their health benefits such as cardio protective, 

anti-inflammatory, and antioxidant properties, among others42. This makes them valuable raw 

materials for recovery, with zero cost and environmental benefits, especially in recycling 

processes. Therefore, utilizing by-products from the olive oil extraction industry is highly 

advisable8. 

 2.3. Olive Mill WasteWater Processes of Olive Pomace Oil Extraction Industries 

2.3.1. Valorization of Extracted Olive Pomace 

In the literature, the most common methods for valorizing residual biomass from OPOEI 

include recovering bioactive compounds, which are biomolecules naturally present in olives 
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and lost during oil extraction. These bioactive compounds have health benefits and can be 

incorporated into bioeconomic, pharmaceutical, or cosmetic sectors43. Composting emerges as 

an alternative for waste valorization, offering sustainable management and the production of 

high-quality compost that aids in plant development. However, careful attention is crucial 

during the composting process; if quality is not maintained, toxins may be released into the 

soil, leading to nitrogen immobilization and inhibiting plant growth44. Composting is a 

biological aerobic process in which microorganisms convert biodegradable organic matter into 

humidified material39. 

Furthermore, EOP is being studied for its application in manufacturing materials for the 

construction industry, such as incorporation into clay bricks for developing eco-friendly 

ceramic materials45. Another application in the construction sector involves using EOP as a 

sustainable antioxidant, serving as a material recycling agent for asphalt pavement, where EOP 

has been processed to modify asphalt binder, enhancing crack resistance46. 

The production of biofuels using the waste from OPOEI is currently a highly sought-after 

alternative, with several technologies available to valorize this waste. Scientific studies explore 

opportunities to utilize these residues in producing electrical and thermal energy through 

synthesis gas, even fueling biomass thermal power plants47. Additionally, research is being 

conducted on biogas production44 and biomass pyrolysis48,49.  

Biomass in energy recovery is of great interest to national and international energy markets6. 

The high calorific value of biomass makes it an ideal solid fuel for electricity generation. It is 

employed to fuel boilers that produce steam, utilized in composting processes, and biomass 

valorization through pyrolysis, thus promoting the adoption of Waste-to-Energy technologies. 

This concept encompasses waste incineration and various treatment processes aimed at 

generating energy, either in the form of electricity or heat50,51.  

The circular economy is a fundamental strategic concept aimed at reducing, reusing, 

recovering, and recycling materials and energy, fostering sustainable economic development, 

and the more efficient use of natural resources52. Therefore, adopting an appropriate model for 

managing olive oil waste is crucial, encouraging its valorization and contributing to the circular 

economy53. 

2.3.1.1. Valorization of Olive Pomace in the Pyrolysis Process 

The pyrolysis process typically occurs in sealed chambers heated to a predefined temperature 

in the absence of oxygen, creating an inert environment with limited gas passage. This method 

is highly effective in converting biomass into biofuel material. Pyrolysis involves the thermal 



9 
 

decomposition of biomass, releasing volatile and semi-volatile materials. At high temperatures, 

the mass decomposes, producing bio-oil and biochar31,54. 

Various technologies currently exist for activated carbon production, including biomass 

pyrolysis methods such as slow, fast, torrefaction, or gasification. The choice of the production 

method plays a crucial role in yield and final properties55. Slow pyrolysis, in particular, yields 

higher efficiency compared to other techniques56,57. 

2.3.1.1.1. Activated carbon 

Activated carbon (AC) is a carbon-rich material resulting from the thermal conversion of 

biomass. It is widely used to enhance environmental quality, whether in removing pollutants 

from liquid or gaseous mediums, long-term carbon storage, or soil improvement58,59. Producing 

activated carbon from low-cost precursors has garnered significant interest among researchers 

due to its economic and environmental benefits60. 

The material can be employed to remove color, odor, taste, organic and inorganic substances, 

and pollutants in wastewater treatment. It is also utilized in air purification and the chemical, 

pharmaceutical, and food industries61–63. Despite being considered a costly adsorbent, given 

the relationship between quality and production cost, its high adsorption capacity compared to 

other fundamental adsorbents renders it an essential component, even with higher costs64. 

Various carbonaceous materials can be used in activated carbon production, including 

babassu65, peach pit shells66, brewery residues, coffee husks67, and olive pomace67. 

AC has various applications, including its use as a food additive or composting agent in 

livestock farming and in the construction sector, where it aids in foundation decontamination 

and reduction of electromagnetic radiation44. Additionally, it is employed in soil as part of 

sustainable practices to enhance agricultural productivity, promoting plant root development 

and aiding in climate change mitigation68–70. 

The adsorption of organic compounds using activated carbon is a widely employed technology 

in treating and purifying wastewater and industrial waters. This application is attributed to its 

ability to remove metals, organic substances, odor, and color, acting as an adsorbent in water 

and wastewater treatment71–73. AC has specific characteristics, such as its internal surface area 

(800 to 1,200 m²/g) and high porosity, enabling efficient adsorption of molecules in liquid and 

gaseous mediums74,75. Its high adsorption capacity makes it ideal for removing contaminants 

in aqueous environments, eliminating organic compounds, and purifying wastewater74,76. The 

properties of AC vary based on different factors, such as biomass selection, reaction 

temperature, and heating rate, among others54. Due to its microporous, mesoporous, and 
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macroporous structure, activated carbon stands out as an effective adsorbent77. 

Regarding pore size, the classification of pore levels in activated carbons, according to 

adsorption properties established by the International Union of Pure and Applied Chemistry 

(IUPAC), is detailed in Table 4. 

 

Table 4 - Pore Classification According to IUPAC78 

 

Type of Pores 

 

Diameter (nm) 
 

Micropores 
 

< 2 
 

Mesopores 
 

2 – 50 

 

Macropores 
 

> 50 

 

According to IUPAC78, micropores constitute the majority of the surface area, providing a high 

adsorption capacity for molecules with dimensions smaller than 2 nm, including common gases 

and solvents. Mesopores, ranging in diameter from 2 to 50 nm, are distinguished by their larger 

sizes and their ability to adsorb large molecules, such as dyes and chemicals that can be 

impregnated into activated carbon. Although typically considered insignificant for adsorption, 

macropores (with a diameter greater than 50 nm) can serve as a means of transport for gaseous 

molecules. In this study, the activated carbon was activated using a greenhouse gas, specifically 

carbon dioxide (CO2). 

2.3.1.2. Wastewater Treatment Systems of the Olive Pomace Oil Extraction Industry 

Wastewater treatment systems are classified as a basic sanitation measure aimed at expediting 

the water purification processes before discharge into the natural environment40. Various 

treatments are employed to mitigate the harmful effects of turbid waters on the environment, 

with primary approaches encompassing physical, chemical, and biological methods. These 

methods can be integrated with other methodologies21,79,80, membrane filtration81,82, advanced 

chemical oxidation (Fenton reaction)38,83, adsorption using activated carbon84,85, anaerobic86, 

and aerobic digestion87,88. 

As common wastewater treatment stages depend on the characteristics of the wastewater and 

can encompass four treatment phases: preliminary treatment, primary treatment, secondary 

treatment, and tertiary treatment89,90. Preliminary or pre-treatment solely involves physical-

chemical processes specifically designed to remove coarse pollutants. This stage includes the 

removal of floating debris through methods such as screening, sand traps, flotation units, 
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settling tanks, and filters34. Primary treatments involve additional physical-chemical processes, 

including pre-aeration, flow equalization, and wastewater load neutralization in an equalization 

tank. Subsequently, liquid and solid particles are separated, allowing the removal of colloidal 

material, color, turbidity, acids, alkalis, heavy metals, and oils through processes like 

flocculation, coagulation, primary settling, and precipitation33,90,91. 

In turn, the secondary treatment comprises biological processes followed by physical-chemical 

processes. Biological wastewater treatment processes involve the removal of biodegradable 

organic pollutants and can occur through aerobic or anaerobic systems. Utilizing intensive 

systems based on natural self-purification phenomena, this method employs reactors designed 

to create a favorable environment for microorganisms to degrade organic matter. Mechanical 

aeration is employed to supply oxygen for this process34,92. 

Tertiary treatment also involves physical-chemical processes, focusing on removing 

pathogenic microorganisms through maturation ponds and nitrification. This treatment phase 

is recognized for employing advanced methods to enhance the disinfection process, utilizing 

contaminant removal techniques such as chemical oxidation, ultraviolet radiation, ozonation, 

membranes, and activated carbon21,33. The conventional wastewater treatment process is 

illustrated in Figure 392,93. 

 

Figure 3 - Flowchart of the conventional effluent treatment process. 
 

2.3.1.2.1. Membrane Utilization in Wastewater Treatment 

Currently, the application of various membrane types (such as microfiltration, ultrafiltration, 

nanofiltration, and reverse osmosis) in water treatment has become essential for the efficient 

recovery of this resource, owning to the membranes' ability to remove microbiological 

contaminants, dissolved ions, and heavy metals94. This method offers numerous advantages, 

including selective separation, low energy consumption, ease of application, resource recovery, 

operation at low temperatures, requiring less space, and eliminating the need for chemicals, 

making it highly effective in treating wastewater, domestic, and brackish water sources93,95. 
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Polymeric membranes, in particular, stand out due to their capacity to be integrated into other 

separation processes96. For this reason, they are often employed in combination with other 

technologies, as illustrated in Figure 4. In this context, they replace conventional steps such as 

secondary clarifiers, sand filters, and disinfection, providing benefits such as reducing the 

number of treatment stages, enhancing organic matter removal, and minimizing solid waste 

production during the treatment process39. 

 

Figure 4 - Flowchart of the wastewater treatment process with membrane filtration. 

 

As Membranes can be produced from various polymeric precursors, which are responsible for 

pore development. The methodologies employed in membrane production include techniques 

such as phase inversion, synthesis, and stretching. However, methods like solvent evaporation, 

extrusion, lamination, blowing, and phase inversion applied to microporous support are utilized 

to fabricate dense membranes. These techniques may involve processes like spreading, natural 

polymerization, or plasma97,98. It is crucial to evaluate several characteristics of polymeric 

membranes, such as filtration capacity, chemical resistance, water absorption, density, 

porosity, membrane morphology, and water permeability testing97. 

The use of membranes in wastewater treatment systems has increased over the years due to 

their recognition as an effective practice for removing dissolved pollutants in wastewater, 

especially those challenging to remove by other methods. Moreover, membranes offer the 

advantage of compactness, reducing the space requirements for water treatment plants80,81. 

Examples of such approaches include membrane filtration81,82 and adsorption using activated 

carbon84,85, which contribute to even more effective purification of this wastewater before its 

discharge into the natural environment. They represent an innovative and promising alternative 

for treatment and filtration, capable of retaining biomass through microfiltration, 

nanofiltration, ultrafiltration, and reverse osmosis99. 



13 
 

2.4 Types of polymeric membranes 

Microfiltration is widely employed in wastewater treatment, allowing for the retention of 

particles present in wastewater compared to traditional filtration methods100. This technique 

can retain turbidity, pathogens, fine colloidal particles, and microorganisms using a 

microfiltration membrane (MF) and a pressure rate101. The MF can filter particles as small as 

0.1 micrometers (μm); however, the pressure applied in the process is directly related to the 

membrane's retention capacity, varying up to 10 μm in retention. This relationship between 

pressure and the diameter of the retained particle is proportional, as higher pressure applied to 

the water flow makes particle passage more accessible, allowing them to pass through the 

membrane pores102. The MF system is often used as a pre-treatment for ultrafiltration and 

nofiltration, and processes utilizing reverse osmosis membranes, as it does not eliminate 

microscopic pollutants due to the larger pore size82. With the advancement of the industry, 

membranes are produced from different materials, with polymers being the most commonly 

used. 

Previous studies103 investigated the efficiency of the MF system coupled with a 

coagulation/flocculation technique for removing polyphenol blue dye, which is widely used in 

textile industries for dyeing purposes. The catalyst used in the membrane was TiO2, enabling 

the reduction of particles embedded in the membrane. The study concluded that by utilizing 

the coagulation/flocculation system, followed by the application of MF with TiO2, there was a 

100% removal of the dye and a decrease in the particle retention rate in the membrane. 

Ultrafiltration (UF) is similar to the microfiltration system; however, the distinction between 

the two lies in the pore size of the membrane, which can be 10 times smaller, enabling a more 

specific filtration and allowing the retention of high molecular weight particles104. In the UF 

process, the solution is forced against the membrane (Pumping), allowing the passage to 

permeate and removing suspended solids, bacteria, viruses, and other pathogens. Solids with 

larger diameters tend to accumulate on the membrane surface, separating retained material and 

permeate105. 

In a study conducted by Bhattacharya104, a membrane adsorption system coupled with 

nanoparticles was employed to remove ibuprofen from water treatment processes. The removal 

efficiency of the process was enhanced by utilizing a ceramic ultrafiltration membrane coated 

with zinc oxide (ZnO) nanoparticles, aiding in the removal of atenolol and ibuprofen from the 

solution. Consequently, the study demonstrated an impressive removal rate of 96% for atenolol 

and 99% for ibuprofen using a single-stage UF system. 

Nanofiltration (NF) operates in conjunction with a pressure-driven system82, effectively 
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removing divalent ions from saline water and reducing water hardness during purification106. 

This method provides several advantages, including low-pressure operation, cost-

effectiveness, and high separation efficiency for organic molecules. However, it has limitations 

such as high energy consumption and the requirement for pre-treatment107. NF becomes more 

advantageous when integrated into a series of membrane systems, enabling the removal of 

color, heavy metals, and desalination. 

In a study conducted by Roy108, the production of composite ceramic-supported CSP 

nanofiltration membranes was enhanced by incorporating copper ions on the surface. Different 

concentrations of copper chloride solution were applied to the membrane surface to assess its 

performance in removing cationic and anionic heavy metals Ni, Cd, Pb, Zn, and Cr from the 

aqueous solution. The study yielded a removal rate of over 95% for all heavy metals. 

Reverse Osmosis (RO) membranes have significantly smaller pores than other membranes, 

allowing for more effective retention of organic and inorganic particles, thereby enhancing the 

filtration system109. This technique is characterized by the flow of water from the more 

concentrated medium to the less concentrated one. Due to its smaller pores, it can retain 

minerals, dissolved particles, monovalent ions, and harmful substances, ensuring the passage 

of purified water110. The filtration efficiency relies on a gentle and continuous flow regulated 

by the pressure applied to the membrane, and requires pre-filtration to extend the membrane's 

lifespan and prevent early saturation82.  

A polymeric membrane can encompass various approaches, preparation methods, and 

characterization techniques. Yet, all membranes are composed of polymeric materials, such as 

polyethersulfone (PES)111, polyacrylonitrile (PAN)112, polypropylene (PP)113, polysulfide 

(PS), polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), among other 

polymers. PVDF is a semicrystalline polymer that exhibits solvent 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 membrane114. 

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 lifespan99. 

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 membranes 

interaction capacity with organic compounds and other polar substances in the wastewater115–

117. 
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Polyvinylpyrrolidone (PVP) is hydrophilic, facilitating interactions with water molecules and 

aqueous solutes, aiding in enhanced adsorption and retention of organic contaminants118. 

Incorporating PVP into membrane production seeks to optimize its water affinity, similar to its 

ability to retain pollutants in the wastewater119. 
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3. OBJECTIVES 

 

Develop polymeric membranes utilizing activated carbon derived from EOP generated by the 

OPOEI. Evaluate the effectiveness of these membranes in a wastewater treatment model 

featuring contaminants such as phenol as a representative of phenolic compounds. 

3.1 Specific Objectives 

 Produce pyrolyzed AC-CO2 from extracted olive pomace with enhanced porosity 

through the process of physical activation using CO2; 

 Characterize the physical and chemical properties of the produced AC-CO2; 

 Develop polymeric membranes using PVDF, PVP and NMP as a base material, 

incorporating the synthesized AC-CO2; 

 Conduct a comprehensive characterization of the polymeric membranes to assess their 

structural, morphological, and functional properties; 

 Development of a surface analysis to study for the optimal ratio of the polymeric 

precursosrs in the synthesis of the polymer membranes; 

 Evaluate the application of the developed polymeric membranes in filtration and 

adsorption processes targeting the removal of phenol from wastewater.
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4. MATERIALS AND METHODS  

4.1 Reactants and equipaments 

 4.1.1 Reactants 

 Carbon Dioxide (CO2), provided by Air Liquide; 

 Distilled water; 

 Hydrochloric acid 37% (HCl), provided by AnalaR Normapur;  

 NMP - 1-Methyl-2-pyrrolidone (C5H9NO) provided by Thermo Scientific;  

 EOP - Olive pomace, provided by Mirabaga - Food Industry and Commerce 

S.A; 

 Phenol crystallized (C6H6O), provided by Panreac; 

 PVDF - Polyvinylidene fluoride(-CH2CF2-)n, provided by Thermo Scientific; 

 PVP - Polyvinylpyrrolidone (C6H9NO)n, provided by Thermo Scientific;  

 Sodium chloride (NaOH - 98%), provided by Labkem. 

4.1.2 Equipaments 

 HPLC; 

 Knife film applicator; 

 Magnetic stirrer; 

 pHmeter; 

 Pyrolysis oven; 

 Sieves. 

4.2 Methods  

4.2.1 Production of Activated Carbon and Polymeric Membrane 

4.2.1.1 Synthesis of Activated Carbon (AC_CO2) 

Activated carbon is produced by slow pyrolysis in an inert atmosphere created by circulating 

a N2 flow of 100 N mL min-1. The heating ramp for AC_CO2 production, as shown in Figure 

5, includes an initial 2 hour conditioning period with nitrogen injection. Porosity is then slowly 

developed over 8 hours, with the heating ramp initiated from the third hour onwards, gradually 

increasing the temperature at a rate of 5°C per minute. When 800°C is reached, CO2 injection 

is carried out for 1 hour to induce an increase in porosity formation. The nitrogen flow is 

resumed until the production process is complete. 
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Figure 5 - Scheme of the slow pyrolysis process for the production and activation of carbon 

 

After cooling the pyrolysis oven under a nitrogen atmosphere, the material is removed and 

screened in order to obtain a particle size of less than 53 µm. 

4.2.1.2 Preparation of Polymeric Membranes 

4.2.1.2.1 Experimental Design 

The response surface method (RSM), was developed to optimize laboratory analyses for 

membrane production, encompassing a range of mathematical and statistical techniques for 

building empirical models and exploring the model130. Through appropriate experimental 

planning and analysis, the RSM seeks to relate a response to the levels of a series of input 

variables or factors that influence it. In this study, the Box-Behnken design (BBD) was chosen 

to investigate and associate three independent parameters: PVP, NMP, and PVDF. This method 

establishes the relationship between these independent variables using second-order 

polynomial equations (Eq. 1). 

 

𝑌 =  𝛽0 + ∑ 𝛽𝑖𝑋𝑖

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑥𝑖
2

𝑘=1

𝑖=1

+ ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗

𝑘

𝑗𝑖<𝑗

 

 

(1) 

  

In the above equation, Y represents the output response, while x corresponds to the independent 

variables affecting this response. The values of "β" are equivalent to the regression coefficients 

for the intercept (β0), linear terms (βi), quadratic terms (βii), and interactions (βij). 

Additionally, "k" represents the number of variables in the system. 

Box and Behnken introduced an experimental design involving three levels for constructing 

response surfaces. These experiments are created by combining factorial experiments with 
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incomplete block designs, either rotational or nearly rotational131. The BBD excludes points at 

the vertices formed by each variable's upper and lower bounds. This approach can be beneficial 

when the points at the corners of the cube represent combinations of factor levels that are 

challenging or impossible to test due to physical constraints (Figure 6). 

 

 
Figure 6 - BBD for 3 independent variables 

 

Table 5 presents the intervals and experimental values of the independent variables considered 

for the project, which were determined based on the collection of experimental data available 

in the literature. 

 

Table 5 - Experimental variables and their levels used in the BBD. 

Factor Original Factor 
Levels 

-1 0 1 

PVP X1 1 7 13 

PVDF X2 3 11.5 20 

NMP X3 72 80 88 

 

The design was planned and created using R-Studio software, where the design concept, 

mathematical modeling, graphical and statistical treatment of the results, and optimization 

were developed. The recorded response values for membrane fabrication are presented in Table 

6. 

 

 

 

. 
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Table 6 - Box–Behnken design layout 

Experiment Logical 
Coded Factors 

X1 X2 X3 

1 -1 -1 0 

2 1 -1 0 

3 -1 1 0 

4 1 1 0 

5 -1 0 -1 

6 1 0 -1 

7 -1 0 1 

8 1 0 1 

9 0 -1 -1 

10 0 1 -1 

11 0 -1 1 

12 0 1 1 

13 0 0 0 

14 0 0 0 

15 0 0 0 

 

 

 

4.2.1.2.2 Production of Polymeric Membranes 

The BBD method was employed to develop mixed matrix polymeric membranes incorporating 

the produced activated carbon, with the activated carbon value included as a fixed variable in 

the experiment. Fifteen polymeric membranes were manufactured, and the details of each 

sample, including the exact quantity of each component in every developed test, are presented 

in Table 7. 
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Table 7 - The quantity of reagents for the formulation of polymeric membranes incorporating activated carbon. 

Experiment 
PVP (g) PVDF (g) NMP (g) AC_CO2 

Logical Random 

1 2 1.3 0.3 8 2.5 

2 14 0.7 1.15 8 2.5 

3 6 1.3 1.15 7.2 2.5 

4 15 0.7 1.15 8 2.5 

5 1 0.1 0.3 8 2.5 

6 5 0.1 1.15 7.2 2.5 

7 7 0.1 1.15 8.8 2.5 

8 3 0.1 2 8 2.5 

9 12 0.7 2 8.8 2.5 

10 13 0.7 1.15 8 2.5 

11 8 1.3 1.15 8.8 2.5 

12 4 1.3 2 8 2.5 

13 10 0.7 2 7.2 2.5 

14 9 0.7 0.3 7.2 2.5 

15 11 0.7 0.3 8.8 2.5 

 

Using the BBD method incorporating AC_CO2, each sample was subjected to ultrasound for 

3 hours to achieve a homogeneous mixture. Subsequently, PVDF was added to the resulting 

gel, which was then placed in an agitated bath at 40°C, 200 rpm, for 48 hours. This procedure 

enabled the formation of polymeric membranes with controlled incorporation of AC_CO2, 

ensuring a uniform distribution of the material and providing desirable characteristics for its 

application. 

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 µm, 200 

µm, and 300 µm. 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 7. 
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Figure 7 - Schematic diagram for membrane preparation 

 

4.2.2 Characterization of Materials 

4.2.2.1 Elemental  analysis (CHNS) 

Elemental analysis CHNS is important for determining the levels of carbon (C), hydrogen (H), 

sulfur (S), and nitrogen (N). The technique is characterized as a method based on the complete 

oxidation of the sample by combustion and the analysis of the released gases. The elemental 

composition in the solid and oily phases was determined using a CHNS Flash 2000 analyzer 

(Thermo Fisher Scientific, Massachusetts, USA), equipped with a thermal conductivity 

detector (TCD). C, H, S, and N contents were determined by an oxidation/reduction reactor 

maintained at a temperature of 900°C. 

4.2.2.2 Ash Content 

The ash content describes the mineral and inorganic material in activated carbon. It is typically 

determined by crushing and heating the material at high temperatures, where volatile 

components are removed. The ash determination method involves weighing the sample and 

subjecting it to combustion in a muffle furnace at 800°C for 1 hour in an uncontrolled 

atmosphere. When no organic matter residue is left in the sample, the ash is ready to be 

removed from the muffle furnace. It is then transferred to a desiccator to cool and weighed as 

soon as it reaches room temperature. The ash percentage is calculated by comparing the 

material's initial mass with the remaining material's mass (Eq. 2).  
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Ash content (%) =  
mass of initial sample − mass of ash residue

mass of the sample
 x 100 

(2) 

4.2.2.3 pH Point of Zero Charge (pzc) Determination 

In Erlenmeyer flasks, nine dilutions of 0.01 mol/L NaCl were prepared. The pH of each 

solution was adjusted to values between 4 and 12 by adding 0.02 mol/L NaOH or HCl. To 

study the effect of pH on the performance of the material as an adsorbent (AC_CO2), 0.15 g of 

the solid sample was added to each solution, which was then stirred on a magnetic stirrer at 

300 rpm and 25ºC for 24 h. After filtering the solutions, their pH was measured. The final pH 

values were plotted on the y-axis and the corresponding initial values on the x-axis. A 

correlation was established between these two values and an identity curve was plotted on the 

graph. The point of intersection between the pH curves and the identity curve represents the 

pH at the point of zero charge (pHpzc). 

4.2.2.4 Acid-Base Characterization 

The content and type of oxygenated groups present in it determine the acidity and basicity of 

a material. Identifying these groups can significantly impact the performance of AC_CO2 as 

adsorbents9,10. Furthermore, this analysis allows the investigation of interaction mechanisms 

between the adsorbate and the adsorbent, providing detailed information about surface charge. 

To assess this property, five different solutions were prepared: 

• 1 L of NaCl 0.01 mol L-1 

• 500 mL of HCl 0.02 mol L-1 

• 500 mL of HCl 0.01 mol L-1 

• 500 mL of NaOH 0.02 mol L-1 

• 500 mL of NaOH 0.01 mol L-1 

Titration enables the determination of the concentration of a titrated solution based on its 

known concentration and volume. When this method is applied to AC_CO2, it becomes 

possible to calculate the number of moles that react with the acidic or basic sites present in the 

material. This procedure provides valuable information about the acid-base properties of the 

material, allowing the characterization of its acidity or basicity. 

To determine the material's acidity, 0.2g of the material was added to 25 mL of a 0.02 mol L-1 

NaOH solution. The mixture was stirred on a magnetic stirrer at 600 rpm for 48 hours. The 

resulting solution was then filtered, and an aliquot of 20 mL of the recovered solution was 

titrated with a 0.01 mol L-1 HCl solution, using phenolphthalein as an indicator. 

To assess the basicity, 0.2g of the sample was added to 25 mL of a 0.02 mol L-1 HCl solution. 



24 
 

The mixture was stirred on a magnetic stirrer at 600 rpm for 48 hours. After filtration, 20 mL 

of the recovered solution was titrated with a 0.01 mol L-1 NaOH solution, and phenolphthalein 

was used as an indicator. 

4.2.2.5 Porosimetry and surface area 

The surface area is a critical information in AC_CO2, directly influencing their adsorption 

capacity. The most common method used to measure surface area is the Brunauer-Emmett-

Teller (BET) method. The Quantachrome NOVA TOUCH LX4 equipment was used to 

measure the adsorption-desorption isotherms of liquid nitrogen at 77 K as a function of 

pressure. The out-gassing process was executed at 200°C for 3 hours, and the BET equation 

was applied using the Quantachrome Touch Win software within the range of p/p0 from 0.05 

to 0.35 to estimate the surface area. 

4.2.2.6 Determination of Surface Chemistry 

The surface functional groups of the AC_CO2 were estimated by Fourier Transform Infrared 

(FTIR) spectroscopy analysis (Perkin Elmer FT-IR, spectrophotometer UATR). FTIR spectra 

of different samples were recorded in the range of 450 - 4000 cm-1. The transmission spectra 

of the samples were recorded using a KBr pellet. Approximately 1.0 - 2.0% of the sample was 

mixed with dry KBr and ground in a mortar. The mixture was then transferred to a hydraulic 

press. The pressure in the hydraulic pump was increased to 80 tonnes and then gradually 

released. The resulting pellet, which had a homogeneous and transparent appearance, was 

placed in the FTIR sample holder for analysis. The raw data was subjected to Fourier 

transformation to produce the actual spectrum for subsequent analysis. 

4.2.2.7 Thermogravimetric Analysis 

The thermogravimetric analysis (TGA) method records a specific sample's mass loss as a 

temperature function. The method essentially involves analyzing key parameters: mass, 

temperature, and time. Thermogravimetric curves will be obtained using the TA Instruments 

TGA SDT650 equipment, with a 100 mL min-1 air or N2 atmosphere flow rate, a 10 °C min-1 

heating ramp from 40 to 900 °C, and an open ceramic crucible. 

4.2.2.8 Morphological Analysis 

The scanning electron microscopy (SEM) was carried out to study the morphological and 

microstructural characteristics of polymeric membranes with and without activated carbon. 

This analysis was carried out at the University of Trás-os-Montes e Alto Douro. 
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4.2.3 Analysis and Application Methods 

4.2.3.1 Kinetics and adsorption isotherms with AC_CO2 

A series of procedures were performed to evaluate the adsorption kinetics of the AC_CO2 for 

phenol. Batch adsorption experiments were conducted for phenol adsorption on the produced 

activated carbon. A stock solution of 100 mg L-1 of phenol was prepared and diluted as needed 

to obtain different phenol solution concentrations (75 mg L-1, 50 mg L-1, 30 mg L-1, 15 mg L-

1). For the analysis, 10 mL containers were used, with 0.025g of activated carbons added to 

each container, resulting in a concentration of 2.5 g L-1 of adsorbent. All experiments were 

carried out at room temperature (23°C) on a magnetic stirrer plate with a constant stirring speed 

of 600 rpm for 48 hours, with samples collected at 8, 24, and 48 hours, at the end of each 

collection, the sample was vacuum-filtered to separate the adsorbent from the solution, the 

determination of phenol was performed using high-performance liquid chromatography at 277 

nm. The adsorption capacity q (mg/g) was determined using Eq. 3, while the removal efficiency 

of AC_CO2, E (%), was calculated using Eq. 4. 

 

q =  
(C0 − Ce)x V

m
 

(3) 

E =  
C0 − Ce

C0
 x 100% 

(4) 

 

Where C0 (mg L-1) is the initial concentration of the pollutant (phenol), Ce (mg L-1) indicates 

the concentration of the pollutant in the liquid phase at equilibrium, V (L) stands for the volume 

of the pollutant solution, and m (g) represents the mass of the adsorbent. 

The graphs can take various forms, providing valuable insights into adsorption, as illustrated 

in Figure 8. 

 

Figure 8 - Adsorption isotherms123 
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4.2.3.1.1 Kinetic models 

Adsorption equilibrium studies are critical to determine the effectiveness of the process and 

are also crucial to study the nature of the adsorption mechanism. The purpose of this analysis 

is to explore the adsorption mechanism and provide important information on the interactions 

between adsorbent and adsorbate and on the various phases of the process, including mass 

transfer of the adsorbent material and chemical interactions at the liquid-solid interface124. 

Several solid-liquid adsorption kinetic models have been proposed. This study was performed 

using pseudo-first-order, pseudo-second-order, and intra-particle diffusion models (Eq. 5,6 and 

7). 

Pseudo-first order model qt = qe(1 − 𝑒−𝑘1𝑡) (5) 

Pseudo-second order 

model 
qt =  

𝑞𝑒 
2 𝑘2𝑡

1 + 𝑞𝑒 
2 𝑘2𝑡

 
(6) 

Intra-particle diffusion q =  kidt
1

2⁄ + I (7) 

 

Where 𝑞𝑡 t is the adsorption capacity (mg.g-1) at a time t (min), 𝑞𝑒 is the adsorption capacity at 

equilibrium (mg g-1), and 𝑘1 is the adsorption rate kinetic constant of the pseudo-first-order 

model (min-1), 𝑘2 is the adsorption rate kinetic constant of the pseudo-second-order model (g 

mg-1 min-1 ), 𝑘𝑖𝑑 is the intraparticle diffusion rate constant (mg (g·min0.5)-1), and I (mg g-1) is 

the intercept. 

4.2.3.1.2 Equilibrium isotherms 

To construct the equilibrium isotherms, it was necessary to prepare a 10 mL solution of phenol 

with five different concentrations: 15, 30, 50, 75, and 100 mg L-1. 0.025 g of AC_CO2 were 

added to the solution, resulting in a concentration of 2.5 g L-1 of adsorbent. The solutions were 

stirred at 600 rpm at a temperature of 23°C for 48 hours. Samples were collected after 8, 24, 

and 48 hours from the start of the analysis. After collection, the samples were vacuum-filtered 

to separate the adsorbent from the solution, and the phenol concentration was determined using 

HPLC at 277nm. 

4.2.3.1.2.1 Equilibrium isotherms models 

The isotherms of adsorption are essential for studying the equilibrium relationship between a 

solute adsorbed on the surface of AC_CO2 and the adsorbed solute in the solution. They 

indicate the adsorption equilibrium stage, which is crucial for analyzing whether the adsorbent 
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material is suitable and exhibits favorable performance in the adsorption system125. Adsorption 

equilibrium is reached when there is no longer a perceptible variation in solute concentrations 

in the solution. 

Some mathematical models are available to effectively capture and represent experimental 

equilibrium data, often visualized through isotherms. This study will employ the widely 

recognized Langmuir and Freundlich models to aptly fit and interpret the isotherm data, 

enhancing our understanding of the underlying processes126,127. 

The Langmuir isotherm proposes that adsorption occurs at a defined number of sites, each with 

equivalent energy, not exceeding monolayer coverage128. In other words, all surface sites are 

equivalent and can accommodate only one adsorbate molecule, where the adsorbed molecules 

do not interact. The molecule's capacity to adsorb at a specific site is independent of the 

occupation of neighboring sites. 

The Langmuir model is represented by Eq. 8, where q is the concentration of the solute 

adsorbed on the solid surface (mg.g-1), qmax is the maximum adsorption capacity (mg.g-1), KL 

is the interaction constant between adsorbate and adsorbent (L.mg-1), and Ce is the solute 

concentration at equilibrium (mg.L-1). 

q =  
qmax . Kl . Ce

1 + Kl .  Ce
 

(8) 

Eq. 9 can be linearized, resulting in: 

Ce

qe
=  

1

kL qmax
+ 

1

qmax
 Ce 

(9) 

With this linearization, we can plot Ce/qe x Ce to obtain the desired parameters qmax and KL. 

The Freundlich isotherm model proposes that as the sites are occupied during adsorption, the 

energy with which the adsorbate interacts with the site decreases exponentially. This model 

describes non-ideal adsorption processes on a homogeneous surface with the formation of 

multilayers. Eq 10 represents the isotherm, where q (mg g-1) represents the amount of adsorbate 

on the solid; Ce (mg L-1) is the adsorbate concentration in the fluid at equilibrium, Kf represents 

the adsorption capacity, also known as the capacity factor ((mg g-1).(L mg-1)(1/n) ), and n is the 

intensity factor of adsorption129. 

q =  kf . Ce
1

n⁄  (10) 

4.2.3.2 Filtration with Polymeric Membranes 

A continuous model was employed to assess the effectiveness of the polymeric membranes in 

pollutant treatment, utilizing a reactor coupled with an HPLC pump (Figure 9). In the 

experiments, a pollutant, specifically phenol at a concentration of 50 mg L-1, was placed in a 
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container with an inlet directly connected to the HPLC pump. The pump, operating at a flow 

rate of 0.5 mL min-1, fed the pollutant through the reactor inlet and passed it through the 

polymeric membrane installed in the reactor. Samples (2 mL) were collected at intervals of 0, 

5, 15, 30, 45, and 60 minutes during filtration. The treated wastewater was collected for 

subsequent analysis, allowing the evaluation of the membrane effectiveness in pollutant 

treatment. 

 

Figure 9 - Structural diagram for the membrane filtration system. 

 

4.2.3.2.1 High Performance Liquid Chromatography (HPLC) 

HPLC (high-performance liquid chromatography) was used to identify the presence of phenol 

in samples collected in the adsorption test (AC_CO2) and filtration (Polymeric Membranes). 

The Ultra BiPh 5µm column (150 mm x 2.1 mm) was used for this analysis, along with a 

mobile phase comprising 50% of acetonitrile and 50% phosphoric acid + ultrapure water. The 

isocratic system was run at a flow rate of 0.3 mL.min-1, and phenol was detected at a 

wavelength of 277 nm. Figure 10 presents a graphical representation of the calibration curve 

generated for the analyses. 
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Figure 10 - Calibration curve for phenol measurements 

 

Before analyzing the phenol solution obtained from the adsorption tests, a calibration curve 

was constructed within the 1-50 mg.L-1 reading range. The calibration curve exhibited a high 

level of accuracy, as indicated by the excellent fit obtained with an R² value of 0,9994, 

determined through linear regression analysis 
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5. RESULTS AND DISCUSSION 

5.1 Characterization of AC_CO2 

5.1.1 Elemental Analysis 

The study employed EOP as a precursor for the production of AC_CO2 due to its accessibility 

and abundance in the region, its potential for valorization as a waste material, and its widely 

distributed chemical composition. Table 8 presents the physical and chemical characterization 

of the materials. The influence of carbonisation on the final composition of AC_CO2 is evident 

from the analysis of the carbon content, which increased from 49.1% in EOP to 62.65% in 

AC_CO2 after the slow pyrolysis process. This justifies the transformative effects of 

carbonisation on the chemical composition of the materials. In contrast, the nitrogen and 

hydrogen contents decreased due to decarboxylation and dehydration reactions. 

Table 8 - Elemental analysis of CNHS for EOP and AC-CO2 

(%) EOP AC-CO2 

Nitrogen 2 1.74 

Carbon 49.1 62.65 

Hydrogen 8 0.78 

Sulfur 0.06 0 

Ashes 4 17 

Volatile Matter 40 16 

Fixed Carbon 14 66 

 

The proximal analysis indicates that the volatile matter content is higher in EOP than in AC-

CO2, which has a higher proportion of fixed carbon and ash in its composition. Conversely, 

EOP has only 14 % fixed carbon, while AC-CO2 has 66 %. This is due to the lower presence 

of volatile components in AC-CO2, resulting from the expulsion of volatile organic compounds 

during the carbonisation process, which leads to the formation of a porous carbon structure. 

These results from the analysis of C, N, H and ash content are consistent with similar 

investigations involving carbonisation processes initiated in EOP 134–136.   

5.1.2 Adsorption Experiments 

5.1.2.1 Kinetic models 

The influence of the processing time on the adsorption capacity of the adsorbent (in mg.g-1) 

was evaluated by studying the adsorption kinetics. The kinetic models presented in Eq. 5, 6 
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and 7 were fitted to the experimental data of adsorption kinetics. In addition, Table 9 presents 

the results obtained and Figure 11 shows the graphs describing the adjustments of the three 

kinetic models in relation to the experimental data evaluated for AC-CO2 obtained in phenol 

adsorption. 

Table 9 - Parameters of the kinetic models for the activated carbon. 

Adsorbent 

Pseudo-first-order Pseudo-second-order Intraparticle diffusion 
qexp 

(mg.g-

1) 

qe 

(mg g-

1) 

K1 

(min-

1) R1²  
qe (mg 

g-1) 
K2 

(g/mg.min) R2²  
I (mg 

g-1) 
Kid 

(mg/g.min1/2) R3² 

AC-CO2 85.123 76.748 0.079 0.962 80.228 0.0018 0.986 33.884 2.717 0.636 

 

 

Figure 11 - Fitting the kinetic models to the experimental data for AC-CO2. 

 

Based on the results of the adsorption analysis presented in the previous chapter, it can be 

observed that the adsorption kinetics exhibited a higher initial adsorption rate, followed by a 

lower rate at a later stage. The graphical curves and R² values for AC-CO2 were examined, and 

while the pseudo-first-order model yielded an acceptable R² of 0.96, it is worth noting that the 

pseudo-second-order model provided a superior fit with an R² of 0.99. According to the study, 

it was found that AC-CO2 has an adsorption capacity of approximately 76 mg.g-1 for phenol. 

The pseudo-second-order model suggests that valence forces are formed through the exchange 

or shared use of electrons between the adsorbent and the adsorbate during adsorption143,144. It 

is worth noting that the intraparticle diffusion model had the lowest R² value for the material. 

It is worth noting that due to the complex and heterogeneous structures of carbonaceous 

adsorbents, interparticle diffusion may not always be a suitable model for these materials. 
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5.1.2.2 Equilibrium isotherms 

The Langmuir and Freundlich models used to analyse equilibrium isotherms are referred to in 

Eq. 4, 5 and 6. The Langmuir isotherm assumes that the adsorbent surface has a finite number 

of active sites with uniform energy, and that adsorption is reversible. On the other hand, the 

Freundlich isotherm characterizes adsorption on heterogeneous surfaces. Table 10 presents the 

results, while Figure 12 illustrates the experimental values for adsorbed phenol (AC_CO2) 

fitted to the Langmuir and Freundlich isotherm models. 

Table 10 - Parameters of equilibrium models: Langmuir and Freundlich 

Adsorbent 
Langmuir Freundlich 

qmax (mg g-1) KL (L.mg-1) R² KF (L.g-1) nF R² 

AC-CO2 738.513 0.2262 0.817 234.625 43.916 0.979 

 

 

Figure 12 - Experimental results for phenol adsorption using the Langmuir and Freundlich isotherm models 

 

The isotherm models were then applied to the experimental data, and it was found that the 

Freundlich isotherm model (R²=0.979) was the most suitable fit. Therefore, this model can be 

used to represent the experimental data, describe the adsorption capacity, and determine the 

necessary quantities. 

Paiva et al.145,146 conducted research on the Freundlich equation, an empirical equation used to 

describe heterogeneous and reversible adsorption systems, which is not restricted to monolayer 

formation. According to their findings, the Langmuir isotherm is applicable to homogeneous 

adsorption systems, indicating that the adsorbent saturation has not yet been reached146. As a 

result, it is possible that the adsorption capacity may be even higher in a solution with a higher 
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initial concentration. 

It is worth noting that while both models have their merits, the Freundlich model does not 

predict adsorbent saturation. As a result, the results obtained from the Freundlich model 

provide a good description of the equilibriums, which demonstrate the highest correlation 

coefficients. 

5.2 Preparation and incorporation of polymeric membranes 

5.2.1 Response surface analysis 

During the development of the experiment, it was observed that only two of the polymer 

membranes met the established criteria for analysis, while the others exhibited deformities 

during the manufacturing process. The selection was based on fundamental characteristics such 

as resistance, adsorption capacity, and porosity, which are crucial for the performance and 

effectiveness of membranes in separation and purification processes (Table 11). 

 

Table 11 - Response surface analysis 

Experiment 
PVP 

(g) 

PVDF 

(g) 

NMP 

(g) 
AC_CO2 Observations 

1 0.1 0.3 8 2.5 
Highly fluid consistency, lacks 

structural integrity 

2 1.3 0.3 8 2.5 

Formation of PVDF and AC_CO2 

aggregates, disintegrated upon 

coagulation. 

3 0.1 2 8 2.5 Premature coagulation occurred 

4 1.3 2 8 2.5 

Rigid, limited malleability, 

exhibited cracking during 

stretching 

5 0.1 1.15 7.2 2.5 

Excessively thick consistency, 

experienced premature 

coagulation 

6 1.3 1.15 7.2 2.5 

Formation of PVDF and AC_CO2 

aggregates, resulting in a dense 

mass with low plasticity 

7 0.1 1.15 8.8 2.5 
Premature coagulation was 

observed 
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8 1.3 1.15 8.8 2.5 

 
Successful outcome 

 

9 0.7 0.3 7.2 2.5 Resulted in a liquid consistency 

10 0.7 2 7.2 2.5 
Premature coagulation was 

evident 

11 0.7 0.3 8.8 2.5 
Formation of aggregates, with 

insufficient resistance formed 

12 0.7 2 8.8 2.5 Premature coagulation occurred 

13 0.7 1.15 8 2.5 
 

Successful outcome 

14 0.7 1.15 8 2.5 
 

Successful outcome 

15 0.7 1.15 8 2.5 
 

Successful outcome 

 

It was observed that the selected membranes (Figure 13) for this study exhibited adequate 

mechanical strength to maintain their structural integrity during handling and operation. 

Furthermore, they exhibited a notable adsorption capacity, indicating the presence of active 

sites that are conducive to the removal of pollutants and unwanted solutes. 

 

Figure 13 – Polymeric membrane of: a) formulation 8 with activated carbon; b) formulation 14 with activated 

carbon 

However, it appears that the quality and performance of the other membranes may have been 

compromised due to deformations. It was determined that the precipitated coagulation that 

occurs during the manufacturing process is a significant contributing factor. This can be 

attributed to a formulation that contains a high amount of PVDF, which gives the membrane a 

hydrophobic character. It appears that the premature hardening of the solution during 
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manufacturing may have contributed to the production of a membrane with low resistance and 

susceptibility to damage, as can be observed in Figure 14. 

 

Figure 14 - Polymeric membrane of: a) formulation 4 with activated carbon; b) formulation 5 with activated 

carbon 

Moreover, it seems that some membranes contained an excessive amount of PVP, which may 

have contributed to their hydrophobic character. This could potentially result in a weak 

interaction with aqueous materials and reduced resistance, thereby compromising the 

durability and effectiveness of the membranes in practical applications. This is illustrated in 

Figure 15. 

 

Figure 15 - Polymeric membrane of: a) formulation 2 with activated carbon; b) formulation 6 with activated 

carbon 

The selection of two high-quality membranes (M8 and M14) was of paramount importance in 

ensuring the viability and quality of the results obtained during the experiment. The membranes 

meet the technical requirements and perform satisfactorily, which makes them promising for 

chemical and physical analyses. For the purpose of comparison, polymeric membranes were 

developed without the addition of activated carbon, with the objective of identifying the 

enhancements provided by the presence of AC_CO2 in their composition. The development 

was conducted using formulations 8 and 14 of the experimental design, and Figure 16 

illustrates the resulting membranes. 
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Figure 16 - Polymeric membrane of: a) formulation 8; b) formulation 14 

 

5.3 Characterization of materials 

5.3.1 Porosity Characterization 

The Brunauer, Emmett, and Teller (BET) surface area analysis is a technique used to measure 

the specific surface area of samples. This analysis is crucial in producing materials with 

developed porosity, as surface properties are highly relevant for their application in wastewater 

treatment. The technique is based on gas adsorption to measure the surface area of the sample 

under analysis. Physical adsorption is a process that occurs due to the attraction between gas 

molecules and atoms present in the sample's composition. By exposing the sample to gas and 

measuring the amount of adsorbed gas, it is possible to determine the surface area of the 

sample. Table 12 depicts the Textural properties of EOP, AC-CO2 and Polymeric Membranes.  

Table 12 - Textural properties of EOP,  AC-CO2 and Polymeric Membranes. 

Sample 
SBET 

(m2.g-1) 

SLangmuir 

(m2.g-1) 

Sext 

(m2.g-1) 

Smic 

(m2.g-1) 

Vmic 

(mm3.g-1) 

Wmic 

(nm) 

EOP 22 - - - 0.020 - 

AC-CO2 528 783 33 750 269 1.43 

AC-CO2 M8 7.71 247 7.71 0 0.05 0 

AC-CO2 M14 47.5 143 3.88 - - - 

M8 2.32  355 2.33 - - - 

M14 31 420,5 3.47 27.46 - - 

(-) not determined. 

 

The analysis of the Sext, Vmic and Wmic parameters revealed the presence of pores of varying 

sizes, indicating the material's capacity to form mono and multisolvent layers. These 
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characteristics exemplify the versatility of AC-CO2. Figure 17 illustrates the N2 adsorption-

desorption isotherms at 77 K for AC-CO2. Furthermore, the surface area of AC-CO₂ is notably 

superior to those observed in alternative activation methods in other studies related to EOP2,3. 

 

Figure 17 - N2 adsorpition-desorption isotherms at 77 K from AC_CO2 

 

A comparable phenomenon was observed in the membranes. A comparison of the membranes 

with and without the addition of charcoal revealed the presence of pores of varying sizes, 

indicating the membrane's capacity to form mono and multisolvent membranes. It is notable 

that the incorporation of activated carbon into the membrane matrix contributed to its 

development and emphasises its versatility. Figure 18a and 18b illustrate the nitrogen 

adsorption-desorption isotherms at 77 K for the membranes with formulation 8. 

 

Figure 18 - a) N2 adsorption-desorpition at 77 K from AC_CO2 M8; b) from M8 

 

The adsorption isotherm indicates that the incorporation of AC_CO2 into the membrane, 

according to Brunauer's classification, resulted in a type II character, indicating the presence 
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of a system with pores in the range between mesopores and macropores. Upon analysis 

according to the Giles classification, the isotherms were found to be of the H type for the 

membrane with AC_CO₂ incorporated. This type of isotherm results in a high affinity between 

the adsorbate and the adsorbent, with high adsorption and equilibrium being reached. For the 

membrane that does not contain AC_CO2 in its matrix, it can be classified in group C, resulting 

in a linear start, which indicates that the number of active sites is constant in the material. The 

same pattern is observed for membranes with formulation 14, as illustrated in Figure 19a and 

19b. 

 

Figure 19 - a) N2 adsorption-desorpition at 77 K from AC_CO2 M14; b) from M14 

 

5.3.2 Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) is a widely used primary thermal analysis technique for 

material characterization. The assay measures the variation in sample mass as a function of the 

imposed temperature variation on the analyzed material. This technique facilitates the 

determination of the temperature range at which the material attains a fixed, defined, and 

constant chemical composition and the temperature at which it begins to decompose, as well 

as the monitoring of dehydration reactions, oxidation, combustion, decomposition, and other 

chemical processes that occur as a result of heating. Figure 20 displays the outcomes of the 

thermogravimetric analyses conducted on EOP and activated carbon. Based on these results, it 

is possible to conclude about the thermal stability of the samples under analysis. 
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Figure 20 - a) Thermogravimetric analysis of olive pomace; b) Thermogravimetric analysis of activated carbon 

 

Figure 20(a) shows the percentage mass loss for EOP in air and N2 atmospheres as a function 

of temperature, while Figure 20(b) shows the same for activated carbon with CO2 in air and N2 

atmospheres. The text follows conventional academic structure and formatting and follows a 

logical flow of information with causal links between statements. 

The results of the EOP analysis indicate a 95% reduction in mass in an air atmosphere, which 

is consistent with the percentage of ash analysed in the CNHS characterisation. In a nitrogen 

atmosphere, an 80% reduction was obtained at the end of the analysis. The analysis revealed 

three distinct ranges. In the first interval, from 0 to 95°C, the material's moisture is lost in the 

form of H2O. In the second interval, from 95 to 182°C, the loss of mass is characterised by the 

release of volatile components from the decomposition of hemicellulose and cellulose. In the 

last interval, between 182 and 485°C, the most dense component of the material, lignin, 

decomposes. This result is consistent with that observed in the study by Bennini et al. (2019)139 

in the same temperature range. The stabilization of the material in both atmospheres 

commences at 485°C. 

The TGA tests, conducted in different atmospheres, demonstrate the differences in the resulting 

mass of the AC_CO2 material. The material demonstrated stability at 95°C in an N2 

atmosphere, in accordance with its characteristics following the pyrolysis process, resulting in 

a final mass loss of approximately 95%. In an air atmosphere, the first moment of mass loss 

occurs around 110°C, which is associated with the removal of moisture from the sample. The 

material remains stable between 110°C and 280°C, after which a period of degradation 

commences until it reaches 500°C. This is related to the release of volatile compounds made 

up of oxygen and hydrogen, such as the carboxylic compounds left over from the pyrolysis 

process140,141. This corroborates the ash percentages shown in Table 9, which refer to the 
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elemental analysis of the material. 

As illustrated in Figure 21, the AC_CO2 M8, AC_CO2 M14, M8 and M14 membranes 

exhibited comparable behaviour in the thermogravimetric analysis. In both N2 and air 

atmospheres, all four membranes exhibited a single stage of thermal degradation. 

 

 

Figure 21 - Thermogravimetric Analysis membranes 

 

As the polymers PVDF and PVP are the basis of their composition, mass loss occurred between 

400 and 600°C during the analyses, indicating the specific thermal degradation of each polymer 

in this range. The PVDF, renowned for its high thermal stability and chemical resistance, is 

susceptible to significant thermal degradation at elevated temperatures, a process known as 

defluorination. At this stage, fluorine atoms are lost, resulting in the formation of gases and the 

decomposition of the polymer, releasing the remaining volatile gases. In contrast, PVP is less 

thermally stable, with the main polymer chains breaking down in this temperature range, 

releasing N-vinylpyrrolidone monomers and other smaller fragments. The presence of the 

pyrrolidone ring in PVP allows for the decomposition of the polymer to result in the release of 

nitrogen compounds, including ammonia (NH3), as well as other N2 derived products. The final 

mass of the materials in an air atmosphere was less than 5%, indicating that the organic 

materials present in the membranes had undergone complete thermal degradation. 

5.3.3 Fourier-transform infrared spectroscopy 

The selection of sample M8 for FTIR analysis was justified by its superior ability to remove 

the model contaminant compared to other samples evaluated. This selection criterion is 

essential to ensure that the sample selected is representative of the ideal conditions for the study 

in question. 

Furthermore, the distribution of the bands present in the chemical matrix of sample M8, as 

shown in Figure 22, is crucial for the analysis of the molecular and functional interactions 
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involved in the removal of the pollutant. Using FTIR, it is possible to identify the different 

spectral bands associated with the functional groups present in the sample, allowing a deeper 

understanding of the adsorption or reaction processes that take place during pollutant removal. 

 

Figure 22 - FTIR Characterization for Polymeric Membrane with Activated Carbon 

 

The spectra show six main peak areas with bands at the values of the OH stretching frequency 

in the hydroxyl groups (3308 cm-1). The presence of carbonyl groups indicates the presence of 

oxygen-containing functional groups on the surface of the materials, which act as active sites 

for adsorption and reaction processes, participating in acid-base reactions and hydrogen 

bonding. Hydroxyl groups can influence the adsorption behaviour of AC_CO2 by influencing 

its interaction with water and other molecules, potentially increasing the affinity of the 

adsorbent for water and influencing the adsorption of target contaminants. The C - O stretching 

vibration (1637 cm-1) is known for its chemical stability, which can contribute to the overall 

stability and durability of the carbonaceous material. The C - H stretching vibration (1400 cm-

1) may indicate the presence of aliphatic hydrocarbons or other organic functional groups on 

the surface of the adsorbents, which may play a role in the adsorption processes by interacting 

with the adsorbates through van der Waals forces or other interactions. The C-O-C vibrations 

(1170 cm-1) confirm the presence of aromatic rings in the molecular structure. In the region of 

857 cm-1, the observed band is characteristic of the asymmetric stretching of the C-O-C bond 

present in the secondary ozonide formed by the ozonisation reaction of the coal148. 
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5.3.4 Contact angle and pHpzc 

The hydrophilicity of the surface of the polymeric membranes and AC_CO2 was evaluated by 

measuring the angle of contact with water. According to the data presented in Table 13, it can 

be observed that all adsorbents had a hydrophilic surface. Dorneles et al. 148 suggest that 

hydrophilic membranes, which have high chemical resistance, could be considered for use in 

wastewaters and in the processing of food and pharmaceuticals. 

Table 13 - Contact angle and pHpzc 

Samples pHpzc 
Contact 

Angle 
Hydrophilicity Image 

AC_CO2 M8 6.58 68±2 Hydrophilic 

 

AC_CO2 M14 7.24 56±2 Hydrophilic 
 

M8 7.62 65±2 Hydrophilic 
 

M14 7.33 54±2 Hydrophilic 

 

AC CO2 10.5 57±2 Hydrophilic 
 

 

Figure 23 illustrates the pHPCZ of the materials, including the polymer membranes without the 

addition of AC_CO2, membranes with AC_CO2 and AC_CO2 itself.  
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Figure 23 - pH point of zero charge: AC_CO2, AC_CO2 M8 and M8. 

 

Upon analysis of the data in conjunction with the values presented in Table 15, which depicts 

the pHPCZ values for M8 with activated carbon, M8 without activated carbon, and AC-CO2, 

respectively, 6.58, 7.62, and 10.5, it becomes evident that the values for the membranes are 

relatively similar, suggesting the presence of a non-neutralised surface, potentially due to the 

composition of the polymers present. Conversely, the value for AC-CO2 is comparable to the 

pKa of the phenol solution (pKa = 10), resulting in a pHPCZ of 10.5. This indicates that the 

surface charge of the materials is neutralised, thereby facilitating the adsorption of ions or 

molecules with opposite charges to the materials. Furthermore, this neutralisation minimises 

the competition between the ions present in the solution for adsorption on the AC-CO2 surface. 

In conclusion, the disparity in pHPCZ values between the membranes and AC-CO2 exerts a 

profound influence on the affinity of adsorption and the interaction with chemical species 

present in the solution. 

5.3.5 The surface morphology 

The morphology of polymeric membranes M8 and M14, both in their pure form and after the 

addition of activated carbon, was evaluated by scanning electron microscopy (SEM). Figure 

24 shows the SEM images of membrane M8. M8 consists of 1.3 g PVP, 1.15 g PVDF and 8.8 

g NMP. 
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Figure 24 - Scanning Electron Microscopy of Polymeric Membrane 8. 

 

This sample demonstrates a high proportion of PVP and PVDF, resulting in a dense structure 

and a relatively smooth surface. The manufacturing technique involves casting polymers 

together with the solvent, resulting in asymmetric structures that promote the separation and 

selective transport of molecules. Furthermore, it can be observed that the inner part of the 

membrane contains macropores, which contribute to its mechanical structure and stability. 

These properties are a result of the hydrophilic and hydrophobic characteristics of the polymers 

employed. Figure 25 illustrates Polymer membrane 14, which is composed of 0.7g of PVP, 

1.15g of PVDF, and 8g of NMP. 

  

Figure 25 - Scanning Electron Microscopy of Polymeric Membrane 14. 

 

The evidence indicates that the surface of the material is dense and rough, with a greater 

distribution and size of pores both on and within it. In addition, there are macropores present, 

which play a pivotal role in the selectivity of the permeating pollutant. The membrane 
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asymmetric structure, obtained through the phase inversion methodology, results in a 

significant increase in permeate flux and enhances the membrane transport properties. Figure 

26 displays the SEM analysis for the membrane with the same formulation as depicted in 

Figure 23, but with activated carbon integrated into its polymeric matrix. 

   

Figure 26 - Scanning electron microscopy was used to examine the polymeric membrane 8 with activated 

carbon. 

 

The incorporation of AC_CO2 into the membrane composition has been observed to result in 

a notable increase in the presence of pores, both on the surface and within. It is important to 

note that the membrane is asymmetric due to the production process (phase inversion), 

resulting in a dense surface and a porous internal structure. The incorporation of AC_CO2 into 

the polymeric solution confers upon the membrane selective and adsorptive properties, which 

can enhance adsorption and augment the number of active adsorbent sites. This may facilitate 

the selection of a broader range of particles and potentially enhance the filtration 

characteristics. Figure 26c presents a cross-sectional view of the membrane, which comprises 

two distinct regions: the filtering skin and the support. The filtering skin is responsible for 

selectivity through the pores, while the support provides the membrane structure and 

resistance. This characteristic is also observed in the work of Zeni et al147. According to their 

findings, the SEM analysis of the membrane, which has the same composition as the one shown 

in Figure 25 but includes activated carbon in its polymeric matrix, is displayed in Figure 27. 
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Figure 27 - Scanning Electron Microscopy of Polymeric Membrane 14 with Activated Carbon Incorporation 

 

The outcomes are comparable to those observed in Figure 26, yet the incorporation of activated 

carbon results in an enhancement of the porosity of the upper layer of the membrane, indicating 

the presence of larger pores and greater roughness, which are responsible for particle 

selectivity. Moreover, the interior of the membrane exhibits a more pronounced porous layer, 

comprising macropores, which contribute to its overall structure and resistance. 

5.3.6 Analysis of Polymeric Membranes in a Continuous System 

The membrane is distinguished by its high mechanical resistance and hydrophilic nature, which 

gives it an intrinsic affinity for aqueous solvents. This facilitates the permeation of water and 

soluble substances18. Additionally, the material possesses active sites that are conducive to the 

filtration and adsorption of these pollutants. These specific characteristics render this material 

highly effective in addressing the target pollutant, establishing a favourable interaction and 

optimising the efficiency of the treatment process. 

The experiments were conducted on membranes that were sufficiently robust for filtration 

analysis. A range of thicknesses was selected to enhance the differentiation of adsorption and 

to evaluate the affinity between the AC_CO2 and the polymer membranes. During the course 

of these analyses, a solution containing phenol (50 mg.L-1) was employed as a model 

wastewater in a continuous system, thereby allowing the interaction between the materials to 

be assessed. The results are presented in Figure 28. 
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Figure 28 - Removal of phenol by polymeric membrane with AC-CO2 

 

The results obtained indicate that both membranes with AC-CO₂ in their composition achieved 

a high level of phenol removal in the first five minutes of analysis. M8 was found to be the 

most effective in removing phenol in the three different thicknesses tested, with the 300 µm 

membrane demonstrating the highest performance, achieving 90.36% phenol removal from the 

model wastewater. Furthermore, M14 demonstrated notable pollutant removal, with a 

particular achievement of 60.16% removal of the pollutant phenol. Although this removal is 

lower than that of the M8, it is nevertheless a significant rate and demonstrates the effectiveness 

of these membranes in removing phenol. The membranes lacking the presence of AC_CO2 

exhibited a comparatively lower performance, with a low removal rate observed across the 

three distinct thicknesses. This outcome serves to highlight the significant efficacy of AC_CO2 

addition, which has been demonstrated to enhance pollutant removal through the increased 

distribution of active sites on the membrane surface. 
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6. CONCLUSIONS 

This study aimed to investigate the production and characterisation of activated carbon derived 

from olive pomace (EOP) and its incorporation into polymeric membranes. The utilisation of 

EOP as a precursor for the production of activated carbon (AC_CO2) was advantageous due to 

its accessibility, abundance, and potential for waste valorisation in the region. The 

carbonisation process resulted in a notable alteration of the material's chemical composition, 

with an increase in carbon content from 49.1% in EOP to 62.65% in AC_CO2. The resulting 

activated carbon exhibited enhanced adsorption properties, which were confirmed through 

kinetic and equilibrium adsorption studies for phenol removal. The pseudo-second-order 

kinetic model provided the most accurate fit for the adsorption data, indicating the formation 

of valence forces between the adsorbent and adsorbate. 

Furthermore, equilibrium isotherm analysis indicated that the Freundlich model, which 

describes adsorption on heterogeneous surfaces, was the most suitable fit for the data, thereby 

highlighting the material's high adsorption capacity. The polymeric membranes prepared, in 

particular the formulations M8 and M14, exhibited promising mechanical strength, adsorption 

capacity, and porosity, rendering them suitable for separation and purification applications. 

The utilisation of characterisation techniques, including BET surface area analysis, TGA, 

FTIR, contact angle measurements, and SEM, enabled the comprehensive elucidation of the 

physical and chemical properties of the materials.  

The BET analysis revealed a significant degree of porosity in AC_CO2, which is essential for 

effective adsorption processes. TGA demonstrated the thermal stability of the materials, while 

FTIR identified the functional groups that are crucial for adsorption. Contact angle 

measurements indicated that the membranes exhibited hydrophilic properties, thereby 

enhancing their applicability in aqueous environments. 

The SEM analysis revealed the morphological characteristics of the membranes, demonstrating 

a dense surface with varying pore sizes and a porous internal structure. These characteristics 

are vital for effective filtration and pollutant removal. The incorporation of AC_CO2 into the 

membranes enhanced their structural integrity and increased the number of active adsorption 

sites. 

Overall, this study successfully demonstrated the potential of utilising olive pomace-derived 

activated carbon in the development of advanced polymeric membranes for environmental 

applications. The findings contribute to the sustainable management of agricultural waste and 

the advancement of materials for water treatment and pollutant removal. Future research should 

focus on optimising the production processes and exploring the long-term performance and 
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regeneration of these membranes in real-world applications. 
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7. FUTURE WORKS SUGGESTIONS 

Suggestions for future work   

 Develop effective methods to regenerate the activated carbon used in the membranes, 

thereby increasing their useful life and sustainability. 

 Long-term studies are required to determine the stability and effectiveness of the 

membranes under real operating conditions. 

 The efficacy of the membranes in the removal of pollutants from a range of industrial 

and municipal wastewater sources will be evaluated. 

 The ability of membranes to remove a variety of contaminants, including heavy metals, 

organic compounds and microplastics, is to be evaluated. 

 The development and testing of laboratory-scale wastewater treatment systems using 

membranes with activated carbon is to be undertaken with a view to validating their 

practical effectiveness. 
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