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Resumen  

 

La escasez de agua es un desafío global creciente y, para 2050, se estima que miles de 

millones de personas residirán en regiones con estrés hídrico. Factores como el cambio 

climático, el crecimiento poblacional y la contaminación intensifican el problema, 

afectando particularmente a áreas vulnerables como el Mediterráneo. En respuesta a esta 

problemática, han surgido diversas soluciones para abordarla, entre las que destacan la 

desalinización y la regeneración de aguas residuales.  

La desalinización es un proceso ampliamente utilizado para proveer de agua potable 

y agua de procesos en zonas con importante escasez hídrica. La regeneración de aguas 

residuales, por su parte, permite la reutilización y consecuente reducción del consumo de 

agua potable para actividades como el riego de cultivos y además ofrece una fuente 

alternativa de nutrientes. Así, la recuperación de sustancias como el nitrógeno permite 

aprovechar el agua residual no sólo como un recurso hídrico sino también como una 

fuente de elementos esenciales. Sin embargo, esta práctica enfrenta desafíos, 

principalmente debido a problemáticas tan variadas como las cargas salinas presentes en 

las aguas residuales y la emergente presencia de contaminantes tales como 

micronanoplásticos (MNPs). De estos últimos, especialmente, los plásticos de menor 

tamaño (nanoplásticos, NPs) presentan una mayor complejidad tanto para su remoción 

como para su análisis (detección y cuantificación), debido a las bajas concentraciones en 

masas de aguas y las limitaciones de las técnicas de análisis actuales.  

Para el desarrollo y la implantación de ambos procesos: desalinización y tratamiento 

de aguas residuales, la tecnología de membranas mantiene un papel central en la gestión 

del agua, evolucionando en su uso e implantación hacia el desarrollo de estrategias más 

sostenibles en su tratamiento. Un ejemplo de estas estrategias sostenibles es el reciclaje 

de membranas de Ósmosis Inversa (OI) al final de su vida útil, a través de métodos 

directos e indirectos. Estos procesos de reciclaje no sólo extienden la vida útil de las 

membranas, sino que reducen la generación de desechos, alineándose con los principios 

de economía circular y promoviendo prácticas de gestión del agua más sostenibles. Así 

mismo, la versatilidad que facilita el uso de las membranas ha permitido, además, la 

introducción de esta tecnología para el pretratamiento y/o tratamiento de muestras para 

su posterior análisis. Un ejemplo es el uso de membranas en la concentración de 

contaminantes como los MNPs en muestras ambientales para la posible detección y 

cuantificación de los mismos.     

Esta tesis explora enfoques innovadores en el tratamiento del agua mediante el uso de 

tecnología de membranas, empleando membranas recicladas, así como abordando 

cuestiones críticas en la escasez de agua y la sostenibilidad ambiental. La investigación 

se centra en tres áreas claves. En primer lugar, se aborda la problemática de la intrusión 

salina en instalaciones de aguas residuales, lo que confiere un desafío añadido y requiere 

del desarrollo de alternativas en el tratamiento de aguas residuales, especialmente cuando 

el agua tratada se destina al riego agrícola. En este contexto, se estudió la factibilidad de 

implementación de membranas recicladas en procesos de tratamiento de agua residual 

con alto contenido salino. Para ello, se obtuvieron membranas de nanofiltración 

recicladas (rNF) y membranas de intercambio aniónico recicladas (rAEM) a partir de 
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membranas de OI descartadas al final de su vida útil. Estas membranas recicladas fueron 

empleadas en el tratamiento de aguas residuales urbanas con alto contenido salino para 

el riego de cultivos. Las membranas rNF demostraron un alto rechazo selectivo de iones 

divalentes, mientras que las rAEM mostraron tasas de desmineralización comparables a 

las membranas comerciales en sistemas de electrodiálisis. Ambos sistemas produjeron 

efluentes adecuados para el riego, como se validó en un estudio de cultivo de lechugas. 

Por otro lado, en esta tesis se estudia la problemática emergente de los NPs en aguas 

residuales, cuya presencia y comportamiento en los sistemas de tratamiento es una 

preocupación creciente, abordando dos aspectos complementarios. En primer lugar, se 

evaluó el comportamiento de diferentes membranas en la concentración de NPs con el 

objetivo de identificar la membrana más adecuada para una etapa de pretratamiento de 

muestras para su posterior detección y cuantificación. Para ello, se estudió el 

comportamiento de diferentes tipos de membranas mediante la filtración de agua tratada 

con contenido de NPs. Estos plásticos, como el poliestireno (PS), presentan un desafío 

para las membranas en términos de ensuciamiento y reducción de eficiencia. Por ello, se 

llevó a cabo un estudio del comportamiento de ensuciamiento de membranas de 

polietersulfona (PES), celulosa regenerada (CR) y PES reciclada durante la filtración de 

agua residual tratada que contenía nanopartículas de PS y seroalbúmina bovina (BSA por 

sus siglas en inglés). Para comprender mejor estos efectos, se empleó la tomografía de 

coherencia óptica, una técnica que permite observar en tiempo real la formación de 

ensuciamiento y acumulación de partículas en la superficie de la membrana. Los 

hallazgos sugirieron que las propiedades de las membranas influyen en la reversibilidad 

del ensuciamiento, destacando las membranas de CR, las cuales lograron una 

recuperación total de la permeabilidad tras la limpieza física. De este modo, las 

membranas de CR resultaron ser las más adecuadas para el pretratamiento de muestras 

de aguas que contienen poliestireno.  

Finalmente, el estudio se extendió al segundo de los aspectos: la remoción de NPs. Se 

estudió la implementación de biorreactores aeróbios de membrana (BRM) para la 

remoción de NPs presente en aguas residuales a escala de laboratorio. Se utilizaron 

membranas comerciales de microfiltración (MF), ultrafiltración (UF) y membranas de 

UF recicladas. La remoción de PS se monitoreó mediante pirólisis gases-masas (Pyr-GS-

MS) en las dos matrices: licor mezcla y permeado. Para el análisis de las muestras de 

permeado mediante Pyr-GS-MS, se llevó a cabo un paso previo de preconcentración 

utilizando membranas de CR. Se seleccionaron membranas de CR para este paso de 

preconcentración ya que en el estudio anterior fueron las más adecuadas por su 

reversibilidad frente al ensuciamiento. Los resultados mostraron que todas las membranas 

estudiadas en el sistema BRM lograron una alta eliminación de materia orgánica. Sin 

embargo, la presencia de PS-NPs tuvo un impacto en el rendimiento de las membranas y 

en la composición de la comunidad microbiana. Un hallazgo destacable fue que las 

membranas de UF recicladas demostraron una eficiencia en la remoción de PS 

comparable a las membranas comerciales, lo que sugiere su potencial como alternativa 

sostenible en aplicaciones de BRM.  

En conclusión, esta investigación contribuye al modelo de economía circular en la 

tecnología de membranas, ofreciendo soluciones sostenibles para el tratamiento de agua 
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y la recuperación de recursos. Los hallazgos proporcionan información sobre la selección 

de las membranas adecuadas a cada caso, así como el potencial de las membranas 

recicladas para enfrentar desafíos en la gestión del agua.  
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Abstract 

 
Water scarcity is a growing global challenge, and by 2050, it is estimated that billions 

of people will reside in regions experiencing water stress. Factors such as climate change, 

population growth, and pollution intensify this problem, particularly affecting vulnerable 

areas like the Mediterranean. In response to this issue, various solutions have emerged, 

among which desalination and wastewater regeneration stand out. 

Desalination is a widely used process for providing drinking and processing water in 

areas with significant water scarcity. Wastewater regeneration enables reuse and 

consequent reduction of the consumption of drinking water for activities such as crop 

irrigation while providing an alternative source of nutrients. Thus, the recovery of 

substances like nitrogen allows wastewater to be used not only as a water resource but 

also as a source of essential elements. However, this practice faces challenges, mainly 

due to issues as varied as salinity present in wastewater and the presence of emerging 

contaminants such as micronanoplastics (MNPs). In particular, smaller plastics 

(nanoplastics, NPs) present greater complexity for both their removal and analysis 

(detection and quantification), due to low concentrations in water bodies and limitations 

of current analytical techniques.  

For developing and implementing both desalination and wastewater treatment, 

membrane-based technology maintains a central role in water management. The 

application of this technology also continues to advance, contributing to more sustainable 

approaches to water treatment. An example of the sustainable approach is recycling 

Reverse Osmosis (RO) membranes at the end of their useful life, through direct and 

indirect methods. These recycling processes not only extend the lifespan of membranes 

but also reduce waste generation in line with circular economy principles and promote 

more sustainable water management practices. Likewise, the versatility facilitated by 

using membranes has also enabled the introduction of this technology for the pretreatment 

and/or treatment of samples for subsequent analysis. One example is the use of 

membranes in the concentration of contaminants such as MNPs in environmental samples 

prior to their detection and quantification. 

This thesis explores innovative approaches in water treatment using membrane 

technologies, employing recycled membranes, as well as addressing critical issues in 

water scarcity and environmental sustainability. The research focuses on three key areas. 

First, it addresses the issue of saline intrusion in wastewater facilities, which presents an 

additional challenge and requires the development of alternatives in wastewater 

treatment, especially when treated water is intended for agricultural irrigation. In this 

context, the feasibility of implementing recycled membranes to treat high-salinity 

wastewater was studied. For this, recycled nanofiltration membranes (rNF) and recycled 

anion exchange membranes (rAEM) were obtained from discarded RO membranes at the 

end of their useful life. These recycled membranes were used in the treatment of urban 

wastewater with high salt content for crop irrigation. The rNF membranes demonstrated 

high selective rejection of divalent ions, while the rAEM showed demineralization rates 

comparable to commercial membranes in electrodialysis systems. Both systems produced 

effluents suitable for irrigation, as validated in a lettuce cultivation study. 
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On the other hand, this thesis studies the emerging issue of NPs in wastewater, whose 

presence and behavior in treatment systems is a growing concern, addressing two 

complementary aspects. First, the potential use and behavior of different membranes in 

NP concentration were evaluated to identify the most suitable membrane for a sample 

pretreatment stage for subsequent detection and quantification. The behavior of different 

types of membranes was studied through the filtration of treated water-containing NPs. 

These plastics, such as polystyrene (PS), present a challenge for membranes in terms of 

fouling and efficiency reduction. Therefore, a study of the fouling behavior of 

polyethersulfone (PES), regenerated cellulose (RC), and recycled PES membranes was 

carried out during the filtration of wastewater containing PS nanoparticles and bovine 

serum albumin (BSA). To better understand these effects, optical coherence tomography 

(OCT) was used, a technique that allows real-time observation of fouling formation and 

particle accumulation on the membrane surface. The findings suggested that membrane 

properties influence the reversibility of fouling, highlighting RC membranes, which 

achieved total permeability recovery after physical cleaning. Consequently, this 

membrane material was selected as the most suitable membrane for the pretreatment of 

water samples containing polystyrene. 

Finally, the study extended to the second aspect: NP removal. Therefore, the 

feasibility of implementing aerobic membrane bioreactors (MBR) for NP removal from 

wastewater was also studied at a laboratory scale. Commercial microfiltration (MF), 

ultrafiltration (UF), and recycled ultrafiltration membranes were used for this purpose. 

PS removal was monitored using pyrolysis gas-mass spectrometry (Pyr-GS-MS) in both 

matrices: mixed liquor and permeate. For the analysis of permeate samples by Pyr-GS-

MS, a pre-concentration step using RC membranes was implemented. The CR 

membranes were selected for this pre-concentration step as they were found to be the 

most suitable membranes in the previous study due to their reversibility to fouling. The 

results of this work showed that all membranes studied in the MBR system achieved high 

organic matter removal. However, the presence of PS-NPs had an impact on membrane 

performance and microbial community composition. A notable finding was that recycled 

ultrafiltration membranes demonstrated PS removal efficiency comparable to commercial 

membranes, suggesting their potential as a sustainable alternative in MBR applications. 

In conclusion, this research contributes to the circular economy approach in 

membrane technology, offering sustainable solutions for water treatment and resource 

recovery. The findings provide information on the selection of appropriate membranes 

for each case, as well as the potential of recycled membranes to address challenges in 

water management. 
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CHAPTER I: General Introduction  

1.1 Water scarcity 

Water is the foundation of life and an integral part of human health, economic 

development, and ecological balance. Nevertheless, billions of people worldwide face the 

unrelenting challenges of water scarcity, where the demand for freshwater sharply 

exceeds the available supply within a region. Projections indicate that global urban water 

scarcity will exacerbate [1]. By 2050, it is estimated that 1.693–2.373 billion people, 

nearly half of the urban population worldwide, are expected to live in water-stressed 

regions [2]. 

Climate change disrupts precipitation patterns, intensifying droughts, particularly 

affecting arid and semi-arid regions [3]. Population growth and urbanization further strain 

resources, particularly in agriculture, which is a significant consumer of freshwater. 

Pollution compounds exacerbate the problem, degrading water quality and reducing 

usable freshwater supplies [4]. 

The Mediterranean region is a particularly vulnerable hotspot within the global water 

scarcity landscape. Its unique climate limits freshwater reserves, and growing demand 

makes it highly vulnerable. Southern and eastern Mediterranean countries face severe 

water stress, with several of them classified as 'water-poor,' including Algeria, Libya, 

Tunisia, Morocco, Israel, Jordan, Syria, Lebanon, and Palestine [5]. 

To address water scarcity, innovative solutions have emerged as key strategies 

including desalination and wastewater reclamation. Converting seawater into freshwater 

is a promising solution, particularly in coastal regions dealing with water shortages. 

Technological advancements are increasingly rendering desalination methods to be more 

energy-efficient and economically viable. Additionally, alternative approaches for 

treating wastewater aim to achieve safe levels of water quality, facilitate water reuse in 

various sectors, including irrigation, industrial processes, and in some instances, 

increasing drinking water reserves [6]. The subsequent section examines global 

wastewater regeneration and reuse processes, as well as desalination especially focusing 

on Reverse Osmosis (RO) technology.  

1.2 Desalination and Wastewater Regeneration and Reuse 

 

Traditional freshwater resources, such as lakes, rivers, and groundwater, are often 

overused or misused [7]. Consequently, these resources are either diminishing or 

becoming saline. In addition, emerging pollutants are increasingly threatening these vital 

water resources through multiple pathways. These contaminants enter water systems 

primarily through municipal sources, including domestic wastewater discharges, hospital 

effluents, and consumer product disposal. The number of substances that can be 

considered emerging is indeterminate and includes an extensive range of contaminants 

[8]. Typically, these compounds are not subject to specific regulations limiting their 

presence in water but could be regulated in the future if they pose a risk to or through the 

aquatic environment. 
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As countries continue to develop and consequently, many cities are continuously 

expanding, few new water resources are available to support daily freshwater needs. 

Solutions like desalination and water reuse have therefore emerged as essential 

alternatives for sustaining future generations globally [9].  

As an example, in 2021, the global installed capacity for desalination plants was 

approximately 115 million cubic meters per day (m3/day) [10]. Further, wastewater 

reclamation facilities had a global capacity of around 126 million cubic meters per day 

(m3/day) in the same year. These figures highlight the significant role that desalination 

and wastewater reclamation already play in global water management. 

  

Desalination Technology 

 

Desalination is the process of removing salts and other minerals from seawater or 

brackish water [11] that has been around for centuries. However, large-scale desalination 

for municipal and industrial use is a relatively recent development. Early desalination 

plants predominantly implemented thermal technologies. Prior to the 1980s, 84% of all 

global desalinated water was produced by the two major thermal technologies such as 

multi-stage flash distillation (MSF) and multi-effect distillation (MED) [12]. Since then, 

technological advancements have transformed desalination into a vital tool for water-

stressed regions. 

Today, RO is the dominant desalination technology, accounting for roughly 60% of 

global desalination capacity [13]. RO is highly efficient and offers key advantages, such 

as improved energy efficiency, lower costs, and no phase-change requirement [12] 

compared to older thermal desalination methods like MSF and MED [11].  

 

Wastewater Reclamation 

Wastewater reclamation, i.e. the treatment or processing of wastewater to a quality level 

acceptable for reuse, has been identified as one of the most significant approaches to meet 

current and future water demands. Treated wastewater can be employed for various non-

potable purposes, including irrigation, industrial processes, and even aquifer 

replenishment. According to the review by Jodar-Abellan et al. [14], the primary use of 

wastewater in Spain is in the agricultural sector, accounting for approximately 40–70% 

of the total reused water. This is followed by 36% used for irrigating parks and 

recreational areas. Industrial uses account for 10%, and 7% is used for various 

applications of reclaimed water, including urban and residential purposes, discharges 

from sanitary installations, and other related activities. Finally, 2% is utilized for cleaning 

sewage systems and/or street cleaning. However, a significant challenge arises within 

wastewater reclamation: the issue of salinity and hypersalinity [15]. High concentrations 

of salts in wastewater can pose a severe threat to soil health and crop yields when used 

for irrigation. To overcome this obstacle, further advancements in desalination processes 

and salt management strategies within wastewater treatment are imperative.  

Projections suggest a robust growth trajectory for both desalination and wastewater 

reclamation technologies in the coming decades [16]. By 2050, wastewater reclamation 



Introduction 

3 

 

facilities are expected to experience substantial growth, with their global capacity 

projected to exceed 200 million cubic meters per day (m3/day) by 2050 [16]. These 

forecasts are driven by increasing water stress due to population growth, urbanization, 

and climate change, as well as ongoing technological advancements improving the 

efficiency and cost-effectiveness of desalination and wastewater treatment processes. 

1.3 Microplastic and Nanoplastic Pollution: Emerging contaminants  

 

Among the most concerning contributors to water body contamination are emerging 

contaminants. As presented previously, emerging pollutants are chemicals and 

compounds that have recently been identified as dangerous to the environment, and 

consequently to the health of human beings. They are called "emerging" because of the 

rising level of concern linked to them, and the fact that many are not yet regulated [17]. 

Examples of emerging pollutants include antibiotics, drugs, steroids, endocrine 

disruptors, hormones, industrial additives, chemicals, microbeads, and microplastics. 

These last group of pollutants are categorized as microplastics (MPs, ≤ 5 mm) and 

nanoplastics (NPs, 1-1000 nm), garnering particular concern [18]. MNPs are classified as 

primary, intentionally manufactured for use in personal care products (e.g., microbeads 

in exfoliants) and industrial applications. Additionally, MNPs often originate from the 

breakdown of larger plastic products like bottles, bags, and fishing gear, classified as 

secondary MPs. In January 2018, the European Union adopted a European strategy for 

plastics. As part of the strategy, the European Commission (EC) identified microplastic 

pollution as an issue warranting the development of innovative reduction solutions [19]. 

The Circular Economy Action Plan of the European Commission aims to restrict 

intentionally added microplastics and address unintentional releases, with a 30% 

reduction target for microplastic releases by 2030 [19]. 

The primary pathway for MNPs to enter the aquatic environment is through 

wastewater treatment plants (WWTPs) [20]. Although WWTPs can remove a significant 

proportion of MPs [8, 9], the sheer volume of effluent they discharge, coupled with the 

continuous generation of secondary NPs from the degradation of larger plastics, poses a 

significant environmental risk [23]. The percentage of MPs removal in WWTPs can vary 

widely depending on the specific technologies and processes used. However, studies 

generally estimate that WWTPs can remove approximately 90-99% of MNPs from 

wastewater [24].  

Unlike MPs, the fate of plastic debris at the nanoscale remains largely unknown. 

Theoretically, a 2 mm polyvinyl chloride (PVC, a density of ∼ 1.4 g/cm3) bead is 

determined to settle in water at a rate of about 87 cm/s according to Stokes’ law (for ideal 

conditions), while the settling rate of a 100 nm PVC bead would be ∼6.9 cm/year. Thus, 

NPs and MPs would show distinct transport and fate behavior in urban waters, due to 

their different physicochemical properties [25]. NPs particles are too minuscule to be 

observed, characterized, or quantified using optical microscopy. Furthermore, they 

exhibit Brownian motion and do not readily settle, posing challenges to their efficient 

characterization and purification in real environmental samples. These obstacles have 

impeded the reliable assessment of the extent of the nanoplastic pollution issue [26]. Of 
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significant worry is the NPs potential introduction into the food chain, where they can 

accumulate within organisms and disrupt biological processes. This bioaccumulation 

poses a direct threat to the intricate balance of ecosystems, leading to potential harm 

across various species and a heightened risk of biodiversity loss [27]. The persistent 

nature and insidious effects of MNPs emphasize the urgent need for comprehensive 

research and mitigation strategies to address this emerging environmental crisis (Fig. 1). 

 

  

 

 

 

 

 

 

 

 

 

While techniques such as microscopy, spectroscopy, and dynamic light scattering 

(DLS) are valuable for qualitative analysis, there remains a need for improved sensitivity 

and standardization of analytical methods [28]. Commonly used techniques for MPs 

include vibrational spectroscopic methods (FTIR or Raman spectroscopy) for 

identification and semi-quantification of MPs [29]. These methods can be used to collect 

appropriate parameters because of the availability of multi-analysis. However, they are 

limited since they do not detect particles smaller than 20 µm [30], which is a significant 

limitation for characterizing and semi-quantifying NPs. In this context, thermal 

degradation-based techniques such as Pyrolysis Gas Chromatography-Mass 

Spectrometry (Py-GC-MS) have shown promising results for MNPs analysis. This 

technique relies on pyrolysis for the identification and semi-quantification of polymers, 

effectively overcoming the size limitation. 

The general workflow for the MNPs analysis involves laboratory preparation to 

separate MNPs from the sample matrix, simplifying the subsequent processes for 

identification and/or semi-quantification. These procedures vary depending on the 

complexity of the sample matrix. For instance, water samples require large volumes due 

to the relatively low concentration of NPs, needing previous preconcentration strategies 

such as the use of membranes to isolate and enrich NPs from environmental matrices 

[31]. Membrane technology is crucial in these preconcentration processes, as it allows 

the retention of smaller nanoparticles through the sieve effect. This selective separation 

leads to more accurate and reliable analysis [32].  

Further, research is ongoing to better understand the full extent of the impacts of 

MNPs and to develop strategies for mitigating their risks. Some key areas of focus 
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Figure 1.  Schematic representation of micronanoplastics circulation in the environment. 
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include: (i) improving detection and monitoring [33], (ii) assessing health risks [34], and 

(iii) reducing plastic pollution [35]. 

The intersection of water scarcity, emerging contaminants, and the potential of 

advanced membrane technologies for water remediation presents both critical challenges 

and promising solutions. 

 

1.4 Membrane-based technologies 

Membrane-based technologies have become crucial in modern wastewater treatment 

and reclamation systems. These technologies use semi-permeable membranes to remove 

a wide range of pollutants [36]. According to Abdullah et. al [37], a complete definition 

of a membrane could be stated as a semi-permeable barrier which, under a certain driving 

force, permits preferential passage of one or more selected species or components 

(molecules, particles, or polymers) of a gaseous and/or liquid mixture or solution.  

Membranes can be classified from various perspectives. One classification is based 

on their nature, distinguishing between natural and synthetic membranes. Synthetic 

membranes are further subdivided into organic (polymeric or liquid) and inorganic 

(ceramic or metallic) types [38]. This current work will focus exclusively on polymeric 

membranes. 

On the other hand, in membrane processes, transport through the membranes takes 

place as a result of a driving force acting on the components in the feed. Driving forces 

can be gradients in pressure, concentration, electrical potential, or temperature [38]. An 

overview of various membrane processes divided by their driving forces is given in the 

following sub-sections.  

1.4.1 Pressure –Driven membranes 

Pressure-driven membranes are a type of membrane separation technology that uses 

pressure as the driving force to separate components in a fluid mixture. Fig. 2 represents 

the separation process of the four pressure-driven membranes and Table 1 summarizes 

their general characteristics. This section explores different types of polymeric 

membrane-based wastewater technologies, their mechanisms, advantages, and 

challenges.  



Introduction 

6 

 

 

 

 

 

 

 

 

Table 1. Summary of the general characteristics of pressure-driven membranes. 

Membranes Permeability 

(LMH bar) 

Pore size 

(nm) 

Pressure 

(bar) 

Rejection matters 

MF >1000 100-10 000 0.1-2 Bacterias, suspended solids 

UF 10-1000 2-100 1-10 Viruses, proteins, starches, 

colloids, silica 

NF 1.5-30 0.5-2 5-20 Sugar, pesticides, herbicides, 

divalent ions 

RO 0.05-1.5 <0.5 10-80 Monovalent ions 

Microfiltration (MF) 

Microfiltration (MF) membranes are membranes that operate under low pressures 

(typically 0.1–2 bar) and are designed to allow water and small solutes to pass through 

while retaining particles, microorganisms, and larger suspended solids [39]. MF 

membranes are widely used for drinking water purification, wastewater treatment, and 

the clarification of beverages and pharmaceuticals. 

The first MF membranes, developed in the mid-20th century, were made from 

cellulose acetate and similar early polymers. Today, the market is dominated by advanced 

materials such as polyethersulfone (PES), polyvinylidene fluoride (PVDF), and 

polypropylene (PP), known for their excellent chemical resistance and mechanical 

strength [40]. 

MF membranes typically have pore sizes ranging from 0.1 to 10 µm [39]. The 

separation mechanism in MF membranes is primarily based on size exclusion or sieving, 

where particles larger than the membrane pores are retained on the surface or within the 

porous structure, while smaller particles pass through with the permeate stream. 

Modern MF membranes are manufactured in various configurations, including hollow 

fiber, flat sheet, and tubular forms [39]. Hollow fiber modules consist of many thin, 

flexible fibers that provide a large surface area within a compact volume, allowing for 

MF 

UF 

NF 

RO 

Figure 2. Illustration of the separation process of pressure-driven polymeric membranes. 
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high throughput and efficient backwashing. Flat sheet modules are used in plate-and-

frame or cassette systems, offering easy replacement and maintenance. 

Ultrafiltration (UF) 

Ultrafiltration (UF) membranes work under moderate pressure, allowing water and 

low-molecular-weight solutes to pass through the membrane, whilst macromolecules, 

colloids, and microorganisms are retained. UF membranes are widely used for water 

purification, wastewater treatment, and the concentration of proteins and other large 

molecules in industrial processes. 

The first UF membranes were developed in the mid-20th century [36] and they were 

primarily made of cellulose acetate and other early polymers. Nowadays, the market is 

dominated by membranes made from advanced polymeric materials such as PES, 

polysulfone (PSf), and PVDF [41]. These materials are preferred for their superior 

chemical resistance, thermal stability, and mechanical strength. 

UF membranes typically have a pore size range of 1–100 nm, with the exact pore size 

tailored to the specific application. The separation mechanism in UF membranes is 

predominantly based on size exclusion or sieving [36]. Molecules larger than the 

membrane pores are retained on the surface or within the porous structure of the 

membrane, while smaller molecules pass through with the permeate stream. 

Modern UF membranes are also often manufactured in hollow fiber or flat sheet 

configurations. Overall, UF is a powerful technology for removing impurities from a 

sample, separating large molecules of interest, or even concentrating them [42].  

Nanofiltration (NF)  

Nanofiltration (NF) membranes operate under moderate pressures (typically 5–20 

bar) and are designed to selectively allow water and certain low-molecular-weight solutes 

to pass through the membrane, while retaining larger solutes such as divalent and 

multivalent ions, organic molecules, and some salts. NF membranes have been 

commercialized since 1980, and their properties are between RO and UF membranes 

[43].  

NF membranes have pore sizes typically in the range of 0.1–1 nm. Their separation 

mechanism combines size exclusion with electrostatic interaction. Consequently, they 

can effectively remove solutes based on both size and charge [44]. For example, they 

reject divalent ions like calcium and magnesium more effectively than monovalent ions 

like sodium and chloride. 

In industrial applications, NF membranes are commonly used in water softening, 

wastewater treatment, and the removal of specific contaminants in the food and beverage 

industry [44]. They are usually configured in spiral wound modules to maximize surface 

area and pressure resistance. The modules are designed for easy integration into existing 

water treatment systems and offer efficient contaminant removal with moderate energy 

requirements. 
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Reverse Osmosis (RO) 

Reverse osmosis (RO) membranes are nonporous membranes designed to allow water 

to pass through the membrane, while retaining salts, dissolved organic matter, viruses, 

and other compounds under high pressure (40–50 bar for seawater and 20 bar for brackish 

water) [45]. They are highly effective at rejecting monovalent salts, such as NaCl, with 

rejection rates between 99 and 99.7%, making them ideal for desalination of seawater and 

brackish water [46]. 

The first RO membranes, developed in the 1960s, were made of cellulose acetate. 

Today, Thin Film Composite Polyamide (TFC-PA) membranes dominate the market [31, 

32]. These membranes are composed of several polymer layers: an ultrathin (~0.2 µm) 

dense polyamide (PA) layer that serves as the selective barrier, a thicker (~40 µm) porous 

PSf layer, and much thicker (~100 µm) non-woven PET layer for mechanical support 

[48]. 

Unlike other pressure-driven membranes with a mechanism of permeation of solutes 

described by sieving through tiny pores, RO membranes use a solution-diffusion 

mechanism [49]. Solutes dissolve in the dense polyamide layer and diffuse through the 

membrane, moving against the concentration gradient. Industrial-scale RO membranes 

are typically produced in a spiral wound module configuration (Fig. 3). This design 

maximizes membrane surface area within a compact space and enhances pressure 

resistance [50]. 

1.4.2 Membrane Bioreactors (MBR)   

Membrane Bioreactor (MBR) systems combine biological wastewater treatment 

processes with membrane filtration, offering an advanced solution for municipal and 

industrial wastewater treatment [51]. Usually, wastewater is subjected to a three-step 

treatment process involving sedimentation of large solid particles in the influent, aerobic 

decomposition of organic substances, and a subsequent sedimentation stage to remove 

biomass. An MBR eliminates the two physical separation stages by filtering biomass 

through a membrane (Fig. 4), resulting in significantly higher water quality than 

conventional treatment methods and eliminating the need for additional tertiary 

Figure 3. Scheme of a spiral wound module configuration. Taken from [50] 
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disinfection processes. In addition, integrating membrane separation with a bioreactor 

offers several distinct advantages, such as a smaller physical footprint, high-quality water 

with consistent properties, and a high concentration of microbes or solids within the 

bioreactor [52]. 

The first MBR systems were developed in the late 20th century, utilizing early 

polymeric membranes [53]. Today, MBR systems use advanced polymeric membranes 

made from materials such as PES, PVDF, and PP, valued for their chemical resistance, 

thermal stability, and mechanical strength. 

The membranes used in MBR systems are typically MF or UF membranes, with pore 

sizes ranging from 0.01 to 1.0 µm [54]. These membranes act as a physical barrier, 

retaining biomass and suspended solids while allowing treated water to pass through. The 

separation mechanism in MBR membranes is primarily based on size exclusion, where 

particles and microorganisms larger than the membrane pores are retained. 

MBR systems are available in two main configurations: submerged (immersed) and 

side-stream. In submerged MBR systems, the membranes are directly immersed in the 

biological reactor, and treated water is drawn through the membranes by suction [55]. 

This design minimizes energy consumption and simplifies system operation. In side-

stream MBR systems, the membranes are located outside the reactor, and mixed liquor is 

pumped through the membranes under pressure. This configuration allows easier 

maintenance and membrane cleaning. 

 

 

 

 

 

 

 

Figure 4. Representation of an automatized aerobic MBR of submerged flat-sheet membrane 
configuration. 

Modern MBR systems incorporate additional components such as aeration systems 

for maintaining microbial activity and preventing membrane fouling, as well as pumps, 

valves, and automated controls for efficient system operation. The membranes themselves 

are often housed in modules that facilitate easy installation, cleaning, and replacement. 

These configurations include: (i) hollow fiber (the most common configuration, 

consisting of a bundle of tiny hollow fibers). Wastewater flows through the inside of the 

fibers, while cleaner water permeates through the fiber walls. (ii) flat sheet (typically 

arranged in a cassette-like configuration). Wastewater flows across the surface of the flat 
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sheets, and permeate water passes through channels between the sheets. (iii) tubular or 

multi-tubular (comprises two main parts, the membrane core equipped with tubes and the 

shroud). 

1.4.3 Electrodialysis (ED) 

ED technology is essentially different compared with pressure-driven processes since 

it is an electrically driven membrane process. ED uses an electric field to drive ions 

through selective ion-exchange membranes (IEM), separating them from the water [56].  

Based on the charge of their fixed functional groups, the IEMs can be categorized into 

two principal groups such as Anion-Exchange Membranes (AEMs) and Cation-Exchange 

Membranes (CEMs) [57]. 

- AEMs contain positively charged groups, allowing negatively charged ions (anions) to 

pass through the membrane, while rejecting positively charged ions (cations). 

- CEMs contain negatively charged groups, allowing positively charged ions (cations) to 

pass through the membrane, while rejecting negatively charged ions (anions). 

CEMs and AEMs are alternately placed in a stack, achieving the separation of cations 

and anions, respectively. This selective permeability is due to the Donnan exclusion effect 

[58], where ions with the same charge as the membrane's functional groups are repelled 

(Fig. 5). 

The IEMs can also be categorized based on the distribution of their functional groups 

into homogeneous and heterogeneous. 

- Homogeneous IEMs have a uniform distribution of ion-exchange sites, facilitating ion 

transport and offering lower electrical resistance. 

- Heterogeneous IEMs have an uneven distribution of ion-exchange sites, potentially 

leading to a more tortuous ion path and higher electrical resistance. However, they often 

exhibit better mechanical properties and can be produced at a lower cost. 

 

 

 

 

 

The performance of ED systems is heavily influenced by the properties of the IEMs 

used. Ideal IEMs for ED should possess high perm-selectivity [59], which is the ability 

CEM AEM Bulk solution 

Polymer matrix with fixed negatively 

charged functional groups. 

Polymer matrix with fixed positively 

charged functional groups. 

Counter-ion (anion) 

Co-ion (cation) 

Figure 5. Scheme illustrating the distribution of the co- and counter-ions between the membranes 

and the bulk solution. Adapted from Strathmann, H, et al., [58]. 
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to selectively transport desired ions while rejecting others; low electrical resistance that 

minimizes energy consumption during the ED process; good mechanical, chemical, and 

thermal resistance that ensures durability and longevity of the membranes under various 

operating conditions; and low production cost, which makes the technology more 

economically viable. 

However, optimizing all these properties simultaneously is challenging, as they often 

have opposing effects. For example, increasing crosslinking can improve permselectivity 

but also leads to higher electrical resistance. Therefore, a compromise must be made 

based on the specific requirements of the ED application. 

1.5 Membrane-based Technologies: advantages and drawbacks: 

Membrane-based technology offers several key advantages, as summarized by 

Sánchez-Arévalo et al. [42]. These include a significant reduction of the energy and 

chemicals invested in the process compared to traditional separation methods such as 

distillation, centrifugation, extraction, and precipitation. Additionally, membranes can be 

tailored to selectively allow certain molecules to pass through the membrane while 

blocking others, providing precise control over separation processes. Furthermore, 

membrane-based technologies are easy to automate, scale up, and combine with other 

processes. These attributes make membrane technology suitable for a wide range of 

applications, including wastewater treatment, water reclamation, medicine, chemistry, 

food processing, concentration of high-added value compounds, and valorization of 

residues.  

However, there are notable drawbacks to membrane-based technology, particularly 

membrane fouling, and limited lifespan [35]. These issues not only increase the 

operational cost of the technologies but also the generation of waste sources. Fouling, 

caused by the accumulation of suspended solids, microorganisms, and organic matter on 

the membrane surface, reduces efficiency and increases maintenance requirements. The 

fouling process is influenced by operational factors such as trans-membrane pressure 

[60], crossflow velocity, temperature [61], feed characteristics (including foulant form 

and size, foulant concentration, and feed pH), and membrane properties (such as 

hydrophilicity/hydrophobicity, roughness, pore size, and pore type) [40]. 

Fouling propensity is commonly assessed experimentally by monitoring permeate 

flux and transmembrane pressure (TMP) [62], as well as by using various models 

developed to study fouling. On the other hand, membrane surface characterization 

techniques such as scanning electron microscopy (SEM) and atomic force microscopy 

(AFM) are also used for fouling analysis. Still, they can only be applied after the 

membrane process is finalized. In that sense, Optical Coherence Tomography (OCT) has 

recently received increased attention as a novel approach for real-time analysis of 

membrane fouling [63]. OCT is a relatively quick, sensitive, non-invasive method that 

provides high-resolution images. It allows the observation of fouling structures on the 

millimeter scale under continuous operation, as shown in Fig. 6 (b), and generates 2D and 

3D scans with short acquisition times of seconds to minutes. The system emits a low-

coherence light source (near-infrared light) that reflects off different structures within the 
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sample as represented in Fig. 6 (a). The interference pattern formed by the reflected light 

waves is processed to produce cross-sectional images of the matter located in the sample 

arm. Hence, OCT devices are point scanners [63]. 

 

 

 

 

 

 

 

 

 

 

Figure 6. (a) Operating principle of OCT. (b) Comparison of techniques to investigate fouling 

structure at different scales, taken from [63]. 

Despite ongoing advancements in fouling-detection techniques and getting a deeper 

understanding of fouling mechanisms, membrane fouling remains unavoidable, leading 

to a reduced membrane lifespan. Specifically, in RO desalination, it is estimated that more 

than 840,000 end-of-life (EoL) RO modules (>14,000 tons of plastic waste) are discarded 

annually, according to Landaburu-Aguirre et al. [64]. Additionally, based on the growth 

rate of the desalination market, Senán-Salinas et al. [65] estimated that by 2025, more 

than 2,000,000 EoL RO modules might be discarded globally. Therefore, plastic waste 

generation and management represent a critical challenge for the sustainable growth of 

the RO desalination industry. In addition, although energy typically represents the largest 

operational expense (OPEX) for RO seawater desalination plants (over 50% of the total 

cost), chemicals and membrane replacement combined can contribute to 15-25% of the 

OPEX, depending on factors such as feedwater quality, operating conditions, and 

membrane lifespan [66]. Consequently, by reducing the frequency of membrane 

replacement, plants can lower their OPEX. Furthermore, extending the membrane 

lifespan not only decreases the demand for new production but also minimizes raw 

material use and waste generation. In this regard, the reuse and recycling of membranes 

may offer an advantage due to their lower cost and the reduced environmental impact 

associated with their production and discharge.  

1.6 Membrane recycling:  

EoL RO management 

The management of the End-of-Life (EoL) membranes is still based on a linear model 

[67], which tends to discard the membranes once their overall performance declines 

(separation capacity, permeability, effluent quality, etc). These modules are commonly 

disposed of in landfills or, less frequently, incinerated for the recovery of energy [68]. 

Incineration is generally regarded as the final method for eliminating plastic waste, as it 

Sample 

Spectrometer  

(a) (b) 
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ultimately converts polymers into CO2 and mineral fractions [69]. However, the 

mentioned methods adversely affect the environmental impacts [70] such as, land 

occupation, generation of greenhouse emissions [69], the production of toxic leachates 

(which can contaminate groundwaters), odors and visual impact, the loss of valuable raw 

materials and energy, and emissions associated to the transport of EoL RO membranes to 

landfill facilities [71]. In this context, membrane technology could be integrated into a 

circular economy model, in concordance with the European Green Deal [72] and the 

priority order of waste management (prevention, reuse, recycling, recovery, and disposal) 

regulated in the European Directive 2008/98/EC. 

The implementation of membrane reuse and recycling strategies presents a promising 

pathway for extending the lifespan of RO membranes and reducing waste. Continued 

research into innovative recycling and modification techniques will further expand the 

potential applications for EoL membranes, contributing to a more sustainable approach 

to membrane management. 

 

Advance in recycled membranes: Transformation from EoL membranes 

TFC-PA RO membranes have remained the gold standard technology for desalination 

and water purification for nearly half a century, as previously mentioned. Polyamide films 

offer excellent water permeability and salt rejection but suffer from poor chlorine 

resistance, high fouling propensity, and low boron rejection [73].  

Under this framework, the Membrane Technology Group of IMDEA Water has 

sought alternatives to reuse, recycle, and recover discarded RO modules. Different 

approaches have been conducted, from the chemical transformation of the spiral wound 

module (direct recycling) to the management and recycling of the individual components 

by the deconstruction of them (indirect recycling) [74].  

 

Direct Recycling 

 

Direct recycling of EoL RO membranes involves intentional degradation of the PA 

layer using oxidizing agents (chemical agents), converting the membrane's functionality 

without altering the original spiral-wound configuration of the module. Rodríguez et al. 

[75] pioneered the concept of converting EoL RO membranes into ultrafiltration 

membranes for wastewater treatment, identifying K7MnO4 as the most effective chemical 

agent. Later, other researchers found sodium hypochlorite to be the best oxidizing agent 

[76]. Another research has focused on transforming EoL membranes into ultrafiltration 

or nanofiltration membranes by controlling chlorine exposure time [77]. Molina et al. 

[78] confirmed that an exposure level of 30,000 ppm·h effectively removed the PA layer, 

revealing the polysulfone substrate with nanopores around 13 nm in diameter. García-

Pacheco et al. [79] explored the conditions defining the transition between RO, NF, and 

UF properties characterizing the membranes using a mixed solution of synthetic brackish 

water. The degree of degradation determines the resulting membrane properties, with 

lower exposure doses leading to NF-like properties and higher doses resulting in UF-like 

properties (Fig. 7). 
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Figure 7. Schematic representation of EoL RO membrane transformation to NF and UF 

membranes. 

These recycled UF and NF membranes have been successfully validated in brackish 

water desalination [80], RO pretreatment, tertiary wastewater treatment, and household 

water treatment systems. 

However, while direct recycling of EoL RO membranes offers a promising approach, 

it may not always be feasible due to the degree of degradation or damage caused by 

chemical exposure, fouling, or physical wear. This can result in the membrane 

performance falling below acceptable levels for direct recycling applications. To address 

this challenge, indirect recycling has emerged as a complementary strategy. 

 

Indirect Recycling 

 

Indirect recycling involves deconstructing RO modules to separate their components 

for individual management. Plastic parts can be incorporated into existing recycling 

streams, while the recovered flat sheet membranes offer greater versatility for 

transformation [70]. 

Both nanofiltration- and ultrafiltration-like properties have been obtained from 

discarded RO membranes in flat sheet configurations by controlling the exposure time to 

the chemical agent [79]. Furthermore, several recycling routes of these transformed 

membranes have been explored, enhancing their applicability across various processes. 

For instance, Contreras et al. [81] employed electrospinning to apply a polyvinylidene 

fluoride nanofibrous layer using recycled UF membranes as support. These membranes, 

used in Direct Contact Membrane Distillation (DCMD), achieved high salt rejection rates 

(99.99%). Further, Contreras et al. [82] tested recycled UF membranes for Forward 

Osmosis (FO) applications in wastewater treatment. These recycled membranes were 

modified by interfacial polymerization with polyamide or polyester layers. The recycled 

membranes exhibited similar characteristics to commercial FO membranes and achieved 

higher rejection rates of humic acids (HA) and NaCl compared to some commercial 

alternatives. 

In other studies, Morón-López et al. developed biofilms on recycled UF and NF 

membranes to degrade microcystins (MC) [83,84]. These bioactive membranes were 

implemented in membrane biofilm reactors, successfully removing 2 ppm of MC within 

24 hours. This method also proved to be economically competitive compared to 

conventional treatments. 

Rodríguez-Sáez et al. [85] explored a new application for flat-sheet recycled UF 

membranes. Specifically, the authors conducted a proof-of-concept study regarding their 
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performance as submerged flat-sheet membranes in an aerobic MBR system, focusing on 

membrane permeability, permeate quality, and membrane fouling behavior [85]. As the 

first feasibility study of this kind, it demonstrated the potential application of recycled 

UF membranes submerged in aerobic MBR, highlighting their promise as a sustainable 

alternative in wastewater treatment. In a follow-up study, the same authors conducted 

long-term experiments to further validate the recycled UF membranes for MBR 

application. The results confirmed that recycled UF membranes can be successfully 

implemented in aerobic MBR systems for wastewater treatment, offering a sustainable 

and cost-effective alternative to commercial membranes while addressing common 

challenges such as membrane fouling and replacement needs [86]. 

Additionally, AEMs have been prepared from EoL RO membranes, focusing on their 

applications and recycling methodologies. A pioneering research study introduced a new 

recycling method using EoL RO membranes as support for AEMs [87]. This process 

involved casting a polymeric mixture containing a polymer binder and anion-exchange 

resin onto these recycled UF membranes. The AEMs obtained from recycled UF 

membranes were validated by comparison with commercial anion-exchange membranes 

(Ralex®). They have been studied in applications such as electrodialysis, selective 

electro-separation of nitrate [88], and nitrate removal from drinking water using Donnan 

Dialysis [89] and Ion-Exchange Membrane Bioreactor systems [90]. 

These advancements in modifying and applying recycled membranes through indirect 

recycling highlight their potential to effectively replace or complement conventional 

water treatment methods, underscoring their versatility and efficiency in various 

environmental and industrial processes. This innovative approach not only recycles waste 

materials but also contributes to the advancement of membrane technology and supports 

the transition toward a Circular Economy.  

This doctoral thesis builds upon prior research efforts in the application of recycled 

membranes within ED and MBR systems, extending their use to address new 

environmental challenges and establishing a clear link between past work and this current 

investigation into sustainable, membrane-based water treatment technologies. The 

research aims to explore innovative solutions for water scarcity through advanced 

membrane technologies, focusing on wastewater treatment systems. Specifically, it seeks 

to recover valuable compounds, such as nitrate (NO₃⁻), present in wastewater and to 

remove emerging contaminants, such as nanoplastics. Each technology applied is based 

on the use of recycled membranes at a laboratory scale. The scope and outline of the 

thesis are further detailed in Chapter 2. 
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CHAPTER II: Scope and outline of the Thesis 

 

2.1 Justification of the Thesis 

 

This study builds upon extensive research into innovative recycling methods for end-

of-life RO membranes, previously developed by the Membrane Technology Research 

Group at the IMDEA Water Foundation. Specifically, the thesis focuses on validating 

recycled membranes obtained through indirect recycling processes. Indirect recycling 

becomes particularly valuable when other management options, such as direct reuse or 

direct recycling, are not feasible. This approach involves deconstructing discarded RO 

membrane modules, enabling the individual management and transformation of their 

components [70]. Overall, indirect recycling represents an innovative pathway that aligns 

with the principles of the Circular Economy, supporting advancements in water and 

wastewater treatment technologies. 

The indirect recycling approach offers versatile applications from NF and UF systems 

to the creation of novel products, such as functional AEM. In this context, this thesis is a 

direct continuation of previous studies focused on:  

(i) The development of recycled AEM, produced by applying a polymeric 

mixture (comprising a binder and anion-exchange resin) onto recycled UF 

membranes [91]. 

(ii) The use of recycled UF membranes as submerged flat-sheet configurations 

in membrane bioreactor (MBR) systems  [85,86]. 

Further, building on the significant foundational contributions of prior research in 

indirect recycling of end-of-life RO membranes, and within the framework of two 

national projects (INREMEN 2.0 and nanoCLEAN), this thesis aims to validate the 

performance of newly developed recycled membranes in wastewater treatment 

applications. The primary focus is on integrating these membranes into existing 

wastewater treatment systems to tackle challenges such as water pollution and the 

recovery of valuable compounds. By doing so, this work contributes to the development 

of sustainable, cost-efficient, and environmentally friendly water treatment practices. 

The objectives of this thesis will be further detailed in the following subchapter, which 

provides a structured breakdown of the research goals and methodologies. 

2.2 Research objectives and Thesis outline 

In light of the aforementioned, this thesis aims to further validate and enhance the 

performance of recycled membranes, contributing to more sustainable and efficient 

wastewater treatment solutions. Specifically, this work addresses two major water 

contamination challenges: high salt loads in wastewater systems and the presence of 

emerging contaminants in wastewater. The research framework is represented in Fig. 8. 

2 
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Chapter III (Scientific paper I): Nutrient recovery from urban wastewater: 

recycled membrane validations. This chapter evaluates the potential of recycled 

membranes for the remediation of saline urban wastewater, comparing their performance 

with commercial membranes. The main objectives of this study are: 

- To validate the feasibility of NF and ED recycled membranes-based processes 

for the remediation of saline urban wastewater (UWW). 

- To investigate the overall performance and application potential of studied 

recycled membranes compared to commercial ones. 

- To assess the water quality of effluents from both NF and ED processes to 

determine suitability for water reuse for irrigation. 

Chapter IV (Scientific paper II): Fouling study of Ultrafiltration Membranes 

by Optical Coherence Tomography for membrane selection. This study investigates 

fouling behaviors of polyethersulfone (PES), regenerated cellulose (RC), and recycled 

PES membranes during filtration of wastewater containing polystyrene nanoparticles and 

bovine serum albumin applying the OCT technique. The main objectives of this study 

are: 

- To better understand the membrane fouling mechanism of polystyrene 

nanoparticles on ultrafiltration membrane surfaces through real-time, non-

invasive OCT technique. 

- To study the effect of membrane properties (membrane materials, surface 

charge, molecular weight cut-off) on membrane fouling and membrane filtration 

performance. 

Chapter V (Scientific paper III): Emerging pollutants removal from urban 

wastewater: study of Membrane Bioreactor. Finally, this study investigates the 

removal of PS-NPs using microfiltration, commercial ultrafiltration, and recycled 

ultrafiltration membranes submerged in a lab-scale aerobic membrane bioreactor 

(aMBR). The main objectives of this study are: 

Tecnologies based on Recycled Membranes

Emerging Pollutants such as 
Nanoplastics

(Chapter IV & Chapter V)

Cross-Flow filtration by
UF membranes (OCT)

MBR (MF and UF 
membranes)

Remediation of saline 
urban wastewater 

(Chapter III)

ED and cross-flow
filtration by NF 

membrane

Research 

Stay 

Figure 8. The research framework of the present thesis. 
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- To study the efficacy of submerged MBR systems for the removal of 

nanoplastics from urban wastewater. 

- To compare the performance of recycled UF membranes with commercial UF 

membranes. 
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Abstract: One of the alternative sources to tackle the problem of water shortage 

is the use of reclaimed water from wastewater treatment plants for irrigation 

purposes. However, when the wastewater has a high conductivity value, it 

becomes unusable for crop irrigation and needs a more specific treatment. In 

this work, recycled nanofiltration (rNF) membranes and anion-exchange 

membranes (rAEMs) obtained from end-of-life RO membranes were validated 

to evaluate their application capability in saline wastewater treatment. The use 

of recycled membranes may represent an advantage due to their lower cost and 

reduced environmental impact associated with their production, which 

integrates membrane-based technology into a circular economy model. Both 

recycled membranes were tested in crossflow filtration and electrodialysis (ED) 

systems. The results of the rNF membrane showed a high selective rejection of 

divalent ions (SO42− (>96 %) and Ca2+ and Mg2+ (>93 %)). In the case of the ED 

process, the comparison between rAEMs and commercial membranes showed 

an appropriate demineralization rate without compromising the power 

consumption. Finally, the quality of both system effluents was suitable for 

irrigation, which was compared to the WHO guideline and validated by the 7-

week lettuce crop study. 

Keywords: circular economy; membrane recycling; nanofiltration membranes; 

nanofiltration; anion-exchange membranes; electrodialysis; wastewater 

treatment 
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1. Introduction 

Water scarcity is a big problem because the demand for the available water 

exceeds the conventional water resources due to population growth, climate changes, 

and ongoing industrialization. Under this context, the use of reclaimed water from 

wastewater treatment plants (WWTPs) as a source of irrigation water is an important 

strategy to ensure water security in many regions experiencing water scarcity issues 

[92]. The advantage of water reuse is directly connected to the avoidance of using 

drinking water for irrigation, reducing the over-extraction of surface and groundwater, 

and decreasing its dependence on climate change by using sustainable water resources 

[93]. However, it is estimated that around 5 % of the total worldwide influent of 

WWTPs comprises saline and hypersaline wastewater quality [94]. In agriculture and 

water studies, electrical conductivity (EC) is used as an indicator of soil and water 

salinity. The EC values above 3000 µScm-1 are considered high values in water for 

irrigation purposes, representing a high risk for the yield of crops and for the structure 

and permeability of the soil [95]. Very high values of EC (hardness of water) in 

WWTPS effluents are commonly provided by various sources such as seawater 

intrusion, aquaculture, agriculture, and saline wastewater dischargement of various 

industries (i.e., petroleum and gas extraction, leather manufacturing) [96]. If water 

with high conductivity is applied to soil, it could have negative consequences such as 

reduced plant productivity, crop failure, and in extreme cases, death of vegetation 

[97,98]. Therefore, reclaimed water for agriculture, particularly for irrigation, should 

obey water quality guidelines and requires the development of a proper water 

management strategy. Consequently, to improve the quality of the WWTP secondary-

treated wastewater effluents, advanced technologies must be applied. 

Among the different technologies, membrane-based technologies are especially 

attractive for saline wastewater regeneration due to their intrinsic desalination 

capability, flexibility, and high permeate quality. Nor Naimah et al. [96] summarized 

the different applications of membrane-based processes in saline wastewater 

treatment. Within membrane processes operated under pressure-driven mode, there is 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis 

(RO). MF and UF membranes are normally used to remove high-molecular-weight 

compounds (e.g., particulate matter and bacteria) from the water as the sole treatment 

process or pre-treatment for other processes due to the larger pore size [99,100], which 

implies that they fail to remove dissolved ions. On the contrary, NF and RO 

membranes with a tighter pore size are compelling for the separation of inorganic salts 

and small organic molecules. RO has been known for its capability to reject almost 

all impurities in the water, which leads to the use of RO to desalinate seawater and 

brackish water to produce drinking water. Compared to RO, the property of the 

charged surface of NF allows reducing hazardous electroconductivity values in 

wastewater treatment by exerting electrostatic repulsion toward multivalent ions 

[101]. Those characteristics of NF membranes have led to the implementation of NF 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/microfiltration
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ultrafiltration
https://www.sciencedirect.com/topics/chemical-engineering/nanofiltration
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/reverse-osmosis
https://www.sciencedirect.com/topics/engineering/electrostatic-repulsion
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as a tertiary treatment for olive oil mill wastewater, for removing dyes in the textile 

industry, and as a treatment to recover useful resources from the wastewater (e.g., 

fractional process of humic substances, sulphates from tannery wastewater) [96]. Nor 

Naimah et al. [96] also highlighted electrodialysis (ED) as another promising 

membrane-based separation that can be used in saline wastewater treatment. The ED 

technology is essentially different compared with pressure-driven processes since it 

is an electrically driven membrane process, where cation- and anion-exchange 

membranes are alternately placed in a stack, achieving the separation of cations and 

anions, respectively [56]. However, its application in wastewater treatment such as 

oil and gas effluent, leachate, textile, and tannery wastewater has also been reported. 

Despite the promising performance of membrane technologies, they still deal with 

drawbacks such as fouling issues and limited lifespan, which increase not only the 

operational cost of the technologies but also the generation of waste sources. In this 

regard, the use of recycled membranes may represent an advantage due to their lower 

cost and the reduced environmental impact associated with their production. In this 

sense, membrane technology could be integrated into a circular economy model, in 

concordance with the European Green Deal [72] and the priority order of waste 

management (prevention, reuse, recycling, recovery, and disposal) regulated in the 

European Directive 2008/98/EC. 

An innovative approach in membrane recycling was proposed since the 

introduction of the concept of transformation of end-of-life membranes into 

ultrafiltration membrane in 2002 [102]. Different studies have given a second life to 

discarded RO membranes by the transformation of spiral wound module 

configuration into recycled NF- and UF-like membranes [103–105]. Those recycled 

UF membranes were tested to treat wastewater [103] and gray water reclamation 

[106], while recycled NF membranes were tested for brackish water treatment [107]. 

In addition, other studies proposed the deconstruction of the spiral wound 

configuration to enable the individual management and valorization of the membranes 

and other plastic components of the RO module (e.g., polypropylene feed spacers). 

Under this last approach, anion-exchange membranes (AEMs) have been prepared by 

upcycling discarded RO membranes and have been validated as proof of concept in 

the ED process [108,109]. In that sense, the technical viability of the recycled AEM 

was shown to be viable in brackish water desalination experiments with a synthetic 

solution of NaCl, obtaining 84.5 % of salt removal [108]. 

Even though there is a recognized potential of the recycled membranes, it is still 

required to investigate whether the recycled membranes have overall performance 

characteristics and application capabilities comparable with the performance of 

commercial membranes. In addition, wastewater regeneration is perfectly integrated 

within the circular economy definition, and hence, it is in very good alignment with 

the membrane recycling approach. Therefore, the present work aimed to make one 

further step in evaluating the implementation of recycled membranes previously 

developed by our research group (i.e., recycled NF membrane and recycled AEM) in 

https://www.sciencedirect.com/topics/chemical-engineering/desalination
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NF and ED processes for saline urban wastewater (UWW) remediation to obtain water 

for crop irrigation. The quality of both system effluents was evaluated by comparing 

the quality of the water reused for irrigation, which is based on the guideline of the 

World Health Organization (WHO) [93]. To further validate the quality of the 

effluents, the obtained regenerated waters using recycled membranes were studied for 

the first time for lettuce cultivation. 

2. Materials and Methods 

 

2.1. Wastewater Sample 

 

The feed used in this work was synthetic saline wastewater. The recipe was 

prepared based on the data analysis from an urban WWTP on the Levante coast in 

Spain, which confronted a salinity intrusion issue. The real UWW samples were 

collected every month over three years from the secondary clarifier tank of the plant, 

where wastewater is biologically treated by the conventional activated sludge. The 

UWW in this study contained Cl− (1220 mg L−1), NO3
− (57.22 mg L−1), SO4

2− (263 

mg L−1), Na+ (694 mg L−1), K+ (40 mg L−1), Ca2+ (204 mg L−1), and Mg2+ (99.9 mg 

L−1) with a pH of 7.16–7.85 and electrical conductivity (EC) of 4830–5237 µS cm−1. 

2.2. Chemical Reagents 

Sodium hypochlorite (NaClO, 14 %), sodium hydrogen phosphate (NaH2PO4), 

sodium chloride (NaCl), calcium chloride dihydrate (CaCl2∙2H2O), magnesium 

sulfate heptahydrate (MgSO4∙7H2O), sodium hydrogen carbonate (NaHCO3), 

potassium nitrate (KNO3), sodium nitrate (NaNO3), calcium carbonate (CaCO3), 

magnesium chloride hexahydrate (MgCl2∙6H2O), potassium sulfate (K2SO4), sodium 

sulfate (Na2SO4), calcium sulfate dihydrate (CaSO4∙2H2O), boric acid (H3BO3, 0.5 

%), hydrogen peroxide (H2O2, 30 %), and chloride acid (HCl, 0.1 M) were purchased 

from Scharlab S.L., Barcelona, Spain. The ultrapure water (Milli-Q) used in the 

experiments was obtained from Millipore, Molsheim, France, equipment 

(conductivity less than 0.055 µS cm−1). 

Polyvinyl chloride (PVC, Mw 112,000 g mol−1) was supplied by ATOCHEM, 

Madrid, Spain. Tetrahydrofuran (THF) was purchased from Scharlab S.L. Amberlite® 

IRA-402 (Cl− form, total exchange capacity ≥ 1.0 mol L−1) was supplied by Merck 

Life Science, Darmstadt, Germany, S.L.U. 

2.3. Preparation of Membranes 
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Following the protocols previously reported in [88,110], recycled nanofiltration 

membranes (rNF) and recycled anion-exchange membranes (rAEMs) were prepared 

[104,108]. For this purpose, the membrane coupons (~315 cm2) were extracted from 

discarded 8″ diameter RO membrane spiral wound module (TM720-400, Toray 

Industries, Inc., Osaka, Japan) by membrane autopsy explained elsewhere [104]. 

Then, the passive transformation protocol was followed [104] at different exposure 

doses (detailed below) to obtain rNF and recycled ultrafiltration (rUF) membranes 

(see Figure 9). 

 

The oxidizing agent for membrane transformation was NaClO (14 %), and the free 

chlorine concentration was analyzed using a Pharo 100 Spectroquant 

spectrophotometer before membrane exposure. The feed and permeate spacers from 

the end-of-life RO module were also reused for the NF and ED processes, as is 

specified in Sections 2.4.1 and 2.4.2. 

2.3.1. Recycled Nanofiltration Membranes 

 

The rNF membrane transformation was conducted using an exposure dose of 8000 

ppm h of NaClO solution at room temperature (~21 °C). This exposure dose ensured 

the total elimination of the fouling and the partial elimination of the polyamide thin 

film layer of the discarded RO (Figure 9), as it has been widely investigated 

previously by our research group [111,112]. To ensure partial removal of the 

polyamide layer (PA) and check the achievement of rNF membrane properties, 

attenuate total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was 

used (Perkin-Elmer RX1 spectrometer) (Perkin-Elmer, Waltham, MA, USA) (Figure 

S1), and some characterizations tests were carried out (see the Supplementary file, 

Section S1). 

Figure 9. Schematic representation of membrane preparations (rNF and rAEM membranes). PA, 

polyamide; PSF, polysulfone; PET, polyester. 
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2.3.2. Recycled Anion-Exchange Membranes 

 

The preparation of the rAEM was conducted following the procedure previously 

reported by Lejarazu-Larrañaga et al. [108]. Briefly, the first step was to obtain the 

rUF membranes for their use as mechanical support. The transformation into rUF 

membranes was conducted with an exposure dose of 500,000 ppm h NaClO solution 

at room temperature (~21 °C). It was verified that the thin film PA layer was 

completely removed by employing the ATR-FTIR technique (Figure S1). The 

polymeric mixture employed was prepared using the following chemicals: (i) PVC as 

a polymer blinder, (ii) THF as the solvent, and (iii) Amberlite® IRA-402 as anion-

exchange resin. Then, the membranes were prepared using a casting knife and 

extending an 800 µm thick polymeric mixture on the surface of the rUF membrane. 

Subsequently, the solvent was evaporated for 60 min at room temperature, and the 

membranes were finally immersed in a water bath at 20 °C. The performance of the 

rAEM was compared with a commercial AEM, in this case, Ralex® AMH-PES from 

Mega a.s., Czech Republic. This membrane (Ralex® AMH-PES) was selected as a 

reference as long as it had a heterogeneous structure, like the prepared rAEM, which 

included conducting and non-conducting regions [113]. Indeed, the type of the 

structure (heterogenous membrane) of the prepared membrane was observed by SEM 

and compared with a heterogenous Ralex® AHM-PES membrane, which was reported 

previously and can be found in [108]. 

 

2.4. Membrane Performance in UWW Treatment 

 

2.4.1. Nanofiltration Experiments 

 

Crossflow flat-sheet membrane system (from IBERLACT S.L., Alcalá de 

Henares, Spain) used to perform the NF tests for the filtration of the synthetic UWW 

is represented in Figure 10a. The system has a high-pressure pump, a 25 L feed 

reservoir, and a tubular heat exchanger with a temperature controller. The NF 

membrane with an effective membrane filtration surface of 84 cm2 was placed into a 

flat-sheet stainless steel RO test cell, arranging the permeate and feed spacers from 

the discarded RO module in the same position as in the original module. The UWW 

feed and permeate conductivity were measured every 10 min as described in Section 

2.6. 
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Figure 10. Diagram of (a) NF system (T, temperature; EC, electric conductivity; P, pressure) 

and (b) ED system (C, cation-exchange membranes; A, anion-exchange membranes). 

For the NF assays (based on recycled membranes), the coupon was compacted 

with a total UWW feed volume of 5 L, a flow rate of 3.9 L min−1, a temperature of 25 

°C, and 10 bar transmembrane pressure (TMP). The permeate samples were returned 

to the feed tank to hold the feed solute concentration. Then, when the steady state was 

reached (after the first 60 min), feed and permeate samples were taken every 10 min 

for analysis. Individual ion concentration was measured as it is described in Section 

2.6. The permeance of the membrane (𝑃, L m−2 h−1 bar−1) was calculated from the 

solution flux and the applied pressure [114]. 

𝑃 =
(𝑚

𝜌⁄ )

𝑆 ∙ 𝑡 ∙ 𝑝
 (1) 

where 𝑚 is the sample weight (g), 𝜌 is the density value of the solution at room 

temperature (g L−1), 𝑆 is the effective surface of the membrane (m2), 𝑝 is the pressure 

applied during the crossflow filtration (bar), and 𝑡 is the experimental time (h). 

Salt rejection was calculated by measuring the conductivity of the feed (𝐶𝑓) and 

the permeate (𝐶𝑝) as is indicated in the following equation [104]: 

 

(a) 

 

(b) 
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%𝑅 = (1 −
𝐶𝑝

𝐶𝑓

) ∙ 100 (2) 

Both (permeance and salt rejection) were calculated with an average of at least six 

measurements (relative error ˂5 %), and by repeating the experiments 3 times with 3 

different membrane coupons. 

2.4.2. Electrodialysis Experiments 

 

The ED schematic diagram and the stack configuration are represented in Figure 

10b. Therein, 5 cation-exchange commercial membranes and 4 anion-exchange 

membranes (thus, 4 cell pairs) were alternatively arranged between two electrodes. 

Two different stack configurations were tested, the first one using a commercial 

cation-exchange membrane (Ralex® CMH-PES, from Mega a.s., Czech Republic) and 

rAEM, and a second one assembled using only commercial membranes (CMH-PES 

and AMH-PES). The electrodes were a dimensionally stable electrode (DSE, titanium 

coated with iridium oxide) for the anode (Inagasa S.A., Barcelona, Spain) and a 

stainless-steel electrode for the cathode (Tamesanz®, Madrid, Spain). The effective 

area of each membrane was 16 cm2. To ensure a tortuous configuration for the 

solutions path and separate the membranes, allowing complete mixing and air removal 

in the ED stack [115], the reused polypropylene spacers (0.8 mm thick, 3 mm mesh 

size) from the end-of-life RO membrane were arranged between the membranes in all 

the experiments. 

In this study, the experiments were carried out at constant voltage in a batch mode 

at room temperature (~21 °C). The synthetic UWW solution was used as feed for the 

diluted compartment. Na2SO4 solution (with a conductivity similar to the diluted 

solution) was fed in the concentrated chamber. The relation of volume 

concentrate:dilute (Vc:Vd) was 500:500 mL. A 4 g L−1 Na2SO4 solution was used for 

both electrode compartments, connected to the same reservoir to avoid pH changes 

and the potential drop in the ED system. A peristaltic pump HEIDOLPH PD 5206 

with a multichannel head circulated the solutions throughout the membranes and 

anolyte/catholyte chambers, maintaining a uniform flow rate of 20 mL min−1. The 

power supply was an EA-PS 5080-10 A (0–80 V) from EA Elektro-Automatik, 

Viersen, Germany. The voltage value applied and current variation values were 

recorded from an Amprobe AM-540-EUR and an Amprobe AM-500-EUR 

multimeter, respectively. In order to determine the applied operational voltage and the 

limiting current density (LCD), the same feed solutions were passed through the 

system. The initial voltage was 0 V and it was increased stepwise up to 30 V, and the 

resulting current was recorded for each voltage. 

In all ED assays, the membranes inside the ED stack were previously equilibrated 

with the synthetic UWW solution for 24 h. Before the experiments, the working 

solutions were replaced with new ones and circulated throughout the system for 30 

min without an applied electrical current for the homogenization of the solutions. 
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Then, samples were taken from dilute and concentrate reservoirs, analyzed, and 

recorded as the initial value. Throughout the experiments, samples of concentrate and 

dilute solutions were taken periodically without exceeding 10 % of the total dilute 

volume variation in each test. Elemental parameters (pH and EC) and concentration 

of individual ions (Cl−, NO3
−, SO4

2−, Na+, K+, Ca2+, and Mg2+) were measured for each 

sample, following the methodology specified in Section 2.6. 

The specific energy consumption (𝐸𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛, kW h m−3) of the process was 

calculated as [116]: 

𝐸𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =
𝑈

𝑉𝑑

∫ 𝐼 𝑑𝑡
𝑡

0

 (3) 

where 𝑈 is the potential applied to the ED cells (V), 𝐼 is current (A), 𝑉𝑑 is the initial 

volume of the dilute solution (m3), and 𝑡 is the ED operation time (h). In this case, the 

integration (which is defined as Riemann integral) was solved as the calculation of 

the area under the curve (plotted I vs. t) as follows: 𝐼(𝑡) ≈ ∑ [
𝐼(𝑡𝑓)+𝐼(𝑡𝑖)

2
(𝑡𝑓 − 𝑡𝑖)]𝑡

0 , 

where 𝐼(𝑡) is a function defined over the positive interval between 0 and the 

experimental time and (𝑡𝑓 − 𝑡𝑖) is the difference in the time of the evaluated range. It 

should be mentioned that the energy consumption only included the operational 

energy consumed by the demineralization process evaluated. 

 

The demineralization rate (%𝐷𝑅) indicates the total amount of salt removed, and 

it was calculated according to the following equation [117]: 

%𝐷𝑅 = [1 −
𝜅𝑡

𝜅𝑜

] ∙ 100 (4) 

where 𝜅𝑜 and 𝜅𝑡 are the initial conductivity and conductivity over time of the dilute 

chamber, respectively. 

To observe and compare the surface morphologies of the rAEM and their stability 

in the implementation in ED to treat UWW, scanning electron microscopy (SEM) was 

employed (details in Supplementary Material).  

2.5. Irrigation of Lettuce  

 

Lettuce (Lactuca sativa L. var. longifolia) plants, belonging to a Romaine type 

(Chatelaine), were grown for 7 weeks in a controlled climate growth cabinet (1 m3 

size). Lettuce seedlings were selected and transplanted when they presented 4 to 5 

definitive leaves, between 9 to 15 cm maximum heights. The soil used was standard 

soil 5M (from Lufa Speyer), and the main characteristics are summarized in Table 2. 

Standard soils are frequently used for pot experiments in the laboratory and the field. 

The low level of available N was suitable for the sake of comparison of the treatments. 

Each pot contained 1750 ± 0.19 g of soil and 374 ± 0.22 g of gravel placed at the 
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bottom as a filter bed. The pots were arranged in a completely randomized design; see 

Figure S3 in the supplementary file. 

 

       Table 2. Chemical and physical characteristics of standard soil 5 M 1. 

Parameters Standard Soil 5M 

Soil type Sandy loam 

Sampling date 20/07/2021 

pH value (0.01 M CaCl2) 7.4 ± 0.1 

Organic carbon (% C) 0.88 ± 0.18 

Nitrogen (% N) 0.11 ± 0.03 

Max. water-holding capacity (g/100 g) 41.8 ± 5.3 

Weight per volume (g/1000 mL) 1219 ± 88 

Cation-exchange capacity (meq/100 g) 8.5 ± 0.25 

Particle size distribution (mm) according to USDA (%) 

<0.002             0.002-0.05              0.05-2.0 

11.9 ± 1             31.6 ± 3.2               56.5 ± 3.3 
1 Data taken from the supplier (Lufa Speyer) [118]. 

Three different treatments were established with four replicates (plants) each: (i) 

irrigation with fresh water (tap water, TW), (ii) irrigation with reclaimed water by 

rNF membrane (IRR), and (iii) irrigation with reclaimed water by ED using rAEM 

(fertigation, FRT). Throughout the experiment, the temperature (23 ± 1 °C), a 

photoperiod of 16/8 h (light/darkness), and photosynthetically active radiation (280 

µmol m−2 s−1) were recorded. Each lettuce was irrigated using the drip system installed 

0.05 m from the lettuce plant. 

After a cultivation period of 49 days, shoots were cut from each plant at the soil 

level (this can be observed in Figure S4). The growth and yield of the lettuce plants 

were evaluated through the measurement of head diameter, fresh and dry biomass, 

and uptake of macroelements.  

2.5.1. Statistical Analysis 

 

Data were analyzed statistically using a statistical significance level of 0.05 by 

ANOVA for the main treatments. The comparison between the treatments was 

evaluated through analysis of means (Tukey–Kramer test; p < 0.05) to identify the 

differences [119]. 

2.6. Analytical Methods 
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The main parameters for wastewater analysis were measured in the initial 

synthetic UWW and samples collected from the effluents of NF and ED assays, 

according to Standard Methods [120], which included EC, pH, anions (Cl−, NO3
−, and 

SO4
2−), cations (Na+, K+, Ca2+, and Mg2+), and sodium adsorption ratio (SAR). The 

conductivity values of solutions were measured by a conductivity meter CM 35 

(Crison Instrument, Barcelona, Spain) and the individual ion concentrations by a 930 

advanced compact IC Metrohm Ionic Chromatograph. 

Prior to the determination of macroelement uptake by the lettuce, the harvested 

plants were frozen and then freeze-dried using a LyoMicron −80 °C freeze-dryer in 

order to remove the water present in the lettuce. Hereafter, 100 mg of plant dry mass 

was taken in a quartz digestion vessel to which 1 mL of boric acid (0.5 %), 2 mL of 

H2O2 (30 %), 0.2 mL of HCl (0.1 M), and 6.8 mL of MilliQ water were added. 

Subsequently, the samples were digested in the microwave oven (ETHOS One de 

Milestone) at 190 °C.  

The SAR equation is used to predict irrigation water sodium hazards. SAR is the 

ratio of sodium to calcium and magnesium concentration (meq L−1) and is calculated 

as [121]: 

𝑆𝐴𝑅 =
[𝑁𝑎+]

√0.5 ([𝐶𝑎2+] + [𝑀𝑔2+]) 
 (5) 

However, the SAR parameter is not of significant value itself to predict the impact 

of irrigation water on soil. Either EC or SAR affects water infiltration in soil; hence, 

both must be considered in evaluating water quality for irrigation (Table S2). In 

general, sodium hazard increases as SAR increases and EC decreases [121]. 

3. Results 

 

3.1. UWW Treatment by rNF Membranes 

 

To study the rNF membrane performance in tertiary treatment of UWW 

(composition detailed in Table 3), the quality of the treated effluent in terms of salinity 

was evaluated. Figure 11 shows the rNF membrane permeance over the experiment 

and the total salt rejection (in terms of solution conductivity). 

 

Table 3. Characteristics of the synthetic solution and the effluents of NF and ED 

technologies. 

Water Source Conductivity (dS m−1) 
Ionic Compound (ppm) 

Cl− NO3
− Na+ K+ Ca2+ Mg2+ 

Synthetic UWW 4.90 (±0.1) 1224.8 68.21 694 47.20 209 102 

Permeate of rNF 0.98 (±0.02) 249 24.20 153 14.50 14.10 6.86 

Product of ED  

(rAEM–CMH-PES) 
1.93 (±0.1) 390 22.90 320 23.60 52.90 29.20 



Chapter III 

 

31 

  

 

 Figure 11. Conductivity rejection (CR) and permeance (Jv) in the function of time 

(t) for the recycled NF membrane. 

Regarding permeance, we could see two different trends in the curve (Figure 11). 

The linear trend with a surge over the first 60 min (from 10.8 to 7.8 L m−2 h−1 bar−1) 

was due to the compaction of the membrane after its transformation. Then, the region 

where the steady state was achieved (after 60 min) reached the permeance value of 

4.89 L m−2 h−1 bar−1 (with an error <1 %) after 120 min. In addition, as it is represented 

in Figure 11, the total salt rejection was maintained at around 80 % (decrease in 

electrical conductivity) during the experiment. This result is comparable with a 

commercial NF membrane performance [4,33]. 

At 140 min of crossflow filtration, samples were taken and analyzed. The rNF 

membrane showed a high selective rejection of SO4
2− ions (>96 %) and very high 

calcium and magnesium separation coefficients (>93 %), in concordance with 

preliminary characterization tests presented by García-Pacheco et al. [104]. Regarding 

the rejection of monovalent ions, it showed more significant monovalent separation 

coefficients: 80.02 % for Cl−, 66.44 % for NO3
−, and 74.54 % for Na+. 

3.2. UWW Treatment by ED Applying rAEM  

 

3.2.1. Determination of the Operating Voltage and LCD 

 

LCD is a critical operating parameter that controls, among other parameters, the 

optimal demineralization efficiency [122]. The current–voltage curve was 

experimentally measured in the stack configuration assembled with CMH-PES and 

the prepared rAEM to determine the LCD, using the UWW as feed solution (Figure 

12a). Typically, the current increases linearly at low voltage (Ohmic’ s region), then 

the increase rate reduces to reach a ¨plateau¨ (LCD region), and finally, the current 

density increases again (over-LCD region). However, measurements in a multi-cell 

stack often do not show a clear indication of the slope-changing point. Therefore, the 

Cowan–Brown method was also applied to verify the LCD value by plotting the 

overall resistance versus the reciprocal current density (Figure 12b) [123]. 
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Based on the intersection points in Figure 12a, the LCD was identified as equal to 

1.90 mA cm−1 at the voltage of 8.77 V (2.19 V/cell pair). The same LCD value was 

defined by the resistance −1/I graph, in which the LCD was considered as the lowest 

point on the curve as shown in Figure 12b (show up with the arrow). The boundary 

layer resistance drastically increases in the LCD region because of the complete 

depletion of the salt at the membrane surface facing the dilute solution [124]. Above 

LCD, a non-desired phenomenon of water-splitting occurs, which affects drastically 

the efficiency of the process and can provoke irreversible damage to ion-exchange 

membranes due to pH changes [125]. 

Therefore, in this study, the experiments were carried out below the LCD to 

maximize current efficiency, minimize the boundary layer effect caused by the 

concentration gradient, and compare testing results. The literature considers the range 

between 60 and 80 % of the limiting voltage the safer operating voltage [125,126]. 

Thus, the experiments were run at around 80 % of the limiting voltage (1.7 V/cell 

pair). 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2. rAEM Evaluation 

To study the performance of rAEM in UWW remediation, the stack was 

assembled by 5 CMH-PES and 4 rAEM (thus, 4 cell pairs) at a working voltage of 

1.7 V/cell pair. The DR percentages were calculated based on the measured dilute 

conductivity. The relationship between DR and energy consumption is shown in 

Figure 13. Additionally, the performance of the rAEM in the ED system to 

demineralize the synthetic UWW was compared with the AMH-PES testing under the 

Figure 12. (a) Current-voltage and (b) Cowan-Brown method for the determination of LCD with recycled 

anion-exchange membranes (rAEMs) (flow rate of 20 mL min−1 and 4 cell pairs). 
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same conditions (i.e., the stack assembled with 4 cell pairs, a working voltage of 1.7  

V/cell pair, and Vc: Vd of 500: 500 mL). 

 

As can be seen in Figure 13, a linear tendency of consecutive DR rise by increasing 

the energy consumption of the system was observed. In the case of the rAEM, an 

increase in the energy consumption needed for the demineralization process above 60 

% of the DR was noticed. The evolution of the demineralization process is correlated 

with the system resistance (SR). The SR arises from the intrinsic resistance of the 

membranes inside the ED stack and the resistance of the treated solutions [127]. Thus, 

the latter hindering ion migration can be attributed to the ion depletion attained for 

the dilute solution. In this case, the good balance of the macronutrients (corresponding 

with the water quality for irrigation regulated by WHO) was achieved at 60 % of the 

DR for both systems (stack assembled by rAEM and the stack assembled by AMH-

PES), which is further discussed in the corresponding section (Section 3.3). Therefore, 

60 % of DR was set as the completion of the ED experiments. 

Additionally, the energy consumption of the stack assembled with rAEMs was 

less than 1.5 kW h m−3 to reach 60 % of DR. Under the same conditions, the stack 

assembled using only commercial membranes consumed 1.06 kW h m−3 to reach the 

same desalination rate. The slightly higher energy consumption of the rAEMs can be 

attributed to their higher electrical resistance in comparison with the commercial 

Ralex membranes. It can be considered that the rAEMs operated with a good level of 

permselectivity, considering the small difference in the energy consumption between 

both systems. Furthermore, the slightly higher energy consumption of recycled 

membranes could be balanced by a lower economic cost associated with the 

production of such membranes [128]. Surface SEM micrographs were employed to 

observe the rAEM stability after the experiment. No significant differences could be 

noticed from the images in Figure S2. Further, pinhole and crack formation were not 

detected by the SEM analysis. 
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Figure 13. Comparison of demineralization rate (DR, %) of AMH-PES and rAEM based on 

specific energy consumption (SEC, kW h m−3) by electrodialysis treatment. 
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Overall, membrane recycling is a more sustainable approach than landfill disposal 

of end-of-life membranes, and it has been demonstrated that the production of 

recycled membranes results in a lower water and carbon footprint than the production 

of new membranes [67,129]. 

3.3. Water Quality for Crop Irrigation. 

 

Conductivity is a very important water quality factor for crop production as a high 

conductivity causes the inability of plants to compete with ions in the soil solution 

and water [130]. In addition to conductivity, sodium imbalance in irrigation water can 

have a substantial impact on crop production. When irrigation water has high sodium 

content relative to the calcium and magnesium contents (i.e., a high SAR value), water 

infiltration decreases [131]. Thus, the main parameter compared in this study was the 

SAR value along with the EC of the treated effluents.  

The initial conductivity of UWW was higher than the limits for use in agriculture 

without severe restrictions (>3 dS m−1, [95]). After the rNF treatment, as expected, the 

conductivity dropped from 4.90 to 0.98 dS m−1 (Table 3) since the NF membranes 

usually provide good retention of inorganic salts, especially if multivalent ions are 

involved [10]. According to WHO guidelines (Table S2), which are connected to the 

crop sensibility and the content of salts, the rNF effluent falls in the category of “Slight 

to moderate” concerning the water infiltration, as the calculated SAR value was 6.85 

and EC < 1 dS m−1. 

On the other hand, the ED process using 16 cm2 of rAEM area (64 cm2 of rAEM 

in total) to treat 0.5 L of the UWW was carried out in a mean time of 8 h. The effluent 

quality obtained at that time, corresponding with a 60 % value of DR, could be 

considered in the category of “Slight to moderate” concerning the water infiltration 

because the SAR value was 6.01 (in the 6–12 range) and EC was <2 dS m−1 (500–

1900 µS cm−1). Eventually, the ED treatment showed a reasonable extraction for all 

ions in the solution without compromising the balance ratios and ensuring adequate-

quality water for reuse (Table 3). 

As a result, both tested recycled membranes showed adequate potential in 

wastewater treatment for crop irrigation purposes in terms of conductivity and SAR 

value. 

3.4. Lettuce Yield and Macronutrient Uptake in Dry Weight 

 

Lettuce is a vegetable crop that has high nutritional and health value and is best 

consumed fresh. Fresh lettuce leaves contain about 91–96 % water [132]. Figure 14 

shows the average values of the analyzed lettuce fresh wight samples (a) and water 

content for each treatment, (b) using the different water qualities obtained. 
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(a) (b) 

Figure 14. Comparison of the different treatments (TW: tap water; IRR: treated wastewater by 

NF; FRT: treated wastewater by ED) (a) according to the average biomass fresh weight  (FW) 

and (b) water content (WC, %) in lettuce leaves. Error bars are reported.  

No statistically significant differences were found in the biomass-fresh weight 

according to the treatments TW, IRR, and FRT, which ranged from 34 to 37 g. 

However, the water content (WC) percent was altered between TW and FRT 

treatments, showing a statistically significant difference (p < 0.05). Although the WC 

was not drastically affected by the different nutrient solution concentrations (IRR and 

FRT), the WC value for lettuces irrigated by IRR water was below the normal range 

for this crop (i.e., 91–96 %). This effect might be attributed to the influence of the 

nutrient balance of the different effluents, applied as treatments, on water uptake by 

plants [132]. 

Individual macronutrients such as total nitrogen, potassium, calcium, and 

magnesium of leaves of the lettuce were chemically analyzed (Table 4). In addition 

to the different nutrient availability of each treatment studied, no significant 

differences in nutrient absorption were observed between them. 

 

Table 4. Macronutrient concentrations of leave-in dry weight. 

 NTK IN K Ca Mg 

 (%) (%) (%) (%) (%) 

TW 1.03 0.11 4.10 1.71 0.25 

IRR 1.20 0.12 4.42 1.48 0.28 

FRT 1.24 0.11 4.91 1.68 0.29 

CV (%) 0.22 0.22 1.16 0.48 0.10 

CV%: coefficient of variation; NTK: total nitrogen Kjeldhal; IN: inorganic nitrogen (NO3
− + NO2

−); TW: 

tap water; IRR: treated wastewater by NF; FRT: treated wastewater by ED. 
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Vegetables, especially leafy ones, represent the major sources of dietary nitrate 

intake, owing to their nitrate accumulation capacity. Nitrate and nitrite (which can be 

formed as an intermediate product of nitrate reduction) are toxic to human health. 

Therefore, it is essential to keep a low nitrate concentration in the edible parts of crop 

plants [133]. For the reused wastewater treatments, proper values of nitrogen uptake 

by lettuce leaves (shown in Table 4) were achieved in compliance with the literature 

data (range from 1.13 to 5.02 % N in dry weight), which was summarized by M. Petek 

et al. [132]. Potassium content in lettuce dry weight in the three treatments ranged 

from 4.09 to 4.91 %. The highest potassium content was determined in FRT treatment, 

which is almost twice higher than that the reported by M. Petek et al. [132] but in 

agreement with M. R. Broadley et al. [134] who reported 4.5 % K DW in lettuce. 

Calcium content in lettuce dry weight in treatments ranged from 1.48 to 1.71 % Ca. 

The highest calcium content was found in TW treatment, which is in concordance 

with the results reported by M. Petek et al. [132] (i.e., the highest calcium content 

(1.42 % Ca) in the treatment with no fertilization applied). Behavior could be 

explained by the different concentrations of ammonium-N. High doses of ammonium-

N cause impairment of other nutrient absorption (e.g., Ca) due to competition between 

NH4 and Ca2+ cations [135]. The average magnesium content in lettuce dry matter 

was 0.27 % Mg, which is lower than the 0.52 % Mg DW value obtained in Ref. [132] 

but falls within the range of 0.15 to 0.35 % Mg DW reported in the literature [132]. 

4. Conclusions 

Different membrane processes can be integrated into wastewater treatment 

systems, considering the challenging properties of saline wastewater. To make 

membrane processes an economically attractive and viable alternative, especially in 

the context of sustainability, two different recycled membranes in treating saline 

wastewater from an urban WWTP were validated in this work. 

• The rNF membrane showed a high selective rejection of divalent ions (i.e., 

SO42− (>96 %); Ca2+and Mg2+ (>93 %)). 

• Comparison between rAEM and commercial anion-exchange membranes 

(Ralex®) showed a suitable demineralization rate for irrigation of crops without 

compromising the power consumption. 

• Both tested recycled membranes showed adequate potential in wastewater 

treatment for crop irrigation purposes in terms of conductivity and SAR value. No 

significant differences in individual macronutrients such as total N, P, Ca, and Mg of 

leaves of the lettuce of each treatment studied were observed. 

Overall, this research showed, for the first time, the successful performance of 

recycled membranes for treating saline urban wastewater and its application for crop 

irrigation. In addition, this study showed that membrane recycling is a technically 

viable process that increases the sustainability of water separation processes and 

enables the valorization of wastewater for irrigation purposes, which conveys the 

strategy of the European Commission regarding the transition to a circular economy. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/wastewater-treatment
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/environmental-impact-assessment
https://www.sciencedirect.com/topics/chemical-engineering/membrane-technology
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5. Supplementary Materials 

 

S1. Attenuate total reflectance-Fourier transform infrared  

Membranes exposed to NaOCl were characterized by ATR-FTIR spectroscopy 

using a Perkin-Elmer RX1 spectrometer equipped with an internal reflection element 

of a diamond at an incident angle of 45°. An adequate pressure was applied to the 

membrane placed on the crystal surface. The spectra were recorded at a resolution of 

2.0 cm-1 in the frequency region of 4 000 – 650 cm-1, with an average of 4 scans per 

sample. Previously the samples were dried at 100 °C to remove moisture for two days. 

  

 

 

 

 

 

 

 

 

 

It can be observed in Fig. S1 that the ATR-FTIR spectra of the membranes after 

being exposed to the NaOCl solution changed with respect to the pristine state (end-

of-life membrane). These results indicate that these treatments were successfully 

achieved. For the transformation to nanofiltration membranes (dark green) the signals 

equivalent to the Amide I and Amide II groups can be detected with lower intensity 

compared with the end-of-life RO membranes. In contrast, for the transformation to 

ultrafiltration membranes (light green) no signals equivalent to the Amide I and 

Amide II groups can be detected, which means that the thin polyamide layer was 

completely removed.  

S2. Scanning electron microscopy  

Scanning Electron microscopy (SEM) using the S-8000 Model (Hitachi) image 

device was employed to observe the surface morphologies of the membranes and their 

stability in the implementation in ED to treat UWW. Preceding the microscopy 

analysis, the membrane samples were dried by heating at 50 ºC for 48 hours and later 

were gold-sputtered with a Sputter Coater Polaron SC7640 model to achieve 13–15 

nm thickness prior to the SEM analysis. Surface SEM microphotographs of rAEM 

samples in the pristine state and after ED treatment are presented in Fig. S2. The 

nature of this recycled membranes manufacturing technique results in heterogeneous 
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Figure S 1.  Attenuated total reflectance-Fourier transform infrared comparison 

images to verify the end-of-life transformation. 
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anion-exchange membranes, obtaining a dense and rough surface, with a considerably 

homogeneous distribution of ion-exchange resin particles.  

As can be observed in Fig. S2, the membrane after being used in UWW treatment 

did not present a salt deposition on its surface. Although, the long-term stability of the 

rAEMs in UWW treatment by ED should be addressed in future studies.  

S3. Guideline of the water quality for irrigation  

Table S1 summarizes the main parameters of the quality of reclaimed water for 

irrigation purposes regulated by the World Health Organization (WHO). 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure S 2. SEM images of the rAEM membranes (a) pristine rAEM, and (b) tested rAEM. 
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Table S 1. WHO guidelines of wastewater reuse for irrigation. 

  

 

 

Parameter   Unit Degree of restriction on use 

None Slight to 

moderate 

Severe 

SAR =0 – 3 EC = >700 700 – 200 <200 

  =3 – 6 EC = >1200 1200 – 300 <300 

  =6 – 12 EC = >1900 1900 – 500 <500 

  =12 – 20 EC = >2900 2900 – 1300 <1300 

  =20 – 40 EC = >5000 5000 – 2900 <2900 

Na+ Surface irrigation mg L-1 <69 69 – 207 >207 

  Sprinkler irrigation mg L-1 <69 >69   

Cl- Surface irrigation mg L-1 <142 142 – 354 >354 

  Sprinkler irrigation mg L-1 <106.5 >106.5   

Total Nitrogen 

(TN) 

  mg L-1 <5 5 – 30 >30 

Nitrogen 

(NO3-N) 

  mg L-1 <5 5 – 30 >30 

pH   - 6.5 – 8 (8.5) 

Anions and cations 

NO2
-   mg L-1 (meq L-1) - 

SO4
2-   mg L-1 (meq L-1) 960 (20) 

Mg2+   mg L-1 (meq L-1) 61 (5) 

Ca2+   mg L-1 (meq L-1) 400 (20) 

Nutrients 

NO3
-   mg L-1 (meq L-1) 140 (10) 

NH4
+   mg L-1 (meq L-1) 90 (5) 

PO4
3-   mg L-1 (meq L-1) 194 (2) 

K+   mg L-1 (meq L-1) 78 (2) 





 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV: Fouling study of Ultrafiltration Membranes by Optical Coherence 

Tomography for membrane selection. 
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Ultrafiltration membranes find widespread use in water treatment but suffer from 

performance losses due to fouling. This study investigates the fouling behaviors of 

commercial polyethersulfone (PES), regenerated cellu- lose (RC), and recycled PES 

membranes during the filtration of wastewater containing polystyrene (PS) nano- particles 

and a mixture of PS and bovine serum albumin (BSA). Optical coherence tomography (OCT) 

is used for real-time, in-situ examination of fouling, providing unique insights into 

nanoplastics-induced fouling formation. Membrane performance was evaluated through flux 

decline and permeability recovery measurements. Results indicate that nanoparticles form a 

uniform cake layer, with membrane characteristics such as zeta potential and hydrophobicity 

influencing fouling reversibility. The RC membrane showed complete permeability 

recovery after physical cleaning, while hydrophobic interactions hindered recovery for PES 

membranes. Notably, flux reduction was greater for PES membranes (particularly with a 

150 kDa MWCO) during PS filtration and wors- ened with the combined PS and BSA 

solution. Using the OCT technique, we observed two distinct types of fouling and their 

resulting structures: (i) a loose or fluffy-like formation; and (ii) flocs or particle 

agglomerates. This study also combined OCT with conventional techniques like SEM and 

CLSM. This knowledge offers guidance for choosing the proper membrane material in 

water treatment applications. 

 

http://www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
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1. Introduction  

Water pollution, a widespread environmental challenge, poses a significant threat to 

the delicate balance of aquatic ecosystems. Plastics, with their indispensable role in 

modern life, have become one of the most persistent pollutants in water bodies, presenting 

a multifaceted challenge with ecological consequences. Among the various pollutants, 

micro-nano plastics (MNPs), involving microplastics (MPs, ≤ 5 mm) [136] and 

nanoplastics (NPs, from 1 to 1000 nm) [137], have emerged from both intentional 

production and the breakdown of larger plastic items. The possible introduction of these 

MNPs into the food chain is worrying because it could harm the organisms in it, 

increasing the risk of damage to the ecosystem and loss of biodiversity [24]. 

Wastewater treatment plants (WWTPs) have been identified as the predominant route 

for MPs to infiltrate the aquatic environment [138,139]. Even though WWTPs exhibit a 

retention rate ranging from 98% to 99% of MPs [139], this is mainly attributable to the 

massive volume of effluent discharges by WWTPs. Moreover, it is expected that 

weathering of macroplastics and MPs will generate secondary NPs, although there is no 

available data on the environmental loads of NPs [140].  

In that sense, membrane-based advanced technologies for wastewater treatment, such 

as pressure-driven porous membranes like ultrafiltration (UF), could be effectively 

implemented as a tertiary treatment for MNPs removal since the small pore sizes of UF 

membranes allow successfully retaining MNPs through size exclusion mechanism [141]. 

Indeed, Elsaid et al. [142] summarized the UF removal capacity of nanomaterials studied 

such as 78 nm SiO2 and 30 – 60 nm Ag, demonstrating high separation efficiency (i.e. a 

separation of > 98% and 80%, respectively). Furthermore, membrane filtration poses 

advantages such as its wide market availability and easy retrofitting with minimal cost. 

Concerning the implementation of UF membranes for the removal of MNPs, particularly 

NPs, limited studies are focused on the membrane-based separation of nano-sized 

particles [143]. For instance, Wan et al. [144] explored nanofibrous membranes by a 

gravity-driven membrane filtration process to assess their efficacy in removing 

polystyrene NPs with sizes ranging from 107 to 1450 nm, achieving a 92% removal 

efficiency. On the other hand, Molina et al. [32] evaluated the separation efficiency of 

MF and UF flat-sheet membranes for different NP sizes (polystyrene of 120 and 500 nm, 

respectively) in dead-end configuration. They also introduced a different approach, 

emphasizing the use of pressure-driven membrane technology not only for tertiary 

wastewater treatment but also as a sample pretreatment method [32].  

Nevertheless, during the filtration process, fouling remains a significant challenge due 

to its adverse effects on membrane performance [145]. While the presence of micro-nano 

plastics (MNPs) in water is anticipated to contribute to membrane fouling during water 

treatment, the actual impact of MNPs on membrane filtration performance remains still 

unclear [146]. Various studies have explored the influence of fouling mechanisms on UF 

membranes caused by MNPs [146], the combined fouling effects of MNPs and natural 

organic matter (NOM) on UF membranes [147], and the separation efficiency of different 

NPs sizes and mixed solutions containing NPs and Bovine Serum Albumin (BSA) by MF 

and UF membranes [32]. However, contradictory findings have been reported regarding 

the deposition of MNPs on polymeric membranes. While Markazi et al. [147] observed a 

higher amount of MNPs deposited on the membrane during combined foulants filtration 

4 



Chapter IV 

 

                                                                                                                                                                       
42 

(i.e., MNPs and BSA), forming the cake layer at earlier stages, Molina et al. [32] 

concluded that BSA could also act as a stabilizer, leading to better dispersion of NPs and 

hindering pore blocking and cake layer formation. This discrepancy may be attributed to 

variations in the concentration ratio of MNPs and BSA, as well as differences in the 

operational conditions of the filtration system (dead-end and crossflow mode). Therefore, 

research on mixed solutions of MNPs and other compounds, such as NOM, is still in its 

early stages, and further studies in this area are required [32]. This observation has also 

been shared by Sharma et al. [148], who after conducting a comprehensive review on the 

relevant literature, particularly with a focus on membrane technologies for plastic particle 

removal, concluded that the existing body of research indicates that the removal of 

microplastics through membrane technology is still insufficient.  

Fouling propensity is commonly assessed experimentally by monitoring permeate 

flux and transmembrane pressure (TMP) [62] as well as by using various models 

developed to study fouling (which can be classified into empirical, theoretical, or semi-

empirical models). Among all the existing models, Hermia models are the most used to 

fit experimental data in UF processes [149]. On the other hand, the use of membrane 

surface characterization techniques such as scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) for fouling analysis are valuable, but they can only be 

applied after the membrane process is finalized. Although these “autopsy” approaches are 

still useful, it is necessary to monitor membrane fouling in real time during intermittent 

operation [150]. Accordingly, several direct observations (DO) through non-invasive 

techniques have been investigated [151]. Despite their utility, DO techniques encounter 

limitations such as the inability to measure the thickness of the fouling layer [62]. In that 

sense, Optical Coherence Tomography (OCT) has recently received increased attention 

as a novel approach for real-time analysis of membrane fouling [63]. Since 2006, OCT 

has been used to investigate biofilm structures in water and membrane filtration systems, 

in capillary flow cells [152], and in crossflow filtration systems under laminar, transient, 

and turbulent flow conditions [153,154]. OCT is a relatively quick, sensitive, non-

invasive method that provides high-resolution images [155]. OCT has been also used for 

studying internal particulate fouling during dead-end microfiltration, focusing on the 

effects of particle surface charge, size, and composition [156]. Han et al. [157] 

investigated the influence of particle size on cake layer formation using monodispersed 

and bi-dispersed feed solutions containing latex particles. OCT images demonstrated that: 

high concentrations (11.6 mg/L) of large particles led to heterogeneous cake layers and 

low concentrations (2.5 mg/L) of large particles resulted in homogeneous cake layers. 

Lay et al. [158] examined membrane fouling caused by mixtures of oppositely charged 

latex particles. Surprisingly, mixtures with less positive charge than purely aminated latex 

particles resulted in worse flux declines. OCT analysis showed that these mixtures created 

taller buildups on the membrane and heterogeneous internal cakes. On the other hand, 

Park et al. [159] evaluated an ultrafiltration membrane fouling behavior using various 

model foulants, including humic acid, sodium alginate, and BSA. OCT measurements of 

fouling thickness revealed that while there is a correlation between resistance in series 

(RIS) and actual fouling thickness, the latter may be lower than estimated when pore 

blocking, and adsorption is significant. 
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In the present work, fouling behaviors of polystyrene (PS) nanoparticles across 

commercial polyether(sulfone) (PES), recycled PES, and regenerated cellulose (RC) UF 

membranes were investigated. The consequence of fouling on the membrane filtration 

performance regarding the different membrane materials, membrane surface charge, and 

molecular weight cut-off as well as the properties of the polymer were examined, 

alongside observations made by OCT.  Furthermore, conventional techniques such as 

SEM and confocal microscopy were employed to characterize the membranes after 

cleaning. This study aims to evaluate the fouling behavior of UF membranes by filtering 

synthetic treated wastewater containing NPs and the combination of NPs with BSA.  

2. Materials and Methods  

2.1 Membranes and plastic foulants 

Four flat-sheet ultrafiltration (UF) membranes were employed in the study. UF 

membranes were chosen due to their potential usage in water treatment processes, 

particularly in advanced filtration units that are already in operation. The RC membrane, 

MWCO 30 kDa was supplied by Millipore, USA. Among the PES membrane studied 

PES, MWCO 30 kDa (supplied by MANN+HUMMEL Water & Fluid Solutions, 

Germany), PES, MWCO 150 kDa, (supplied by Millipore, USA), and a recycled UF 

membrane were implemented. The characteristics of the recycled membrane have been 

reported in previous works [79]. Briefly, the membrane coupons were extracted from 

discarded 8″ diameter RO membrane spiral wound module (TM720-400, Toray 

Industries, Inc., Osaka, Japan) by membrane autopsy explained in [79,85,110,160]. Then, 

the passive transformation protocol was followed, where the polyamide layer of the RO 

membrane is totally oxidized using sodium hypochlorite at the exposure doses of 500,000 

ppm∙h, obtaining recycled UF membranes [79]. Using recycled PES membranes aligns 

with the principles of the circular economy [161], promoting resource efficiency and 

reduced waste. While not directly addressed in the technical data, recycled membranes 

may offer a cost advantage over virgin membranes. Furthermore, previous studies 

indicated that recycled membranes can surprisingly demonstrate even lower fouling 

tendencies than their virgin counterparts [83]. This potential fouling reduction, combined 

with advantages in cost, makes them an attractive option for cost-sensitive applications. 

Thus, the decision to study and compare the recycled membrane alongside commercial 

ones was motivated by its potential advantages in sustainability, cost-effectiveness, and 

performance [70,83,162]. The nanoparticles used were polystyrene (PS) fluorescent 

carboxylate of 116 ± 2 nm size and 𝜆𝑒𝑥. / 𝜆𝑒𝑚.: 576 nm / 596 nm (purchased from 

IKERLAT Polymers, Spain). Bovine Serum Albumin (BSA) protein was purchased from 

Sigma-Aldrich, Spain. Table 5 summarizes the membrane properties as provided by the 

manufacturer and as measured in the current study. The measurements were conducted to 

establish comparative results. The volumetric particle diameter (D) and ζ-potential of 

both individual foulants and combined compounds are also summarized in Table 5. 

Chemicals used for the preparation of synthetic treated wastewater were Urea (Urea 

reagent grade ACS), Sodium Chloride (NaCl reagent grade, ACS, ISO, Reag. Ph Eur), 

Sodium bicarbonate (NaHCO3, extra pure, Pharmpure®, Ph Eur, BP, USP), di-Potassium 
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hydrogen phosphate anhydrous (K2HPO4 for analysis, ExpertQ®, ACS, Reag. Ph Eur), 

Calcium chloride dihydrate (CaCl2.2H2O powder, for analysis, ExpertQ®, ACS), and 

Potassium nitrate (KNO3) supplied by Merck Life Science, Darmstadt, Germany, S.L.U.  

 

Table 5.  Technical data, MWCO, and ζ-Potential of the analyzed membranes and 

volumetric particle diameter (D) and ζ-potential of the foulants measured in the working 

solution (synthetic wastewater). 

aValues measured by Size Exclusion Chromatography (SEC).  bValues measured at pH 8.7.  

The Molecular Weight Cut Off (MWCO) is defined as the corresponding molecular 

weight with a retention coefficient of 90%. To ensure direct comparisons between the 

studied membranes, the MWCO of the membranes were determined under consistent 

conditions. The MWCO was determined from Size Exclusion Chromatography (SEC). 

For this purpose, an Agilent Technologies 1260 Infinity GPC/SEC System with a column 

from Polymer Labs (PL MIXED aqua gel-OH) of nominal pore size 8 μm was used. Milli-

Q water was used as the eluent with 1 mL min-1 of flow rate. The calibration was carried 

out with narrow standards of PEOs with molecular weights between 194 and 490,000 Da. 

The feed solution contained PEOs ranging from 103 to 105 g mol-1, keeping the total 

concentration of 1 g L-1 following the composition reported in previous studies [78,164].  

Particle size and ζ-potential of both NPs and BSA were characterized by Dynamic 

Light Scattering (Mastersizer 3000 Malvern Panalytical, UK) and the ζ-potential analyzer 

(Zetasizer Nano ZSE, Malvern Paranalytical, UK), respectively. A wet laser diffraction 

technique, employing the Hydro SM dispersion unit with water as the dispersant, was 

used for particle-size analysis. The parameters included RI of 1.33, obscuration between 

5 – 15%, recirculation speed of 2 500 rpm, and a measurement time of 30 seconds. The 

final DLS spectra were based on five measurements.  

For the ζ-potential measurements, the following conditions were employed: analysis 

probe DTS 1070, RI of 1.59 and 1.50 for PS and PE, respectively, absorbance of 0.01, 

temperature of 25 ºC, and 90 seconds of measure time. All the samples were analyzed 

without previous treatment. 

 

Material  Nominal 

Size  

(nm) 

Nominal 

MWCOa 

(Da) 

ζ-Potentialb 
(mV) 

Water 

Contact Angle 

(o) 

 

 
        Membranes   

PES 150 kDa 

PES 30 kDa 

RC 30 kDa  

Recycled membrane 

Polyethersulfone  

Polyethersulfone  

Regenerated Cellulose 

Polyethersulfone 

< 30 

< 15 

< 15 

--- 

90,000 

30,000 

50,000 

30,000 

-28.01 

-23.24 

-20.17 

-26.78 

49.9 ± 2.6 

67.6 ± 3.0 [146] 

26.0 ± 3.0 [163] 

65.2 ± 0.4 [160] 

 Foulants   

BSA (0.1 g L-1) 

PS 

PS + BSA 

Bovine Serum 

Albumin 

Polystyrene 

 

6.6 ± 2.9 

118 ± 31 

133 ± 43 

 -20.0 ± 0.12 

-28.1 ± 0.07 

-24.0 ± 0.10 

 

https://www.sciencedirect.com/topics/materials-science/size-exclusion-chromatography
https://www.sciencedirect.com/topics/materials-science/size-exclusion-chromatography
https://www.sciencedirect.com/topics/chemistry/eluent
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The ζ-Potential of the membrane samples were analyzed using the Zeta Potential 

Analyzer ZPA 20 with the streaming potential method supplied by DataPhysics 

Instruments GmbH. To ensure the cleanliness of the measuring device and samples 

measuring cell, the equipment was thoroughly cleaned with ultra-pure water before 

preparing the measuring cell with the flat-sheet membrane samples. From the streaming 

potential vs. pressure ramps obtained in several oscillations, the zeta potential was 

calculated for the given pH values. An automatic titration function of the LDU  25 liquid 

dosing unit from DataPhysics Instruments determined the zeta potential automatically in 

the pH range from 2.6 to 9.6 approximately. As titrants HCl (0.1 mol L-1) and KOH (0.1 

mol L-1) were used. 

2.2 Crossflow filtration experiments 

UF membranes with a surface area of 30.2 cm2 were used for all experiments to filter 

solutions containing PS nanoplastics in synthetic wastewater through a crossflow 

filtration system. The experiments were run using constant pressure mode at 1 bar. The 

concentration of the nanoplastic foulant in the feed solution was 3.3 mg L-1 and the feed 

(total volume of 3 L) was constantly stirred to ensure the nanoplastics dispersion. The 

choice of the NP concentration was based on the literature, ranging from 1 mg L-1 [158] 

to 10 mg L-1 [32,146]. Permeate streams were collected for measurements and discharged 

to keep a continuous filtration mode.  

The feed solution was circulated through the cell using a Peristaltic pump ISMATEC: 

MCP-Z Process IP65. The crossflow rate was controlled at a constant value of ∼200 mL 

min-1 with a duration of each fouling experiment of 150 min. The filtration cell employed 

was round-shaped, with a length of 5.8 cm and a weight of 1.6 cm, as depicted in Fig. 15. 

 

 

 

 

 

 

 

 

 

 

                                                                                            

In a real environment, NPs may interact with various constituents present in the water, 

like other pollutants, organic matter, and minerals. For that reason, in the present study, a 

synthetic wastewater feed was employed to mimic the complexities of the actual 

environment where the technology could be applied as tertiary treatment. The synthetic 

wastewater feed simulated an MBR permeate with a chemical oxygen demand (COD) of 

22 mg L-1 and 30 mg L-1 of urea as organic matter. Furthermore, BSA was added and 

magnetic stirrer 

permeate 

valve 

manometer 

OCT system 

cell 

feed 

Filtration cell 

4 

Figure 15. Schematic diagram of the filtration and monitoring. 
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chosen as a foulant, which is commonly used as a model compound for membrane fouling 

studies, being a natural organic matter (NOM).  

Membranes were compacted and cleaned up prior to each filtration experiment to 

remove any residual protective layer. After the end of each filtration test, a cleaning step 

was performed by rinsing the membranes with deionized (DI) water out of the cells. 

Permeability recovery rate PR (%) was calculated based on the initial hydraulic 

permeability (P0) and the one after the cleaning process conducted by rinsing the 

membrane with DI water (Pc), Equation (6):  

𝑃𝑅 (%) =  
𝑃𝐶

𝑃0
∗ 100                                                                                                                          (6) 

For each type of foulant, the fouling and cleaning experiments were repeated at least 

twice. 

2.3 Real-time observations of fouling formation 

2.3.1 Optical Coherence Tomography (OCT) 

Membrane fouling-layer evolution was investigated using a spectral domain system 

OCT (SD-OCT) (Thorlabs Ganymede 611). The system used acquired images with a 

central light source wavelength of 930 nm with an axial resolution of 4.1 μm and an 

imaging depth of 2.2 mm in water. Volumetric scanning (or C-scans, 3D) was performed 

using the Thorlabs software (ThorImage OCT version 5.5.1) with a field of view of 2.50 

x 1.00 mm and a refractive index (RI) of 1.33. The C-scans consisted of 207 B-scans (2D) 

with a resolution of 530 x 595 pixels, corresponding to a physical profile of 2.50 x 1.27 

mm and a pixel resolution in “x” of 4.72 μm/pixel and in “y” of 2.14 μm/pixel.  

Even though the OCT technique employs a light beam with a diameter of 

approximately 4 μm [165], which is significantly larger than the individual PS plastics 

(116 nm), significant signals were detected within the regions where the nanoparticles 

were concentrated or formed a cake layer. The optical device was positioned adjacent to 

the filtration system so that fouling could be observed in real time. A measurement 

window (size 3 mm x 3 mm) was defined on the lid of the filtration cell. Every 30 minutes, 

the cell was manually moved to the OCT base, and the images were acquired for the same 

position, as schematically represented in Fig. 15.  

2.3.2 Images processing 

Processing of images from OCT was developed using ImageJ, a Java-based software 

(version 1.54f). To enable automated processing of the images, a multi-step method was 

applied using ImageJ macros. An image processing workflow composed of three macros 

was created to estimate the thickness of the fouling layer at each filtration time (Fig. S3). 

An example of the tomographic imaging process used to determine the cake thickness is 

shown in Fig. S4. A total of 265 measurements of the fouling layer thickness were taken 

per image. 
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2.4 Membrane characterization  

2.4.1Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) using the S-8000 Model (Hitachi) image 

device was employed to observe the morphology of the membrane surfaces and the 

fouling degree of the studied membranes after the physical cleaning at the end of each 

assessment. Preceding the microscopy analysis, the membrane samples were dried by 

heating at 50 ºC for 48 hours.  

2.4.2 Confocal laser scanning microscopy (CLSM) 

Confocal laser scanning microscope (CLSM Leica SP5, Leica Microsystems) 

technique was chosen due to the fluorescent properties of the PS standard and as a 

supplementary approach to investigate the reversibility of the fouling layer. Notably, the 

observations were conducted post-physical cleaning. Each membrane was cut into 5 mm 

x 5 mm pieces, and three different areas were examined. The resulting images were 

analyzed by the ImageJ software (Version 1.51n). The 3D projection images of the 

particles were constructed by the ImageJ 3Dviewer plugin. 

Results and discussions 

3.1 Membranes and Foulants properties   

 

The properties of the studied membranes are summarized in Table 5. The hydrophilic 

character of the RC membrane could be confirmed, with an average water contact angle 

(WCA) of 26.0 ± 3.0°. In contrast, the PES membranes exhibited a relatively hydrophobic 

nature (Table 5). ζ-Potential measurements of the membrane surfaces revealed that all 

four membranes had a similar negative charge at the pH of the working solution. A direct 

comparison is feasible between the recycled membrane and the commercial PES 30 kDa 

membrane, as both exhibit similarities in nominal molecular weight cut-off (MWCO), ζ-

potential, and hydrophobicity. 

The average size of the particles and the ζ-potential of solutions containing individual 

and combined foulants were measured in the same dispersion medium as the working 

solution, as previously mentioned (Table 5). This investigation aimed to explore the real 

interactions between foulants and the membrane over the experimental period. The 

reported results indicate that the working solution had no influence on the average size of 

the model protein used (BSA), which remained similar to that measured in MQ water (6.3 

± 1.7 nm). Likewise, the average measurements of the PS nanoparticles and the 

combination of PS and BSA were unaffected by the medium compared to those in MQ 

water, as previously reported in [32] (PS: 122.6 ± 0.7 nm; PS + BSA: 128.1±1.1 nm). 

However, the comparison between the size of the single PS particles and PS in the 

presence of BSA showed an increase. This result is consistent with the observed variation 

in the ζ-potential of PS, which became less negative. This consistent finding implies an 

interaction between the functionalized carboxyl PS beads and BSA, resulting in a less 

negative charge in both solutions (i.e., MQ water and working solution). It appears that 

4 
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the foulant combination (i.e., PS+BSA) may behave similarly to a protein corona [166], 

potentially leading to alterations in the size of individual PS particles. 

3.2 Evolution of the permeate flux for single foulant and combined foulants 

3.2.1 Fouling phenomena of single PS foulant 

Fig. 16 shows the normalized flux decline of the four membranes under study in the 

present work and the calculated fouling layer thickness from the post-processing of the 

images while filtering a solution containing PS. It is important to highlight that the 

permeability values of all the pristine membranes measured with MQ water were similar 

between each other. Results reveal a consistent pattern, indicating that all normalized 

membrane fluxes experienced a significant decline. For the three UF membranes sharing 

similar properties such as MWCO value and surface charge (between -26 and -20 mV), 

the normalized fluxes exhibited a decline of 43.2%, 45.4 % and 45.3% for PES 30 kDa, 

RC, and recycled membranes, respectively. This decline can be attributed to the 

deposition of PS nanoparticles on the membrane surface, blocking the pores and creating 

a fouling layer that impeded water flux, ultimately reducing it [167]. A previous study by 

Enfrin et al. [146] examined how NP particles of various sizes interact with a commercial 

PES-UF membrane. The experimental results showed that the particles adhered to the 

membrane surface, reducing the water flow through the membrane by up to 38% 

compared to pure water filtration. The decline in flow was analyzed and found to follow 

intermediate and complete blocking models. The study identified the membrane-surface 

properties and surface repulsion as crucial factors affecting its performance during the 

filtration of NPs [146]. Notably, the performance of the recycled membrane is comparable 

to that of the commercial ones with the close values of MWCO. In the case of PES 150 

kDa, the decline in normalized flux was slightly less, correspondingly to the lowest 

thickness of the layer observed by OCT (i.e. less deposition of the PS on the membrane 

surface).  

Molina et al. [32] reported the less cake layer formation during filtration experiments 

in the case of RC membranes, based on post-analysis by SEM and Confocal. The 

phenomenon was explained based on the hydrophilic characters of the studied membranes 

(RC and PES). In the current study, real -time observations through OCT reveal that same 

PS deposition on both RC and PES membranes were obtained (Fig. S5), calculating high 

thickness values for PS fouling (28.35 ± 0.57 μm) on the RC membrane surface. Indeed, 

the increase of the thickness of the fouling layer formed on the membranes are in 

concordance with the similar flux decline as shown in Fig. 16 ((a), (b), and (d)). The 

sequence of the OCT images in Fig. S5 shows the development of the fouling layer 

obtained on the surface of the studied membranes for 150 minutes. 

Since NPs and PES membranes are hydrophobic and negatively charged, attractive 

polar forces are expected to counterbalance the repulsive electrostatic forces induced by 

the particles and membrane surface charge [146]. However, upon individual analysis of 

the cake layer formation observed through OCT, the PES 150 kDa membrane exhibited 

the lowest thickness values, when compared to the other two PES membranes, the cake 

layer formed on PES 150 kDa membrane is more than 50% thinner than PES 30 kDa and   
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Recycled membranes. Interestingly, the ζ-Potential value of PES 150 kDa is the most 

negative compared to the other membranes (Table 5), suggesting that repulsive 

electrostatic forces may play a key role in forming a thinner fouling layer on the surfaces 

of the PES 150 kDa membrane. Similarly, the observable behavior suggests that repulsive 

electrostatic forces are predominant in forming the thickest fouling layer on the RC 

membrane surfaces, as it exhibits the least negative zeta potential (Table 5), thus 

weakening the repulsive electrostatic forces. 

 

3.2.2 Fouling phenomena of combined foulants PS and BSA 

Fig. 17 shows the normalized flux decline of the four membranes under study in the 

present work and the calculated fouling layer thickness from the post-processing of the 

images while filtering a solution containing the combination of PS and BSA.  

 

 

 

RC 30 kDa PES 150 kDa 

(a)  

 

(c)  

 
PES 30 kDa Recycled membrane 

 (b)  

 

(d)  

 

Figure 16. Normalized flux decline behavior of the permeate and fouling layer thickness of (a) RC 30 kDa, (b) 

PES 30 kDa, (c) PES 150 kDa, and (d) recycled membranes used to treat the solution containing PS. 
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As it can be observed in the images of Fig. 17 and Fig. S6, the presence of BSA caused 

different fouling formation. Indeed, the characteristics of the fouling layer of the 

membranes using combined foulants (i.e., PS + BSA) were completely different from 

characteristics found when having single foulants. Specifically, the combined foulants 

exhibit both a loose or fluffy-like structure and the formation of flocs or particle 

agglomerates on the membrane surfaces. Consequently, throughout our discussion, we 

will reference the observable fouling thickness on the membrane surface. However, it is 

important to note that a direct correlation between thickness measurements and 

membrane operation cannot be established.  

The loose and unstable cake layer formation observed with the combined foulants (PS 

+ BSA), suggests the interactions between BSA and PS plastics. These interactions alter 

the NPs surface properties and colloidal stability, consequently obtaining the different 

type of fouling layer. The flocs and fluffy-like structures could indicate areas with 

different ratios of PS to BSA. The denser flocs might have a higher concentration of PS 

particles, while the BSA forms a matrix around them.  

R.C 30 kDa PES 150 kDa 

(a)  

 

(c)  

 

PES 30 kDa Recycled membrane 

(b)  

 

(d)  

 

Figure 17. Normalized flux decline behavior of the permeate and fouling layer thickness of (a) 

RC 30 kDa, (b) PES 30 kDa, (c) PES 150 kDa, and (d) Recycled membrane used to treat the 

solution containing PS and BSA. 
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Indeed, the interaction mechanisms between PS and BSA were investigated using 

FTIR spectra, fluorescence spectra, and CD spectra by Guo et al. [166]. They observed 

and indicated the adsorption and covering of BSA on PS surface to form protein-corona. 

Furthermore, since BSA is a soluble substance, deposited BSA causes a homogeneous 

fouling layer with a lower permeability [147]. Consequently, the detrimental effect of the 

mixed solution of PS and BSA on the normalized flux decline increased.  

Fig. 18 represents the summary of the normalized permeate flux declines from the 

cross-flow filtration of each experiment, including BSA, PS, and the combination of PS 

and BSA Fig. 18a illustrates that during single BSA filtration, there was a rapid decline 

in flux at the initial filtration stage. This rapid decline can be attributed to hydrophobic 

interactions between BSA and the membrane, facilitating rapid binding and attachment 

of BSA to the PES UF membrane. Consequently, the rapid deposition of BSA on the 

membrane surface led to pore blockage and a sharp decline in flux at the beginning of 

filtration, as was explained in [147]. Additionally, BSA molecules displayed a lower 

negative surface charge in comparison to PS (Fig. 18b), leading to diminished 

electrostatic repulsion both among BSA molecules themselves and between BSA and the 

membrane. Consequently, this facilitated the development of a denser BSA layer on the 

membrane surface, intensifying flux decline and fouling resistance.  

 

It can be seen from Fig. 18c that when filtering the combined PS and BSA solution, 

the flux declined quickly during the initial filtration stage, mirroring the behavior 
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Figure 18. Normalized permeate flux (J/J0) declines from the cross-flow filtration experiments. (a) 

BSA protein, (b) polystyrene (PS), and (c) combination of PS and BSA. 
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observed during the filtration of BSA alone. Also, the initial sharp behavior of the flux 

curve exhibited a pattern similar to that observed with colloidal silica (ranging from 40 

to 60 nm) in the study conducted by Contreras et al. [168]. Initially, the flux decreases 

rapidly due to the effects of concentration polarization, progressing to a slower decrease 

as a consequence of fouling. This is the usual behavior in UF processes with protein 

solutions reported in literature [169]. Also, Ayoubian Markazi et. al. [147], suggested that 

BSA molecules in the combined fouling layer could fill in the macrovoids between the 

PS, reduce the particle fouling layer porosity, ultimately reducing the normalized flux. 

However, as it was mentioned earlier, unlike to the case of PS filtration as a single foulant, 

for the combined PS and BSA solution, no correlation between flux decline and thickness 

measurements from the OCT scans could be established. This lack of correlation may be 

attributed to the complex interactions between the foulants (PS and BSA) and the 

resulting fouling morphology, as described earlier. 

3.2.3 Comparison of fouling behavior  

In summary, the OCT technique allowed for the observation of the differences in 

layer formation between two types of foulant. For NPs as a single foulant (PS), the growth 

of the cake layer along the membrane surface was uniform. As shown in Fig. S5. and Fig. 

19, fouling particles were deposited on the membrane surface with equal probability, 

resulting in a consistent cake layer formation at all points on the membrane surface. The 

in-situ observations agreed with modeled behaviors of the formation of the membrane 

fouling layer in presence of PS nanoparticles (mean hydrodynamic diameter 

218 ± 12.2 nm) reported by Ayoubian Markazi et al. [147]. The PS particles, due to their 

larger size than the membrane pores, were entirely rejected, leading to deposition on the 

membrane surface, pore blockage, and eventual cake layer formation attributed to 

hydrophobic interactions between PS MNPs and the membrane. 

 

RC 30 kDa PES 30 kDa PES 150 kDa Recycled membrane 

solution containing PS 

    

solution containing PS+BSA 

    

Figure 19. B-scans depicting the fouling on each membrane surface at the end of the experiment 

(150 minutes). RC 30 kDa, PES 30 kDa, PES 150 kDa, and Recycled membrane, during the 

filtration of the solution containing PS and PS+BSA, respectively. 

In contrast, the PS + BSA fouling exhibited different behavior. Notably, two types 

of the combined fouling behavior were identified from the OCT scans based on changes 

in morphology. The first one is characterized by a layer with a loose or fluffy-like 

structure, while the second type, observed mainly in UF-PES 30 kDa and UF-PES 150 
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kDa, showed deposition characterized by the appearance of flocs or agglomeration of 

particles. As depicted in in Fig. 19 and supported by thickness measurements in Fig. 17, 

the fouling formation in the PS + BSA experiments did not occur in a homogeneous or 

stable manner. 

3.3 Permeability Recovery  

Table 6 summarizes the hydraulic permeability recovery after the physical cleaning 

of studied membranes. The measurements of the permeability after the physical cleaning 

were conducted with DI water. Since BSA was employed as a model NOM but it is also 

considered a foulant [170], synthetic solution with BSA was considered as the blank 

solution to study the interaction between BSA and NPs.  

Table 6. Hydraulic permeability recovery (PR) of the UF membranes evaluated with 

different foulants in the synthetic solution. 

Membranes Solutions PR (%) SD 

PES 30 kDa 

BSA 

PS 

PS + BSA 

79.6 

55.38 

80.86 

 ± 6.63 

 ± 0.18 

 ± 13.65  

PES 150 kDa 

BSA 

PS 

PS + BSA 

70.90 

69.54 

90.33 

± 3.13 

± 9.94 

± 3.21  

Recycled membrane 

BSA 

PS 

PS + BSA 

60.72 

69.68 

78.38 

 

± 9.46 

± 9.25  

RC 30 kDa 

BSA 

PS 

PS + BSA 

100 

98.80 

114.32 

± 8.32 

± 18.28 

± 11.31  
 

In terms of permeability recovery, there was a loss between 20 to 40% of the initial 

hydraulic permeability after filtration of 0.1 g L-1 BSA solution trough UF-PES 

membranes, as it reported in Table 6. It is known that BSA protein has a relatively low 

free energy of cohesion (i.e., strong BSA-BSA interactions) and adhesion (strong BSA-

membrane interactions), which led to aggregation and deposition [171]. In contrast, the 

hydraulic permeability recovery of RC was 100%. In the case of the RC membranes, the 

BSA-membrane hydrophobic interaction was weak, which means that the fouling layer 

deposited on the membrane was reversible. Accordingly, the fouling behavior observed 

aligns with the finding by Molina et. al. [32], who reported that the fouling layer deposited 

on the RC membrane was reversible.   

On the other hand, Table 6 shows that the permeability recovery was substantially 

improved for all the studied membranes when PS nanoplastics were mixed with BSA. 

Therefore, the results show that the combination of NPs and BSA leads to the 

improvement of the reversibility of the cake layer formation. As it was described above, 

OCT scans show changes in the morphology of the fouling layer. The presence of BSA 
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characterized the layer with a fluffy-like structure and with the appearance of flocs, 

respectively, which enabled the cake layer removal. These results are aligned with the 

findings reported by Ma et al. [172] and are also in concordance with the results obtained 

by Molina et al. [32], who reported that the synergetic effect of BSA and PS allows a 

better dispersion of the nanospheres on the bulk solution, hindering the accumulation of 

the NPs on the membrane surface. This lack of interaction when only the PS particles 

were filtered might explain the compacted layer formed (observed by OCT scans) on the 

membrane surface when the PS nanoplastics were the only foulant present in the solution.  

Experimental permeate flux recovery values are further supported by surface 

characterization through SEM and CLSM. Fig. 20 displays the SEM micrographs and the 

3D projections of the studied membranes after conducting the physical cleaning with 

MilliQ water at the end of the experiments.  

 

In Fig. 20, SEM micrographs and CLSM images reveal that the PS nanoparticles were 

deposited on the membrane surfaces after the cleaning protocol with Milli Q water. Fig. 

S7 depicts the SEM micrographs of the pristine surfaces of the studied membranes. 

Conversely, membranes used to filter the mixture of PS and BSA exhibited a significantly 

lower deposition of PS nanospheres on their surfaces after the physical cleaning protocol 

 R.C 30 kDa PES 30 kDa PES 150 kDa Recycled membrane 

PS 

    

    

PS 

+ 

BSA 

    

    

Figure 20. SEM and 3D-projection CLSM images of studied membranes after the physical 

cleaning of their surfaces with MilliQ Water. The red color in the 3D projections represents the 

fluorescent PS nanospheres. 
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was conducted. This is in concordance with the higher permeability recovery values 

obtained in all the studied membranes when PS nanoplastics were mixed with BSA (Table 

6).  

The impact of PS-induced fouling becomes more noticeable when comparing the 

membrane materials of regenerated cellulose and polyethersulfone. Specifically, the PS 

particles remained as a substantial cake layer on the PES membrane surface after the 

physical cleaning, while the RC membrane showed considerably less PS deposition, 

aligning with the hydraulic permeability recovery results presented in Table 6. 

Consequently, the hydrophilic nature of the RC membrane might be the predominant 

surface characteristic involved in the fouling reversibility.  

As previously explained, PES membranes are more hydrophobic than RC 

membranes, resulting in a stronger interaction with hydrophobic foulants. In the case of 

the mixed solution containing PS and BSA (Fig. 20, third row), the accumulation of PS 

nanospheres on the membrane surface of the UF membranes was not highly pronounced. 

This observation aligns with the OCT images taken during the experimental period, where 

the possible protein-corona formed by the presence of BSA could lead to the formation 

of a loose, fluffy-like structure and agglomerates due to the increased steric repulsion 

between the BSA-coated PS. The complex interaction between BSA and NPs and their 

deposition on the membrane surface are influenced by factors such as the protein-to-NP 

ratio, solution composition, and membrane properties [173]. 

4. Conclusion 

 

The present study aimed to evaluate the fouling behaviors of commercial- and 

recycled-UF membranes of two different materials (i.e., PES and RC) by filtering 

synthetic wastewater containing a predefined concentration of PS nanoparticles and the 

combination of NPs with BSA. OCT was employed to observe fouling layer formation 

and particle accumulation in situ. While PS created a consistent layer on the membrane, 

when combining PS and BSA as mixed foulants, OCT observations revealed both types 

of fouling a loose or fluffy-like structure and flocs or particle agglomeration.  

SEM and CLSM microscopy, performed after physical cleaning, corroborated the 

OCT observations, revealing a thick cake layer remaining from PS particles on membrane 

surfaces. In contrast, significantly lower PS nanosphere deposition was observed on 

membranes filtering the PS and BSA mixture, further supporting the hydraulic 

permeability recovery results. 

The importance of membrane material in fouling behavior is highlighted. For our 

experiments with predefined synthetic water, a combination of PS with BSA mitigated 

PS deposition. Additionally, the performance of recycled membranes was comparable to 

commercial ones with similar MWCO, indicating their potential use for preconcentration 

of nanoparticle-containing samples for subsequent analytic measurements. This practical 

application offers a cost-effective alternative without compromising treatment efficacy. 

Further investigations with various concentrations of chemicals are outstanding to 

substantiate these statements and will be the subject of future studies. 
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5. Supplementary Materials 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

(e) 

(f) 

(h) (g) 

Figure S 3. Fouling Layer Thickness processing workflow in ImageJ software. 

Figure S 4. Image preprocessing steps: Macro 2: (a) Unprocessed OCT image, (b) Background correction, (c) 

Image cropping, and (d) Final image. Macro 3: (e) Fouling layer (top) and membrane layer (bottom), (f) Local 

maxima, (g) Membrane measuring and location point with a 2-pixel timestep, and (h) Fouling layer measuring 

points using local minima with a 2-pixel timestep. 

 



Chapter IV 

 

                                                                                                                                                                       
57 

Full length  Cropped sections 

(a) RC 30 kDa 

   

(b) PES 30 kDa 

  

(c) PES 150 kDa 

       

(d) Recycled membrane 

 0 min 

 30 min 

 60 min 

 90 min 

 120 min 

 150 min 

 0 min 

 30 min 

 60 min 

 90 min 

 120 min 

 150 min 

 0 min 

 30 min 

 60 min 

 90 min 

 120 min 

 150 min 

 0 min  30 min 

 60 min 

 90 min  120 min 

 150 min 

 0 min  30 min 

 60 min 

 90 min  120 min 

 150 min 

 0 min  30 min 

 60 min 

 90 min  120 min 

 150 min 

4 



Chapter IV 

 

                                                                                                                                                                       
58 

   

Figure S 5. B-scans depicting the growth of layers on each membrane surface at different time 

points throughout the experiment. (a) RC 30 kDa, (b) PES 30 kDa, (c) PES 150 kDa, and (d) 

Recycled membrane, during the filtration of the solution containing PS. The cropped images 

contain a straight green discontinuous line representing the membrane surface. 
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(d) Recycled membrane 

   

Figure S 6. B-scans depicting the growth of layers on each membrane surface at different time 

points throughout the experiment. (a) RC 30 kDa, (b) PES 30 kDa, (c) PES 150 kDa, and (d) 

Recycled membrane, during the filtration of the solution containing PS and BSA. The cropped 

images contain a straight green discontinuous line representing the membrane surface. 
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Figure S 7. SEM images of pristine membranes. SEM image of PES 30 kDa was taken from [13]. 
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CHAPTER V: Emerging pollutants removal from urban wastewater: 

study of Membrane Bioreactor. 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 
 

 

 

 

Article 

Treatment of Synthetic Wastewater Containing Polystyrene (PS) 

Nanoplastics by Membrane Bioreactor (MBR): Study of the 

Effects on Microbial Community and Membrane Fouling 
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Abstract: The persistent presence of micro- and nanoplastics (MNPs) 

in aquatic environments, particularly via effluents from wastewater 

treatment plants (WWTPs), poses significant ecological risks. This 

study investigated the removal efficiency of polystyrene nanoplastics 

(PS-NPs) using a lab-scale aerobic membrane bioreactor (aMBR) 

equipped with different membrane types: microfiltration (MF), 

commercial ultrafiltration (c-UF), and recycled ultrafiltration (r-UF) 

membranes. Performance was assessed using synthetic urban 

wastewater spiked with PS-NPs, focusing on membrane efficiency, 

fouling behavior, and microbial community shifts. All aMBR systems 

achieved high organic matter removal, exceeding a 97% COD 

reduction in both the control and PS-exposed reactors. While low 

concentrations of PS-NPs did not significantly impact the sludge 

settleability or soluble microbial products initially, a higher 

accumulation increased the carbohydrate concentrations, indicating a 

protective bacterial response. The microbial community composition 

also adapted over time under polystyrene stress. All membrane types 

exhibited substantial NP removal; however, the presence of nano-

sized PS particles negatively affected the membrane performance, 

enhancing the fouling phenomena and increasing transmembrane 

pressure. Despite this, the r-UF membrane demonstrated comparable 

efficiency to c-UF, suggesting its potential for sustainable applications. 

Advanced characterization techniques including pyrolysis gas 

chromatography/mass spectrometry (Py-GC/MS) were employed for 

NP detection and quantification. 

Keywords: activated sludge; membrane bioreactor; membrane 

fouling; microfiltration; microbial community; nanoplastics; Py-GC-

MS; ultrafiltration recycled membrane 
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1. Introduction 

The widespread use of plastics has led to a global pollution crisis, with detrimental 

impacts on ecosystems. Of particular concern are micronanoplastics (MNPs), raising 

questions about their effects on aquatic environments and the need for effective 

mitigation strategies [174]. MNPs are classified as primary (intentionally 

manufactured) or secondary (formed from the breakdown of larger plastics). Regarding 

their sizes, MPs are fragments smaller than 5 mm, and nanoplastics (NPs) are particles 

with a size ranging from 1 to 1000 nm [175].  

     Even though WWTPs exhibit a notable capacity to eliminate a significant proportion 

of MPs, with a retention rate ranging from 98% to 99% [20–22], they persist as the 

primary pathway through which MPs reach the environment. This is largely attributable 

to the massive volume of effluent discharged by WWTPs [23]. Moreover, it is expected 

that the weathering of macroplastics and MPs will generate secondary NPs, although 

there is no available data on the environmental loads of NPs [140]. This lack of 

information regarding the presence of NPs in the environment is especially concerning 

because studies have reported that nanosized particles primarily induce more toxicity 

in aquatic and terrestrial animals compared to larger particles [27]. Additionally, 

investigations show that NPs in urban waters differ from MPs in terms of their analytical 

challenges, transport properties, interactions with pollutants, bio-effects, and removal 

behavior [176]. 

  In the search for more effective wastewater treatment solutions, membrane-based 

advanced technologies for wastewater treatment, such as membrane bioreactors 

(MBRs), have emerged as promising competitors. Along with the removal of advanced 

levels of organic and suspended solid particles, MBRs are also effective in the removal 

of MPs. MBRs have been demonstrated to reach a removal capacity of 99.9 % of MPs 

(> 20 μm) [177]. While MBR systems were neither initially designed for the removal 

of MPs, their remarkable efficiency in removing them can be attributed to the synergy 

between the entrapment of MPs in the suspended sludge flocs and the sieving action of 

the membrane within the reactor [177,178].  

     With the demonstrated effectiveness of MBRs in removing MPs, it is highly 

important to take one further step in the implementation and assessment of MBR for 

the removal of NPs from wastewaters. Previous studies have shown that 99% of NPs 

were retained in the sludge during the activated sludge process of a municipal WWTP, 

highlighting that NPs form aggregates with the suspended solids found in the system 

[179]. Since MBRs also work with activated sludge, it is reasonable to hypothesize that 

MBR systems could effectively remove NPs. However, to the knowledge of the authors, 

no research has been conducted on the impact of NPs in MBR systems thus far.  

Interestingly, the review articles focused on studies on MBR for MNPs removal, 

exclusively cited literature related to MPs [20,180,181]. In the work by Sutrisna et al. 

[180], a section is dedicated to reviewing studies on the effects of MPs and NPs on 

MBR. However, a closer look reveals that all the listed references concentrate solely on 

the potential use of MBR for the removal of MPs from water and wastewater. 

Concerning NPs, the review only briefly touches on their biodegradability without 
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addressing MBR efficiency. In fact, Sutrisna et al. [180] concluded that it is crucial to 

investigate the effects of NPs within the MBR unit, as the presence of these particles 

could potentially have both positive and negative impacts on MBR operation. On the 

other hand, MNPs can induce oxidative damage to microbes, disrupt cell membrane 

integrity, inhibit sludge activity, and reduce the abundance of crucial microbes. This 

can alter the composition and distribution of extracellular polymeric substances (EPS) 

and hindering sludge dewatering, according to the authors of reference [182]. Alvim et 

al. [183] studied the influence of 100 nm PS-NPs (10 μg L-1) on microbial community 

composition and activity of activated sludge and the quality of the final effluent at a 

sequencing batch reactor (SBR) over 63 days. The authors reported no damage of the 

activated sludge process under the proposed experimental conditions, meaning that NPs 

did not modify the global process. However, Zhou et al. [184] found that a high 

concentration (1000 μg/L) of NPs decreased nitrogen removal efficiency by activated 

sludge in the SBR.  

   The evaluation of the removal capacity of NPs by advanced water treatment 

technologies has been limited due to the lack of standardized methods for sampling, 

identification, and quantification of NPs from wastewater [182]. The detection and 

quantification of NPs presents unique challenges due to their extremely small size. 

While techniques such as microscopy, spectroscopy, and dynamic light scattering 

(DLS) are valuable for qualitative analysis, there remains a need for improved 

sensitivity and standardization of methods [28]. Commonly used techniques for MPs 

include vibrational spectroscopic methods (FTIR or Raman spectroscopy) for 

identification and semi-quantification of MPs [29]. These methods can be used to 

collect appropriate parameters because of the availability of multi-analysis. However, 

they are limited in that they do not detect particles smaller than 20 µm [30], which is a 

significant limitation for characterizing and semi-quantifying NPs.  

To overcome these limitations, researchers are exploring the potential of thermal 

degradation-based technique such as Pyrolysis Gas Chromatography-Mass 

Spectrometry (Py-GC-MS), combined with preconcentration strategies that leverage 

membranes to isolate and enrich NPs from environmental matrices [31]. Membrane 

technology plays a crucial role in these preconcentration processes by selectively 

filtering out larger particles and concentrating the smaller NPs, making subsequent 

analysis more accurate and reliable [32]. 

   In the context outlined above, the present research seeks to enrich the understanding 

of the treatment of wastewater containing PS-NPs using a lab-scale MBR. This study 

will examine the shift in microbial community composition and the behavior of 

membrane fouling in an aerobic MBR. The operational behavior of a microfiltration 

membrane and two ultrafiltration membranes, including a recycled one, will be 

compared in the presence of NPs. Finally, the semi-quantification of the PS-NPs in both 

permeates and activated sludge samples will be analyzed by Py-GC-MS after their 

chemical pretreatment. By addressing this critical research gap, our investigation 

aspires to offer insights into the challenges posed by NPs, contributing to strategies for 

minimizing their environmental impact. 

https://www.sciencedirect.com/science/article/pii/S0301479722027049#bib40
https://www.sciencedirect.com/science/article/pii/S0301479722027049#bib40
https://www.sciencedirect.com/science/article/pii/S0301479722027049#bib40
https://www.sciencedirect.com/topics/chemistry/spectroscopy
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2. Materials and Methods 

2.1. Chemicals 

Chemicals used for the preparation of synthetic urban wastewater were glucose 

((C6H12O6) D(+) glucose anhydrous, extra pure, Ph Eur, BP, USP), meat peptone, urea 

(urea reagent grade ACS, sodium chloride (NaCl reagent grade, ACS, ISO, Reag. Ph 

Eur), sodium bicarbonate (NaHCO3, extra pure, Pharmpure®, Ph Eur, BP, USP), di-

potassium hydrogen phosphate anhydrous (K2HPO4 for analysis, ExpertQ®, ACS, 

Reag. Ph Eur), calcium chloride dihydrate (CaCl2.2H2O powder, for analysis, 

ExpertQ®, ACS), and magnesium sulfate heptahydrate (MgSO4.7H2O for analysis, 

ExpertQ®, ACS, Reag. Ph Eur) supplied by Sigma-Aldrich, Spain. The chemical used 

for membrane transformation and membrane cleaning was sodium hypochlorite 

(NaClO 10% w/v). 

The nanoparticles used were PS fluorescent carboxylate with a 116 ± 2 nm size 

and 𝜆𝑒𝑥. / 𝜆𝑒𝑚.: 576 nm/596 nm. These nanoparticles, purchased from IKERLAT 

Polymers, Spain, are standard, perfectly dispersed, and stable in water. 

2.2. Membranes 

Three flat sheet membranes were investigated in the current study: (i) a 

microfiltration (MF) membrane (nominal pore size of 0.4 μm), (ii) commercial 

ultrafiltration membrane UF-PES 150 kDa-Microdyn (c-UF), and (iii) recycled 

ultrafiltration (r-UF) membrane. It should be noted that all the membrane tests only 

related to a single run. The membrane characteristics are summarized in Table 7. The 

nominal molecular weight cut-off (MWCO) values were measured by size exclusion 

chromatography. The MWCO was defined as the corresponding molecular weight 

with a retention coefficient of 90%. An Agilent Technologies 1260 Infinity GPC/SEC 

System with a column from Polymer Labs (PL MIXED aqua gel-OH) with a nominal 

pore size of 8 μm was used. Milli-Q water was used as the eluent with a 1 mL min−1 

flow rate. The calibration was carried out with narrow standards of PEOs with 

molecular weights between 194 and 490,000 Da. The feed solution contained PEOs 

ranging from 103 to 105 g mol−1, keeping the total concentration of 1 g L−1 following 

the composition reported elsewhere [78,164]. 

 

Table 7. Technical data of the studied membranes. 

 Manufacturer  

Membranes Material 
Nominal  

Pore Size  

Nominal 

MWCO (Da) 

Nominal 

MWCO (Da) 

MF 
Chlorinated 

polyethylene 
0.4 µm --- --- 

r-UF Polyethersulfone 12 nm [25] --- 30,000 

c-UF Polyethersulfone <30 nm 150,000 90,000 

 

5 
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The r-UF membranes were obtained by eliminating the polyamide layer of the 

End-of-Life (EoL) reverse osmosis (RO) membranes through exposure to a NaClO 

dose of 500,000 ppm·h at a pilot scale, following the procedure proposed by García-

Pacheco et al. [79]. Furthermore, aligning with the principles of the circular economy 

[161], the study will explore the potential of recycled membranes in MBRs – a field 

supported by existing research that demonstrates their feasibility and even suggests 

potential advantages in fouling reduction [83]. 

2.3. Aerobic Membrane Bioreactor (aMBR) System 

Two systems of submerged-membrane configuration were employed in parallel. 

The experiments were carried out on a lab scale aMBR at continuous flow. Each 

aMBR tank had a working volume of 30 L and an effective membrane area (flat sheet 

membrane module) of 0.11 m2. One MBR was used as the control (aMBR-Control) 

(i.e., without the addition of PS nanospheres), and the other with spiked PS 

nanospheres (aMBR-PS) (Figure 21). The feed stream used was synthetic wastewater 

simulating urban wastewater (0.4–0.5 g/L COD), as reported elsewhere [85]. The 

aMBR feeding was performed by a peristaltic pump (type PPR, SEKO SpA, 

Barcelona, Spain), and a piston pump FMI (Fluid Metering Inc., Syosset, NY, USA) 

was used for constant flux operation, whereas a pressure transducer recorded the 

temporal evolution of the TMP. The reactors were automatically controlled. A pH 

meter with an integrated temperature sensor (713-type pH meter, Metrohm Ltd., 

Herisau, Switzerland) was used to monitor the pH and temperature of the bioreactor. 

The oxygen was supplied by air diffusers positioned at the bottom of the tanks to 

supply the oxygen required by the biomass and avoid the formation of dead zones by 

acting like the stirrer system.  

The laboratory-scale aMBR unit was operated at a hydraulic retention time 

(HRT) of 15 h and the sludge retention time (SRT) was considered infinite since no 

purge was conducted during the experimental time. Regular measurements of pH, EC, 

and DO were performed to ascertain that the aMBRs operated under the same 

conditions. The activated sludge used was taken from the urban WWTP Guadalagua, 

located in Guadalajara, Spain. Specifically, the samples were collected from the 

recirculation stream to ensure higher total suspended solid (TSS) concentration values 

than those from the biological reactor. Prior to starting the experiment, the microbial 

community was acclimatized for almost 80 days, which ensured that pseudo-steady-

state conditions were achieved. The average values remained at 7.86 ± 0.21 pH and 

501 ± 0.12 μS/cm in the case of EC. DO concentration in the bioreactor was measured 

by an oxygen probe (Z921, Consort). A steady-flux value of 18 LMH was employed, 

whereas the membrane operation was set on cycles of 8 min of suction followed by 2 

min of relaxation. The aMBR permeate was analyzed twice a week (i.e., BOD5, COD, 

TN, and TOC) as described in Section 2.4. With the same frequency, the 

characterization of the mixed liquor properties was conducted (i.e., floc macroscopy 

by V-30 test, floc microscopy by an optic microscope, and MLSS determination). 
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     The PS nanoparticle (116 ± 2 nm) was chosen as PS has been identified as one of 

the predominant plastic polymers found in marine environments [140]. Moreover, it 

is often chosen as a representative for studying the absorption and biotoxicity of 

MNPs in marine organisms [185]. Thus, the standard (20 g/L) of PS was added 

directly to the mixed liquor (i.e., NPs were added manually to the reactor to prevent 

their loss through the pump and tubing system). The addition was conducted daily 

during the first two weeks to reach a 20 mg/L concentration in the reactor (stage I). 

Thereafter, the addition was stopped for one week. Later, from day 21., the 

concentration of spiked PS was increased for the following week (stage II) to assess 

the eventual effects of an abrupt increase in NP concentration (up to 60 mg/L) on the 

MBR system. Finally, the MBR was operated under the total accumulated 

concentration from the two spiked stages for 5 more weeks without any other PS 

addition to evaluate the performance of different membranes under the same 

concentration of NPs. The MF membrane was used for the initial 39-day experiment. 

Following this, UF membranes (i.e., c-UF and r-UF) were tested individually for two 

weeks each. 

2.4. Permeate and Sludge Characterization 

2.4.1. Analytical Methods for Wastewater Parameters 

The main parameters for wastewater analysis were measured according to standard 

methods [186] that included EC, pH, BOD5, COD, TOC, TN, and MLSS. The 

conductivity values of the solutions were measured by a CM 35 conductivity meter 
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Figure 21. Representation of the experimental setup. 5 
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(Crison Instrument, Barcelona, Spain). TOC was measured by a TOC analyzer (TOC-

5000A, Shimadzu Co., Japan). TN was determined colorimetrically (UV-1700 

Spectrophotometer, Shimadzu Co.) after sample digestion using sulfuric 

acid/peroxodisulfate and alkaline potassium persulfate, respectively. MLSS was 

measured by filtration on a Whatman GF/A microfiber glass filter (1.6 μm nominal 

pore size). The sludge volumetric index (SVI) was calculated following Equation (7). 

𝑆𝑉𝐼 =
𝑉30 [

𝑚𝑙
𝐿

]  ∗  2(𝑛)

𝑀𝐿𝑆𝑆 [
𝑔
𝐿

]
 (7) 

where 𝑉30 is the volume of settled mixed liquor measured at 30 min and 𝑛 is the 

dilution number of the mixed liquor.  

Data were analyzed statistically using a statistical significance level of 0.05 by T-

test analysis. 

2.4.2. Microbial Community Analysis and SMP  

 

DNA from the MBR samples was extracted using a FastDNA SPIN® Kit for soil 

(MP Biomedicals,Madrid, Spain), according to the protocol from the manufacturer 

(FastDNATM Spin Kit for Soil DNA Extraction | MP Biomedicals, n.d.). DNA from 

all samples was extracted twice, obtaining 100 µL as the final volume. Inhibitors in 

the sample were removed by employing a One-Step PCR Inhibitor Removal Kit 

(Zymo Research, Irvine, CA, USA). DNA concentration was measured using the 

Qubit® dsDNA BR Assay Kit (Molecular probes, Eugene, OR, USA), and the 

absorbance rate (260/280 nm) was measured with a NanoDrop ND-1000 UV/Vis 

spectrophotometer (Thermo Fisher Scientific, DE, Waltham, USA). DNA samples 

were sequenced for V4 16S rRNA gene amplification using the primers 515F–806R. 

The subsequent amplicon sequencing was conducted on the Illumina Miseq platform. 

To obtain the SMP in terms of carbohydrates and proteins, the mixed liquor 

samples were centrifuged at 15,000 rpm for 10 min at 4 °C. Later, the liquid part was 

filtered with a 0.45 µm filter size of cellulose acetate to obtain the soluble portion. To 

determine the carbohydrate concentration, the anthrone method [187] was employed. 

Protein concentrations were determined following the bicinchoninic acid (BCA) 

method [188]. 

 

2.4.3. Semi-Quantification of PS Nanoplastics by Pyrolysis Gas Chromatography-

Mass Spectrometry (Py-GC-MS) 

 

Sampling and Sampling Treatment 

Activated sludge samples were collected once per week. To ensure 

representative sampling of the activated sludge, a sampler was utilized to take samples 

from the middle of the reactors. A volume of 10 mL of mixed liquor was treated prior 

to the analysis by applying a peroxidation process. The peroxidation reaction was 
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conducted with 10 mL of the sample (mixed liquor) and 20 mL of peroxide (H2O2, 

30% wt) for 4 h at a temperature of 60 °C, following the methodology outlined in a 

previous study by Bretas Alvim et al. [189]. Subsequently, the digested sample was 

vacuum filtered using alumina filters (AnodiscTM 47 mm, 0.02 µm), and the filter was 

then dried at 50 °C in a laboratory oven for 1 h. Finally, the dried filter was milled in 

a ball mill for two minutes at 30 Hz and an aliquot of 1 mg was taken for Py-GC-MS 

analysis. 

Permeate samples were also collected once per week. The analyzed volume of 

the different permeate samples ranged from 100 to 500 mL, which had been pre-

concentrated from an initial volume of 5 to 8 L. The pre-concentration process was 

carried out in a dead-end system with regenerated cellulose (RC, 30 kDa) membranes, 

as shown in Figure 21. The RC membrane was chosen due to the results obtained in 

previous studies [32] that showed fouling remotion and permeability recovery values 

up to 100%. The pre-concentrated permeate samples were also chemically digested 

by peroxidation reactions in a ratio of 100:1 (permeate sample: H2O2, 30% wt) for 2 

h at a temperature of 60 °C following the same methodology by Bretas Alvim et al. 

[189]. The subsequent steps after digesting the sample were identical to those 

described for the mixed liquor (vacuum filtering, drying, and milling).  

Identification and Semi-Quantification 

A pyrolyzer 6200 (CDS Analytical) coupled to a gas chromatography-mass 

spectrometer (7890B and 5977B MSD, Agilent Technologies) was used for plastic 

identification and semi-quantification. Pyrolysis was performed at a temperature from 

150 to 600 °C (1 min). The transfer line until the gas chromatograph was maintained 

at 300 °C. The GC injector operated in split mode with a 100:1 ratio at a temperature 

of 300 °C. Pyrolysis products were separated using He (1.5 mL/min) as the carrier gas 

in the HP-5 capillary column (30 m length × 0.32 mm i.d. × 0.25 µm film thickness; 

Agilent). The GC oven program was as follows: 2 min at 40 °C, then increased up to 

325 °C at 10 °C/min and held for 2 min. The GC-MS interface temperature was fixed 

at 280 °C. The mass spectrometer operated under electron ionization mode (70 eV); 

the source temperature was kept at 230 °C. The acquisition was performed under scan 

mode ranging from 40 to 400 m/z. The pyrolytic products used as indicators of the 

presence of PS are indicated in Table 8 including the most specific m/z ions selected 

for each compound.  

Table 8. Characteristic pyrolytic products obtained for polystyrene and m/z ions 

selected as indicators for each peak. 

Polymer Pyrolytic Products Indicator Ions (m/z) 

PS 
Styrene * 104, 78, 51 

3-Butene-1,3-diyldibenzene (Styrene dimer) 91, 104, 130 

5 
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5-Hexene-1,3,5-triyltribenzene (Styrene trimer) 91, 117, 194 

* Compound used for quantification. 

Although it is known that styrene can be generated from other sources, it was 

selected as the quantifying peak in this study as the recoveries in the real samples 

were satisfactory (see Supplementary Materials S2).  

The quantification of polymers was conducted by injecting calibration curves 

using specific standards. The description of the preparation of the standards and 

validation of the method is given in Supplementary Materials S2. The limit of 

detection and quantification (LOD and LOQ) were defined according to the matrix 

(activated sludge and permeate) and the volume treated, also referred to in 

Supplementary Materials S2. 

The treatment and analysis of both types of samples were conducted under strict 

protocols to avoid cross-contamination and altered results (see Supplementary 

Materials S1). 

2.5. Membrane Characterization 

2.5.1. RIS Analysis 

To understand the fouling mechanism during the studied processes, the 

resistance-in-series (RIS) analysis was realized following the model proposed by 

[190]:  

𝑅𝑡 =
𝑇𝑀𝑃

𝐽 𝜇
 (8) 

where J is the permeate flux of the fouled membrane [m3 m−2 s−1], TMP is the 

transmembrane pressure [Pa], and μ is the permeate viscosity [Pa s] at the operating 

temperature. By the end of the studied period, the membranes were removed from the 

bioreactor and physically cleaned by rinsing with tap water and soft mechanical 

cleaning following the procedure of Rodríguez-Sáez et al. [85]. The cleaned 

membrane was then immersed in clean water and exposed to the same operational 

filtration conditions as during the experiment in order to measure the resistance to 

filtration in clean water (𝑅𝑡,𝑐𝑤): 

𝑅𝑡,𝑐𝑤 =
𝑇𝑀𝑃𝑐𝑤

𝐽𝑐𝑤  𝜇
 (9) 

where 𝐽𝑐𝑤 is the permeate flux of the cleaned membrane [m3 m−2 s−1] measured with 

clean water, 𝑇𝑀𝑃𝑐𝑤  is the transmembrane pressure [Pa], and μ is the permeate 

viscosity [Pa s] at the operating temperature.  

The total resistance is expressed as follows in Equation (10): 

𝑅𝑡 = 𝑅𝑚 + 𝑅𝑝𝑏 + 𝑅𝑐 (10) 
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where 𝑅𝑚, 𝑅𝑝𝑏, and 𝑅𝑐 represent the membrane, the pore blocking, and cake layer 

resistance contributions, respectively. The total resistance 𝑅𝑡,𝑐𝑤 during clean water 

operation can be expressed as (Equation (11)):  

𝑅𝑡,𝑐𝑤 = 𝑅𝑚 + 𝑅𝑝𝑏 (11) 

Fouling resistance (𝑅𝑓) is defined as the total fouling resistance excluding the 

membrane resistance 𝑅𝑚 (Equation (12)): 

𝑅𝑓 = 𝑅𝑐 + 𝑅𝑝𝑏 (12) 

2.5.2. Scanning Electron Microscopy (SEM)  

Scanning electron microscopy (SEM) using the S-8000 Model (Hitachi) image 

device was employed to observe the morphology of the membrane surfaces and the 

fouling degree of the studied membranes after the physical cleaning of the membranes 

at the end of the experiment. Preceding the microscopy analysis, the membrane 

samples were dried by heating at 50 °C for 48 h. 

2.5.3. Confocal Laser Scanning Microscopy (CLSM) 

The membranes were also observed under a confocal laser scanning microscope 

(CLSM Leica SP5, Leica Microsystems). Each membrane was cut into pieces of 5 

mm × 5 mm (i.e., the membrane from the MBR-Control system and the other from 

the MBR-PS system) and three different areas were examined. The resulting images 

were analyzed by ImageJ software (Version 1.51n). The 3D projection images of the 

particles were constructed by the ImageJ 3Dviewer plugin.  

 

 

3. Results 

 

3.1. Activated sludge 

3.1.1. Changes to Settleability of Sludge and SMP 

MLSS and SVI were measured periodically to characterize the settleability 

capacity of the sludge. SVI values were calculated with n = 3 (i.e., a dilution 1:3 of 

mixed liquor: permeate water) to obtain representative values (i.e., values below 400 

mL/g MLSS). The SVI decreased from 218.3 mL/g MLSS (day 1) to 199.2 mL/g 

MLSS (day 39) in the MBR-Control, while the SVI in the MBR-PS decreased from 

206.2 mL/g MLSS (day 1) to 202.9 mL/g MLSS (day 39). Even though the variation 

in SVI in MBR-PS was <2% compared to <9% in the MBR-Control, which might 

have been influenced by the plastic mass accumulation in the reactor, the results 

showed that the presence of polystyrene nanospheres in the mixed liquor did not 

significantly affect the settleability in terms of the volumetric index. This is in 

concordance with results obtained for the low concentration of nano-sized PS (213.7 

± 1.7 nm) by Xu et al. [191]. However, physical changes such as a variation in the 

color were observed since the employed PS nanospheres had a fluorescent dye 

5 
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incorporated in the particles. The color of the sludge changed from brown to reddish, 

which may indicate the absorption of NPs to the activated sludge flocs. Li et al. [192] 

studied the effect of short-term exposure to polystyrene nanoparticles on activated 

sludge performance. They also observed a color shift of the activated sludge from 

dark brown to light yellow and attributed it to the adsorption of the white PS-NPs by 

the activated sludge.  

Soluble microbial products (SMPs) are the most direct indicator relating to 

membrane fouling [193]. SMPs are also reported in the literature as soluble 

extracellular polymeric substances (S-EPSs) and mainly consist in the portion of EPSs 

that are not associated with the microbial cell but are solubilized in the mixed liquor 

[194]. SMPs are related to cell lysis, substrate metabolism, and biomass growth [195], 

which can be affected by many influencing factors such as the substrate type, nutrient 

content, solid retention time, presence of toxic substances, the shear rate of a reactor, 

and salinity [196]. The major components of SMPs are carbohydrates (SMPc) and 

proteins (SMPp) [197]. Therefore, the SMP concentration, expressed as SMPc and 

SMPp, were determined at three different moments of the experiment: (1) at the 

beginning, (2) at the end of the first period of PS addition, and (3) at the end of the 

experiment with the MF membrane (day 39). 

In the first stage of the experiment (i.e., up to 20 mg PS L−1), the obtained 

concentrations of SMPc were 1.54 mg L−1 and 1.15 mg L−1 while the SMPp values 

were 4.06 mg L−1 and 5.58 mg L−1 in the MBR-Control and MBR-PS, respectively. 

The values obtained in both the MBR-Control and MBR-PS reactors showed no 

significant difference in the average SMP values, which means that the presence of 

PS nanospheres at a low concentration did not provoke any biomass disruption. 

Previous reports have shown the toxicity of NPs as a dose-dependent manner, where 

low concentrations of PS-NPs (0.1, 1, 5, 10, and 50 mg L−1) did not exhibit obvious 

toxicity [198,199]. However, even though the levels of SMPs observed in the biomass 

flocs during the course of this study were relatively low, at the end of the 39-day 

experiment, when the accumulation of PS-NPs was higher (i.e., around 60 mg L−1), 

the behavior changed. The most significant variation was observed in the 

carbohydrate measurements. The increase in the SMPc values in the MBR-PS was 

double compared with the control. While the MBR-Control increased more than 2.5 

times, the MBR-PS showed more than five times the SMPc increment, most probably 

due to the protective responses of bacteria under nanoplastic stress. A similar behavior 

was observed by Tang et al. [200], who studied the influence of three different PS 

nanoplastic concentrations (PS-0.1, PS-1, and PS-10 mg L−1) on the S-EPS variation 

[200]. They observed an increase in S-EPSs in all of the studied reactors after 

exposure to low doses of PS-NPs. They concluded that the production of S-EPSs on 

the bacteria cell surfaces helped to protect them from harm when they exposed to PS-

NPs [200].  

Regarding the protein concentrations, they remained almost constant in both 

cases, obtaining values of 3.99 mg L−1 and 4.93 mg L−1 in the MBR-Control and 
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MBR-PS, respectively. Wang et al. [196] observed that a relatively lower 

concentration (0.14–0.30 g L−1) of polypropylene microspheres (500 µm) in an 84-

day experiment stimulated the release of SMP [201]. Similarly, the content of S-EPS 

was increased slightly after PS-NP (100 mg L−1) exposure in the study conducted by 

Qian et al. [202], which agrees with the results in the current study.  

3.1.2. Microbial Community Analysis 

Microbial communities were examined using microscopy observations and 

metagenomic analysis. The initial conditions of the experiment were similar for both 

reactors under investigation, where the predominant bacteria observed in both reactors 

were identified as morphotypes 0803/0914 and 0092. These morphotypes are 

associated with the phylum Chloroflexi. This finding aligns with the expected 

abundance of Chloroflexi in urban WWTPs, from which the utilized sludge was 

obtained. During the subsequent sample observations (i.e., intermediate sample), the 

relative abundance of the initial morphotypes remained, along with the presence of 

type 1851, which also appeared in the Chloroflexi phylum. However, morphotype 

0092 was observed only in the control reactor. At the conclusion of the experiment, 

the bacterial community in the MBR-Control maintained was similar to that at the 

intermediate sample. In contrast, in the MBR-PS, there was a noticeable change in the 

bacterial community, specifically with the observation of morphotype 0041/0675, 

replacing the previous observation of morphotype 1851.  

16 S rRNA gene sequencing was also investigated (1) at the beginning, (2) at the 

end of the first period of PS addition, and (3) at the 39th day. Bacterial communities 

were dominated by Proteobacteria in both reactors (average of 30.99% of 16S rRNA 

gene reads) during the study. This result is in agreement with Rehman et al. [203], 

who studied the composition and functional potential of the microbial communities 

of a lab-scale MBR system with a submerged ultrafiltration (UF) membrane 

configuration. As Figure 22 shows, other major groups were the Planctomycetota 

(15.11%), Bacteroidota (13.45%), Chloroflexi (8.61%), Verrucomicrobiota (6.33 %), 

Patescibacteria (5.67%), Actinobacteriota (4.24%), Actinobacteriota (4.24%), 

Acidobacteriota (3.07%), Myxococcota (2.42%), Gemmatimonadota (1.45%), 

Nitrospirota (1.44%), and Bdellovibrionota (1.42%) (Figure 22a). Previous studies 

have also observed the same phyla predominance in conventional activated sludge 

reactors [204,205]. 
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Minor changes were observed with the most abundant phylum Proteobacteria 

along with Planctomycetota, and Verrucomicrobiota. At the same intermediate 

sample, the relative abundance of Proteobacteria dropped from 31% to 25%, from 

15% to 13% in the case of Planctomycetota, and from 7% to 5% for 

Verrucomicrobiota. In the last sample analyzed (day 39), all phylum recovered the 

relative abundance of the initial values obtained in the control reactor. Furthermore, 

the results shown in Figure 22 suggest that the presence of PS at low concentrations 

(first stage of treatment) and for a short period have more effect on the bacterial 

community than higher concentrations for a longer time. In the cluster analysis of 

Figure 23, the adaptation capability of the medium to the pollutant presence over time 

was more noticeable. 

Figure 22. Bacterial community composition at the phylum level (a) and genera level (b) in both 

reactors (i.e., MBR-Control and MBR-PS) sampled on the initial day (day 1st), on day 15, and day 

39. 

(a) 

(b) 
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The relative abundance of Patescibacteria increased from 3% to 7% and 11% in 

MBR-Control and MBR-PS, respectively, when the PS remained at low 

concentrations (stage I). Alvim et al. [206] have recently studied the effect of PS 100 

nm size on the activated sludge in a sequencing batch reactor. The same results were 

found with the Patescibacteria phylum at low concentrations of nanoplastic. Other 

studies also agree with the enrichment of Patescibacteria in the presence of plastic 

[200] and suggested this phylum as a possible bacterial biomarker for plastic 

contamination [206]. Even though there are similar findings in terms of the abundance 

of some bacterial communities in the presence of NPs, a direct comparison between 

the Conventional Activated Sludge (CAS) and MBR systems behavior is not 

straightforward. This is due to the relatively longer operational time and higher MLSS 

concentration associated with MBR technology compared to CAS [207]. 

Consequently, the cumulative impact of nanoplastics could diverge from conventional 

sludge technologies, potentially leading to variations in bacterial relative abundance 

fluctuations. In our study, at the end of the second cycle of PS addition, the relative 

abundance of Patescibacteria decreased again up to 5 % in both reactors, while the 

accumulation and homogeneity of the nanoplastic in the MBR increased. Given the 

intermittent addition of PS, the results suggest that the bacterial community is capable 

of adapting following a period of rest.  

3.2. Membrane Operation 

3.2.1. Permeate Quality  

The experiment (once the addition of PS started) was conducted with an MF 

membrane (nominal diameter of 0.4 µm) for 39 days, followed by testing the UF 

Figure 23. Heat-map of the bacterial community composition at the phylum level with cluster 

analysis. The color intensity in each panel shows the percentage in a sample, referring to the color 

key at the left. 

  MBR-Control               MBR-PS                     MBR-Control                MBR-PS                     

      Day 15                      Day 1                           Day 39             

 

Phylum 

MBR-Control      MBR-PS        MBR-Control       MBR-PS        MBR-Control      MBR-PS                                            
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membranes including c-UF and r-UF for two weeks for each one. Table 9 summarizes 

the characteristics of the effluents of both MBRs, where the results are expressed in 

average values and their respective standard deviations (±SD).  

Table 9. Average effluent quality and removal capacity of MBR. 

 pH 
CE 

 (µS/cm) 

COD 

(mg/L) 

%R 

(COD) 

TOC 

(mg/L) 

%R 

 (TOC) 

Total N 

(mg/L) 

%R 

 (TN) 

 MF 

MBR- 

Control 
7.90 ± 0.20 564.92 ± 0.17 10.28 ± 2.30 97.44 ± 1.82 2.28 ± 0.65 97.88 ± 2.00 15.63 ± 4.50 49.60 ± 14.52 

MBR-

PS 
7.91 ± 0.12 518.08 ± 0.17 8.84 ± 3.05 97.80 ± 0.76 1.83 ± 0.61 98.38 ± 0.84 18.75 ± 3.45 39.52 ± 11.14 

 c-UF 

MBR- 

Control 
7.91 ± 0.10 482.60 ± 0.10 8.48 ± 1.39 97.89 ± 0.35 2.05 ± 0.82 98.46 ± 0.62 12.75 ± 2.50 50.96 ± 9.62 

MBR-

PS 
7.93 ± 0.12 452.80 ± 0.08 9.18 ± 0.59 97.71 ± 0.15 1.98 ± 0.33 98.51 ± 0.25 18.00 ± 2.65 30.77 ± 10.18 

 r-UF 

MBR- 

Control 
7.80 ± 0.08 440.75 ± 0.02 5.33 ± 0.67 98.61 ± 0.17 1.19 ± 0.12 99.09 ± 0.10 14.55 ± 1.67 46.18 ± 4.64 

MBR-

PS 
7.92 ± 0.08 516.25 ± 0.09 5.88 ± 1.17 98.47 ± 0.34 1.07 ± 0.27 99.18 ± 0.21 18.25 ± 4.11 32.01 ± 17.18 

In general terms, the effluents from both the MBR-Control and MBR-PS 

reactors were very similar in terms of characteristics. A percentage of COD removal 

above 97% was obtained in both reactors (MBR-Control and MBR-PS) for all 

membranes, which represents a high purification capacity. Results showed that the 

presence of nanoplastics (PS) did not affect the remediation capacity of the MBR for 

organic matter. Similar high removal efficiencies (effluent COD: 20.2 ± 10.2–

23.8 ± 13.4 mg L−1) were previously achieved by Maliwan et al. [208] during their 

study of different MP additions (0, 7, 15, and 75 MPs/L, respectively). Furthermore, 

other studies related to biological wastewater treatment have reported COD removal 

efficiencies of sequencing batch reactor (SBR) during an experimental time above 

90% [206], and 97.35 ± 0.81% (n = 33) of COD removal was obtained in SBR-MP, 

representing a high purification capacity of the reactor in the presence of polyethylene 

microbeads [209]. It is also worth noticing that the r-UF showed a higher removal 

efficiency compared to commercial ones, despite the results summarized in Table 7. 

The chlorination transformation process modified key surface characteristics [210], 

particularly achieving a MWCO of 30,000 Da, which could influence the observed 

COD removal efficiency. 

The quality of permeate streams from samples obtained from the three types of 

membranes (i.e., MF, r-UF, and c-UF) was also verified in terms of PS presence. 

Before conducting the Pyr-GC-MS analysis, a pre-concentration step was carried out 

to enhance the detectability of trace nanoplastics. The pre-concentrated permeate 

samples were analyzed from a larger initial volume from 5 to 8 L, as explained in 

Section 2.4.3. According to the results, no presence of PS was detected, since all 
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values were below the limit of detection (LOD: ranging from 0.013 to 0.067 µg mL−1). 

Consequently, the rejection capacity of the MBR toward PS nanoplastics was 100% 

with all of the studied membranes.  

In addition, the verification of PS concentration in sludge was conducted weekly. 

Since the comparison study of membrane operation occurred sequentially (i.e., r-UF 

following c-UF), four measurements using Py-GC-MS were controlled. Each time, 

the Py-GC-MS analyses were performed on both types of samples (i.e., from MBR-

Control and MBR-PS) to confirm the presence of PS in the sludge. 

As could be verified, the PS concentration was kept almost constant (Table 10) 

during the comparative study. Accordingly, Mitrano et al. [179] reported that PS-NPs 

have the propensity to rapidly transition from the aqueous phase to the sludge phase 

within a short timeframe. Consequently, the swift formation of the cake layer and the 

strong adsorption capability of activated sludge for PS-NPs can act as a physical 

barrier, hindering the movement of additional nanoparticles and limiting their ability 

to contribute significantly to pore blocking. 

Table 10. Summary of the PS quantification in sludge by Py-GC/MS. 

 c-UF Membrane r-UF Membrane 

 Initial Point Second Week Third Week Fourth Week 

Conc. PS (mg L−1) 52.86 52.31 55.03 55.27 

3.2.2. Transmembrane Pressure (TMP) Evolution 

The effect of the presence of PS was noticeable in the transmembrane pressure 

(TMP) increment. Figure 24 shows the TMP evolution over the experimental time for 

the three studied membranes. 
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As can be observed in Figure 24, the overall increase in TMP in the MBR-PS 

with the increment of PS addition was higher than in the MBR-Control (i.e., no 

presence of PS) for the three membranes employed. This indicates that nanoplastics 

contribute significantly to membrane fouling over time. 

For the case of the MF membrane (Figure 24a), throughout the experimental 

period, regular physical cleaning of the membranes was carried out weekly, along 

with a single chemical clean at the conclusion of polystyrene (PS) addition (day 32). 

It is important to note that the inflection points in Figure 24a correspond to the 

instances of membrane cleaning. Finally, the system kept running without PS addition 

for another week. Toward the end of the evaluated time, while the TMP in the MBR-

Control increased less than two times, the growth of the TMP in the MBR-PS was 

almost five times higher than the initial TMP. This behavior shows the interactions 

between NPs and the membrane, which enhanced the membrane fouling and 

consequently the overall process performance of the wastewater treatment by MBR.  
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Figure 24. Variation of the transmembrane pressure (TMP) over the experimental time of the (a) 

microfiltration membrane (the highlighted TMP values on the 32nd day relate to chemical cleaning 

of the membranes) and (b) ultrafiltration membranes (comparison between 
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Subsequent to the 39-day period of the experiment, a comparative study of the 

UF membranes (c-UF and r-Uf) was carried out. The membrane fouling of c-UF and 

r-UF induced by the presence/absence of PS was studied, with the results given in 

Figure 24b. It was observed in Figure 24b that while r-UF exhibited a lineal (R2 > 

0.97 for both r-UF membranes) TMP increase, with the TMP of the membrane from 

MBR-PS higher than that from the MBR-Control, the TMP of the c-UF membrane 

behaved differently. After day 8, the c-UF submerged in MBR-PS presented a sharp 

TMP increase. On the other hand, the r-UF submerged in MBR-PS tended to stabilize. 

This stabilization is a promising result and could be attributed to the NaClO treatment 

used in the recycling process, which modifies the membrane-surface properties, 

potentially reducing its susceptibility to biofouling [83,85].  

3.2.3. RIS Analysis and Surface Characterizations 

Figure 25 reports the RIS model outputs of the three membranes: MF, c-UF, and 

r-UF. The presented 𝑅𝑐 values include both reversible and irreversible cake layer 

resistance, whereas the 𝑅𝑓 values comprise the resistances of the cake layer and the 

pore-blocking mechanism. 

 

Figure 25. Resistances of the MF, commercial UF (c-UF), and recycled UF (r-UF) membranes in 

the control (MBR-Control) and the experimental (MBR-PS) reactors. Rt: total resistance; Rf: 

fouling resistance; Rm: membrane resistance; Rc: cake layer resistance; Rpb: pore blocking 

resistance. 

The major contribution to the total resistance was from the cake layer resistance 

(Rc) across all three membrane types assessed (MF, c-UF, and r-UF), as depicted in 

Figure 25.  

For the case of MF (0.4 μm), one might have hypothesized a significant increase 

in the pore blocking resistance (Rpb) of the membrane due to the accumulation of the 

nanospheres (116 nm) inside the membrane. However, the primary contribution to the 

overall resistance originates from Rc (cake layer formation). This suggests that even 

with larger pores, the formation of a cake layer by SMPs (explained in section 3.1.1) 

and potential biofilm can significantly impede flow. The major SMP release is directly 

linked to the formation of the cake layer. During filtration, SMPs are believed to 

adsorb onto the membrane surface, blocking membrane pores and/or forming a gel 
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layer on the surface. This process provides a potential nutrient source for biofilm 

formation, thereby increasing resistance to permeate flow [194]. 

On the other hand, it is important to note that the Rm of the r-UF membrane was 

the highest value among the compared membranes, as depicted in Fig. 26. This 

difference can be attributed to the intrinsic properties of the recycled membranes, 

which experience a manufacturing process (transformation from EoL to r-UF), 

involving the removal of the first layer and the emergence the polyethersulfone layer 

after use. Additionally, the r-UF membrane has the smallest pore size, as Table 1 

depicts, which results in higher resistance to water permeation. However, a close 

examination of the fouling resistance behavior reveals a tendency of r-UF towards 

lower values of Rf than those of the c-UF membrane (as shown in Fig. 26). This 

reinforces the previous observation of potential fouling reduction benefits associated 

with recycled UF membranes and aligns with the TMP evolution explained in the 

previous section. Thus, the application of r-UF membranes in a flat sheet 

configuration within an aMBR system for both in absence and in presence of NPs 

demonstrates promising results. 

3.2.4. Membrane Characterization 

To support the previous observations, two different techniques after the physical 

clean at the end of each assessment were employed. Figure 26 shows the SEM 

micrographs of the MF and UF membranes (A) and the three-dimension (3D) 

projections from the confocal micrograph (B). 

(A) MF r-UF c-UF 

MBR- 

Control 

   

MBR-

PS 

   

      (B)   

MF r-UF c-UF 
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SEM images of the studied membrane surfaces did not reveal any visible evidence 

of PS deposition or attachment. To obtain a more comprehensive understanding of 

potential PS fouling, confocal microscopy was employed as a complementary 

technique. Unlike SEM, 3D imaging confocal microscopy allows for depth profiling, 

which can reveal PS particles that may have penetrated the membrane structure. 

Confocal images from the MBR-Control samples were not presented because no 

fluorescent particles were observed, resulting in entirely black images devoid of 

fluorescent dots. This absence of fluorescent signals in the control samples served as 

the baseline, confirming that any fluorescent dots observed in other samples can be 

attributed to PS particles. A 3D projection from the confocal microscope showed the 

portion of infiltrated nanoplastics adhered within the pores of the MF membrane. This 

aligns with prior studies by Abdelrasoul et al. [167], who reported the fouling effect 

of small particles falling within the critical size range, which is defined as the size 

range between 1/6 and 1/2 of the pore diameter. This fouling leads to particle 

attachments in the internal wall of the membrane pores, decreasing the membrane 

effective pore size [167]. However, in the current study, the portion of nanoplastics 

that infiltrated was very small, and consequently did not significantly contribute to 

the internal pore blocking. For the case of the UF membranes, the CLSM images 

exhibited a significantly lower attachment of PS nanospheres on their surfaces after 

the physical cleaning protocol was conducted.  

The analysis of the 3D projection from CLSM provides insights into the depth of 

PS penetration into the different membrane structures (Figure 26B). For MF 

membranes, the depth of the PS-containing layers was around 30 μm. In contrast, the 

depth of the PS layers was approximately half for the UF membranes. This difference 

revealed the more effective sieving capability of both UF membranes in preventing 

the passage of PS nanoplastics compared to the MF membrane.  

Nevertheless, it is worth noting that the fouling contribution of the presence of PS 

may vary over time, influenced by potential interactions between the nanoparticles 

   

 
depth: 30 ± 11 µm  

   

 
depth: 13 ± 4 µm  

   

 
depth: 17 ± 0.6 µm  

Figure 26. (A) Membrane surface micrographs of the membranes at the end of the experiment after 

the physical clean: membranes from the MBR-Control (second row) and membranes from MBR-PS 

(third row). (B) 3D projection from confocal laser scanning microscopy of the MBR-PS membranes. 

Green dots in the 3D projection of the membranes represent the PS nanoparticles. 
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and their accumulation within the membrane. Further research should be conducted 

to investigate the long-term effects of these NPs.  

4. Conclusions 

This study demonstrates that aerobic membrane bioreactors are highly effective in 

removing nanoparticles from wastewater, achieving over 97% COD removal in both 

the control and PS-exposed reactors. However, the presence of nano-sized PS 

particles negatively affected the membrane performance, enhancing the fouling 

phenomena and increasing the transmembrane pressure. This impact was particularly 

evident in changes in the soluble microbial products, especially carbohydrates, which 

are key contributors to fouling. The recycled UF membrane showed lower fouling 

tendencies than the commercial UF membranes, highlighting the potential benefits of 

surface modifications. Despite these challenges, aerobic MBRs remain a promising 

solution for NP removal, though membrane fouling requires further attention. 

5. Supplementary Materials 

S1. Quality Control 

To ensure the reliability and accuracy of our experimental setup, a series of quality 

control measures were implemented during the collection, processing, and analysis of 

samples. 

     Laboratory Attire and Hygiene: 

Laboratory personnel wore cotton lab coats to minimize the risk of introducing 

external contaminants. Gloves were worn throughout the sample processing 

procedures to prevent contamination from skin contact. 

Sample Handling: 

During filtration, a glass cover was placed on top of the filtration unit to shield the 

samples from airborne particles. Prior to use, all containers used for sample processing 

were cleaned with distilled water. 

Process Blanks: 

A process blank was prepared by replicating all steps of sample digestion, 

filtration, and storage without actual sample material. This blank was processed in 

parallel with the samples to monitor for any potential contamination introduced during 

the experimental procedures. The inclusion of process blanks enabled the 

identification and correction of any contamination sources, ensuring the integrity of 

the experimental results. 
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Cross-Contamination Prevention during Analysis: 

During Py-GC-MS analysis, blank runs were conducted between each sample 

analysis. These blank runs were essential to detect and eliminate any residual 

contamination from previous samples, thereby preventing cross-contamination and 

ensuring the accuracy of subsequent measurements. 

S2. Preparation of Standards and Instrumental Validation Py-GC-MS 

- Preparation of Standards and the Calibration Curve 

PS dissolved in THF was used as standard for the quantification with the Py-GC-

MS. 20 mg of PS was dissolved in 1 mL of THF using ultrasound for 20 minutes and 

the resulting solution of 20 mg mL-1 was used for the preparation of the calibration 

stocks by dilution. From the stocks of 2000, 200 and 20 mg mL-1, different volumes 

were taken to prepare the different calibration points directly into the pyrolysis tubes. 

Before injecting them into the system, the solvent was allowed to evaporate. The 

specific conditions to prepare the six calibration points (from 0.1 to 5 µg of PS) are 

indicated in Table S2. 

Table S 2. Preparation of the calibration curve. 

  

 

 

 

 

- Validation 

Validation of the method was performed in terms of instrumental repeatability, 

linearity, accuracy and precision, and limits of detection (LOD) and quantification 

(LOQ).  

The instrumental repeatability was tested by injecting replicates of the PS standard 

at two masses, 0.1 and 2 µg. Relative standard deviation (RSD) was satisfactory (less 

than 10-15%).  

Linearity was tested in the range 0.1 to 5 µg (higher masses saturate the detector), 

and adjusted to a quadratic regression with a regression coefficient greater than 0.99. 

Figure S8 shows the calibration curve obtained.  

 

PS (µg) Stock used (mg/L) µL from the stock 

0,1 20 5 

0,2 20 10 

0,5 200 2,5 

1 200 5 

2 200 10 

5 2000 2,5 

5 
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The instrumental LOQ for PS was established at the lowest level of the calibration 

curve, i.e., the minimum value with an RSD less than 20%, a signal at least 10 times 

higher than the blank, and a linear trend with the other points. The LOD was 

established at a concentration in which the signal is at least three times higher than 

the signal of the blank.  

Accuracy and precision were evaluated by studying recoveries from spiked 

samples subjected to the pre-treatment.  

For permeate, validation was carried out with 100, 200, and 500 mL fortified with 

different concentrations of PS, from 0.2 to 1 mg/L (according to the filtered volume). 

An average recovery of 124% was obtained for this process, and 8% of RSD from the 

three replicates.  

For the activated sludge matrix, a volume of 100 mL was fortified at 10 mg/L and 

the average %R obtained was over 90%. Precision was not as good as RSD was 30%.   

The limits of detection and quantification for each matrix were established 

according to the instrumental values, the volume of the sample treated and the possible 

presence of PS signal in the blank samples. Table S3 shows the LOQ and LOD 

established in each case.  

Table S 3.  Instrumental LOQ and LOD established for each matrix. 

 
Volume (mL) LOQ (ug/ mL) LOD (ug/ mL) 

Activated sludge 100 10 3 

Permeate 100 – 500 0.04 – 0.2 0.013 – 0.067 

 

 

 

Figure S 8. Calibration curve for PS from 0.1 to 5 µg. 
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CHAPTER VI: General conclusions and future research 

 
The compendium of scientific articles in this doctoral thesis investigates potential 

applications for indirect recycling of end-of-life (EoL) RO membranes, specifically 

their transformation into NF, UF, and AEM membranes. While these recycled 

membranes have been extensively characterized in previous works to understand their 

properties, their practical applications require further investigation. This research is 

particularly timely as water scarcity and quality degradation have emerged as critical 

global challenges, with 2.2 billion people lacking access to safely managed drinking 

water services. This global crisis requires the use of non-traditional water sources, 

including wastewater, seawater, and brackish water. Additionally, the emergence of 

new contaminants, particularly nanoplastics and other micropollutants, presents 

significant challenges to conventional water treatment systems. In response to these 

interconnected challenges, this thesis investigated the application of membrane 

processes in wastewater treatment systems, with a particular focus on saline 

wastewater treatment, fouling behavior, and nanoplastic removal. The main 

conclusions from this doctoral thesis can be summarized as follows. 

Chapter III focused on the implementation of recycled membranes for saline 

wastewater treatment. The research validated the effectiveness of recycled 

membranes compared to commercial alternatives and demonstrated a successful 

application of these membranes in treating saline urban wastewater for crop irrigation 

purposes. The rNF membrane exhibited high selective rejection of divalent ions, while 

the recycled anion exchange membrane rAEM achieved demineralization rates 

comparable to commercial membranes. Both recycled NF and ED membrane 

processes demonstrated their feasibility for treating saline urban wastewater, marking 

the first successful application of recycled membranes in this context. Importantly, 

the quality of treated effluents from both processes met the requirements for irrigation 

purposes, particularly in managing salt content and maintaining appropriate nutrient 

balance, thus validating their suitability for agricultural applications.  

Chapter IV was centered on studying the fouling behavior of ultrafiltration 

membranes in the presence of PS nanoparticles, comparing both commercial and 

recycled membranes. In the investigation of ultrafiltration membrane fouling, the 

OCT analysis revealed important insights into fouling behavior across different 

membrane types. The study demonstrated that the combination of PS and BSA 

resulted in reduced PS deposition on membrane surfaces. Notably, regenerated 

cellulose membranes achieved 100% permeability recovery after physical cleaning. 

The research established clear correlations between membrane properties and fouling 

behavior, with material composition, surface charge characteristics, and molecular 

weight cut-off significantly influencing filtration performance and fouling tendencies. 

Consequently, RC membranes were selected for the subsequent pretreatment of the 

MBR permeates. 
Chapter V, the final experiment, focused on emerging pollutants removal through 

MBR systems, yielded significant findings. The aerobic MBR system proved highly 

effective in nanoparticles removal, achieving over 97% COD removal in both control 

and PS-exposed reactors. Although the presence of nano-sized PS particles increased 
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fouling and transmembrane pressure, recycled UF membranes demonstrated superior 

performance with lower fouling tendencies compared to commercial UF membranes 

under these challenging conditions. 

These comprehensive findings validate the potential of recycled membranes 

across multiple applications, from treating saline wastewater for irrigation to 

managing fouling in the presence of nanoparticles and removing emerging 

contaminants in MBR systems. The research demonstrates that recycled membranes 

not only match but can exceed the performance of commercial alternatives in specific 

applications. These results strongly support the implementation of sustainable water 

treatment solutions aligned with circular economy principles, offering practical 

pathways for more efficient and environmentally conscious wastewater management 

strategies. 

 

Future research lines 

 

The future research directions identified in this thesis highlight several key areas that 

warrant further investigation to advance the field of recycled membrane technology. 

These research lines emerge from the findings and limitations encountered during the 

current investigation, pointing toward critical areas for development. 

The primary focus should prioritize evaluating the applicability of recycled 

membrane performance with real urban wastewater, as current studies have largely 

relied on synthetic conditions. Such studies would provide critical insights into how 

recycled membranes perform under realistic operational conditions, including the 

presence of mixed contaminants, fluctuating water quality, and varying flow rates. 

Scaling up studies represent another crucial avenue for research, essential for 

transitioning this technology from laboratory to industrial applications.  

Furthermore, long-term experiments are essential to assess the durability and 

sustainability of recycled membranes over extended periods of use. These studies should 

investigate issues such as the membranes' lifespan, degradation mechanisms, cleaning 

requirements, and the overall impact of operational stresses. Additionally, further 

investigation is needed to understand the behavior of recycled UF membranes in MBR 

systems, particularly the potential integration of recycled UF membranes with anaerobic 

processes, which presents another promising research direction.  

The behavior of UF membranes in MBR systems treating emerging contaminants 

requires further investigation, particularly given the complex interactions between 

microplastics, pharmaceutical compounds, and antimicrobial resistance. Microplastics 

present a unique challenge as they can serve as ideal substrates for microbial colonization 

and biofilm formation. These "plastisphere" environments create favorable conditions for 

bacterial growth and, more critically, facilitate the horizontal transfer of antibiotic 

resistance genes (ARGs). 

Finally, a deeper understanding of membrane fouling mechanisms remains crucial 

for optimizing the long-term performance and sustainability of membrane systems. These 

https://pubs.rsc.org/en/content/articlelanding/2023/va/d3va00084b
https://pubs.rsc.org/en/content/articlelanding/2023/va/d3va00084b
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research directions collectively aim to bridge the gap between current knowledge and 

practical implementation, ultimately advancing the field of sustainable membrane 

technology. 

By addressing these factors, future research can help to establish recycled membranes 

as a reliable and cost-effective alternative for wastewater treatment in real applications. 
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