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I. Resumen 

En el último siglo, el ser humano ha tenido un significante impacto en las masas de 

agua continentales, llegando a causar fenómenos de eutrofización en muchos 

ecosistemas acuáticos. El calentamiento global y la liberación excesiva de nutrientes al 

agua se consideran los principales factores desencadenantes de la proliferación masiva 

de algas y cianobacterias, a modo de afloramientos nocivos. Estos afloramientos 

suponen un grave riesgo para la calidad del agua debido a los numerosos efectos 

adversos que conlleva su aparición, como la producción de malos olores y sabores, 

pérdida de biodiversidad, disminución del oxígeno disuelto o la generación de 

toxicidad. En concreto, la capacidad de algunas especies de cianobacterias para 

producir Microcistinas (MC), compuestos altamente tóxicos para los animales, seres 

humanos incluidos, ha situado a las floraciones de cianobacterias en el punto de mira 

de las autoridades de todo el mundo. Por este motivo, es de vital importancia 

desarrollar estrategias y tecnologías de control y eliminación de estos compuestos 

tóxicos en el agua.  

Hasta la fecha, los tratamientos convencionales del agua han resultado inadecuados 

para la eliminación óptima de las MC, siendo necesarias tecnologías avanzadas para 

asegurar su correcta eliminación. No obstante, estos tratamientos, normalmente 

basados en adsorción y oxidación química, también presentan limitaciones como el 

alto coste asociado o la producción de subproductos nocivos. En este sentido, los 

tratamientos biológicos han sido sugeridos durante años como una alternativa más 

económica y sostenible. Sin embargo, a pesar del incuestionable potencial de la 

degradación biológica para el tratamiento del agua, los tratamientos biológicos actuales 

aún siguen siendo menos eficientes que los procesos fisicoquímicos.  

Este trabajo de tesis doctoral se centra en el estudio de un nuevo sistema biológico 

avanzado que permita potenciar las capacidades metabólicas microbianas para 

eliminar eficientemente las MC. Además, el desarrollo de un sistema económico y 

sostenible es una prioridad en este trabajo; por lo tanto, se utilizan materiales 

reciclados como soportes para el crecimiento bacteriano. Concretamente, se usan 

membranas de osmosis inversa (OI) al final de su vida útil, que fueron desechadas por 

plantas desaladoras. Estas membranas estudiadas son de tipología compuesta y similar 

a las membranas utilizadas en los reactores de biopelículas de membrana (MBfR), una 

tecnología emergente empleada en el tratamiento del agua residual. Así, el sistema 

innovador que se propone, denominado reactor de biopelículas de membrana reciclada 

(R-MBfR), podría abordar la falta de tecnologías eficientes, económicas y sostenibles 

para la eliminación de MC del agua de consumo. 
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El desarrollo del concepto R-MBfR comenzó con la evaluación y selección de los 

diferentes genotipos bacterianos para la degradación de MC. El genotipo mlr+ posee la 

ruta de degradación de MC codificada el grupo de genes mlr, mientras que el genotipo 

mlr- presenta una ruta de degradación actualmente desconocida. Los resultados 

indicaron que el genotipo mlr- es más lento que el mlr+ en todas las condiciones 

probadas. De esta forma, entre las diferentes cepas analizadas, se seleccionó la cepa 

bacteriana Sphingopyxis sp. IM-1, la cual posee el grupo de genes mlr, por su alta 

eficiencia para eliminar MC bajo diferentes condiciones de nutrientes.  

A continuación, se caracterizaron dos membranas de desalación desechadas, que 

previamente habían tratado agua salobre (BWd) y agua de mar (SWd), y se evaluó su 

idoneidad para la generación de biopelículas uniespecie con la cepa IM-1. Una 

biopelícula inicial se desarrolló en ambas membranas desechadas gracias a 

características claves para el anclaje bacteriano, como la hidrofilia y la rugosidad. 

Además, el previo ensuciamiento funcionó como acondicionador de la membrana, por 

lo que también influyó en la atracción de las células hacia la superficie. Una vez 

probada la capacidad de ambas membranas para el anclaje bacteriano, se realizó una 

prueba de concepto en una celda simuladora de los MBfRs. La biopelícula desarrollada 

en dicha celda tuvo un mayor grosor y consiguió eliminar 2.000 veces la concentración 

máxima de MC permitida en agua de consumo (1 µg·L-1). Este resultado, junto con un 

análisis económico preliminar, sugirió que el concepto R-MBfR podría ser viable y 

competitivo a escalas superiores frente a otros tratamientos fisicoquímicos actuales.  

Por otro lado, también se evaluó el efecto de la transformación con cloro de las 

membranas desechadas, con el objetivo de modificar las características superficiales, 

para estudiar tanto el anclaje bacteriano como la permeabilidad a gases. El proceso de 

cloración también permite eliminar el ensuciamiento previo de las membranas que, si 

bien podría funcionar como acondicionador de las superficies, dificultaría la 

generación de un proceso de reciclaje estándar para todas las membranas debido a su 

variabilidad. Los resultados muestran que el proceso de transformación podría ser 

beneficioso para el desarrollo de biopelículas en ciertas membranas. En concreto, la 

cloración en la membrana BWt-NF potenció en anclaje bacteriano, mientras que no 

afectó a la degradación de MC. Asimismo, todas las membranas de desalación 

recicladas permitieron el flujo de aire a través de ellas. En este sentido, son de especial 

interés las membranas de tipología compuestas, ya que presentan una difusión de 

gases óptima a través de la capa densa. Por lo tanto, el uso de estas membranas 

compuestas recicladas ofrecería una superficie sostenible y a bajo coste, óptima para la 

aireación a bajas presiones y sin burbujas. 
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Posteriormente, las membranas recicladas también fueron capaces de desarrollar 

biopelículas multiespecie en el medio natural durante un afloramiento de 

cianobacterias. La tendencia de crecimiento bacteriano sobre las membranas fue 

similar, pero de menor biomasa al conseguido con las biopelículas uniespecies con la 

cepa IM-1. Igualmente, las biopelículas eliminaron las MC en días, mientras que solo 

se requirieron horas para su eliminación en por la biopelícula uniespecie. Esto indica 

que, aunque la colonización con bacterias degradadoras de MC del medio natural es 

posible, serían necesarias condiciones más controladas y la inoculación de cepas de 

alto rendimiento para mejorar las eficiencias obtenidas con las biopelículas 

multiespecie. Los análisis de la secuenciación de alto rendimiento del gen rARN 16S 

mostraron que la comunidad bacteriana (BCC) estuvo compuesta por una amplia 

diversidad de taxones, siendo el filo Proteobacteria el dominante en todas las 

membranas. Además, los diferentes modos de nutrición de los órdenes más 

abundantes encontrados sugieren que los R-MBfRs podrían eliminar tanto MC como 

otros compuestos no deseados. De hecho, la mayoría de las bacterias degradadoras de 

MC descritas hasta ahora se encontraron en la BCC, lo que muestra el potencial de 

estas membranas para inmovilizar bacterias de gran interés biotecnológico.  

Por último, la difusión de aire a través de la membrana estimuló el crecimiento 

bacteriano de la cepa IM-1 y la degradación biológica de MC, demostrando así el 

potencial de las membranas recicladas para funcionar como MBfRs. Después, el 

sistema fue capaz de eliminar MC de forma eficiente de agua natural superficial (SNW) 

y de agua residual sintética regenerada (SWR). Estas fuentes de agua tienen un uso 

potencial como agua de riego y podrían presentar un riesgo para la salud humana y 

animal debido a la posible acumulación de MC en partes comestibles de los vegetales. 

Por lo tanto, se concluye que el concepto R-MBfR aborda la falta de tecnologías 

eficientes y sostenibles para tratar las MC de aguas con diferentes aplicaciones, 

mientras que a la vez contribuye a la economía circular, al proporcionar una nueva 

alternativa de reciclaje para todos los módulos de OI desechados en la actualidad.   
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II. Abstract 

In the last century, human beings have had a significant impact on continental water 

masses by causing eutrophication phenomena in many aquatic ecosystems. Global 

warming and excessive release of nutrients to water are considered the main factors 

triggering the mass proliferation of algae and cyanobacteria as harmful blooms. These 

blooms pose a serious risk to water quality given the numerous adverse effects that 

their appearance entails, such as the production of bad odours and flavours, loss of 

biodiversity, low dissolved oxygen concentration or toxicity. Specifically, the ability of 

some cyanobacteria species to produce microcystins (MC), highly toxic compounds for 

animals, including humans, has placed cyanobacteria blooms in the spotlight of 

authorities worldwide. For this reason, it is vital to develop strategies and technologies 

to control and eliminate these toxic compounds in water. 

To date, conventional water treatments have proven inappropriate for optimal MC 

elimination, and advanced water treatment technologies are necessary to ensure their 

removal. However these treatments, which are usually based on adsorption and 

chemical oxidation, also have their limitations, such as the high associated cost or 

harmful by-products are produced. Thus, for years, biological filtration has been 

suggested as a more economical and sustainable alternative. Yet despite the 

unquestionable potential of biological degradation for water treatment, current 

biological treatments are still less efficient than physico-chemical processes. 

This doctoral thesis aims to develop a new advanced biological system that allows 

microbial metabolic capacities to be enhanced to efficiently eliminate MC. In addition, 

the generation of a sustainable economic system is a priority in this work; therefore, 

recycled materials are used as supports for bacterial growth. In particular, reverse 

osmosis (RO) membranes are employed after their useful life in desalination plants. 

These membranes are of a composite type, similar to the membranes used by 

membrane biofilm reactors (MBfR), an emerging technology employed in wastewater 

treatment. Hence this innovative system, called the Recycled-Membrane Biofilm 

Reactor (R-MBfR), could address lack of efficient, sustainable and economical 

technologies to eliminate MC from drinking water. 

The development of the R-MBfR concept began by evaluating and selecting different 

bacterial genotypes for MC degradation. The mlr+ genotype possesses the MC 

degradation pathway encoded in the mlr gene cluster, while the mlr- genotype has a 

currently unknown degradation pathway. The results indicated that the genotype mlr- 

is slower than the mlr+ under all the tested conditions. In this way, of the different 
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analysed strains, bacterial strain Sphingopyxis sp. IM-1, which has the group of mlr 

genes, was selected for its high efficiency to eliminate MC under different nutrient 

conditions. 

Two discarded desalination membranes, which had previously treated brackish water 

(BWd) and seawater (SWd), were characterised, and their suitability to generate 

unispecies biofilms with strain IM-1 was evaluated. An initial biofilm was developed in 

both the discarded membranes as a result of key characteristics for bacterial 

attachment, such as hydrophilicity and roughness. The previous fouling also operated 

as a membrane conditioner, which influenced the attraction of cells to the surface. 

After testing the capacity of both membranes for bacterial attachment, a proof-of-

concept was performed in a simulator cell of MBfRs. The thickness of the developed 

biofilm was greater and managed to eliminate 2,000-fold the maximum MC 

concentration allowed in drinking water (1 μg·L-1). This result, together with a 

preliminary economic analysis, suggested that the R-MBfR concept could be feasible 

and competitive on larger scales in comparison with other current physico-chemical 

treatments. 

The chlorine transformation of the discarded membranes was also evaluated to modify 

the surface characteristics for both bacterial attachment and gas permeability. The 

chlorination process also allows the elimination of previous membrane fouling which, 

despite being able to operate as a surface conditioner, would make it difficult to 

generate a standard recycling process for all membranes given their variability. The 

results showed that the transformation process could be beneficial to develop biofilms 

in certain membranes. In particular, chlorination in the BWt-NF membranes enhanced 

bacterial attachment without affecting MC degradation. Likewise, all the recycled 

desalination membranes allowed air to flow through them. So, composite-type 

membranes are of special interest as they offer optimal gas diffusion through the dense 

layer. Therefore, the use of these recycled composite membranes would offer a 

sustainable surface at a low cost, which would be optimal for aeration at low pressure 

without bubbles. 

Subsequently, the recycled membranes were also able to develop multispecies biofilms 

in the natural environment during cyanobacterial blooms. The trend of bacterial 

growth on membranes was similar, but with a lower biomass than that obtained with 

unispecies biofilms with strain IM-1. Likewise, the biofilms eliminated MC in days, 

while only h were required for them to be eliminated in the unispecies biofilm. These 

findings indicate that, although colonisation with MC-degrading bacteria from the 

natural environment is possible, more controlled conditions and bioaugmentation with 
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high-performance strains would be necessary to improve the efficiencies obtained with 

multispecies biofilms. The high-throughput 16S rRNA gene sequencing analysis 

showed that the bacterial community (BCC) comprised high taxa diversity, with the 

Proteobacteria phylum being the dominant one in all the membranes. In addition, the 

different nutrition modes of the most abundant found orders suggest that R-MBfRs 

could eliminate not only MC, but also other undesired compounds. Indeed, most of the 

MC degrading bacteria described to date were found in the BCC, which shows the 

potential of recycled membranes to immobilise bacteria of great biotechnological 

interest. 

Finally, the diffusion of air through membranes stimulated the bacterial growth of 

strain IM-1 and biological MC degradation, which proves the potential of recycled 

membranes to work as MBfRs. Afterwards, the system was able to efficiently remove 

MC from natural surface water (SNW) and synthetic reclaimed wastewater (SRW). 

These water sources can be potentially used as irrigation water and could pose a risk to 

human and animal health given the possible accumulation of MC in edible plant parts. 

Therefore, it is concluded that the R-MBfR concept addresses lack of efficient 

sustainable technologies to treat water MC with different applications, and also 

contributes to circular economy by providing a new recycling alternative for all 

currently discarded RO modules. 

 

 

 

 

 

 

 

 

 

 

 

 

 



34 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

III. List of publication 

The thesis is based in the publications cited below. Each scientific paper corresponds to 

a chapter of this work.  

Scientific paper 1 (published): 

Morón-López, J., Nieto-Reyes, L. El-Shehawy, R., 2017. Assessment of the influence 

of key abiotic factors on the alternative microcystin degradation pathway(s) (mlr-): A 

detailed comparison with the mlr route (ml+). Sci. Total Environm. 599-600, 1945-

1953. https://doi.org/10.1016/j.scitotenv.2017.04.042. 

Scientific paper 2 (published): 

Morón-López, J., Nieto-Reyes, L., Senán-Salinas, J., Molina, S., El-Shehawy, R., 

2019. Recycled desalination membranes as a support material for biofilm develop- 

ment: A new approach for microcystin removal during water treatment. Sci. Total 

Environ. 647, 785-793. https://doi.org/10.1016/j.scitotenv.2018.07.435. 

Scientific paper 3 (published): 

Morón-López, J., Nieto-Reyes, L., Aguado, S., El-Shehawy, R., Molina, S., 2019. 
Recycling of end-of-life reverse osmosis membranes for membrane biofilms reactors 
(MBfRs). Effect of chlorination on the membrane surface and gas permeability. 
Chemosphere. 231, 103-112. https://doi.org/10.1016/j.chemosphere.2019.05.108. 

Scientific paper 4 (submitted): 

Morón-López, J., Nieto-Reyes, Molina, S., Lezcano, MÁ. Microcystin-degrading 

biofilm developed during a cyanobacterial bloom. Moving towards a sustainable 

Membrane Biofilm Reactor (MBfRs). 

Scientific paper 5 (submitted): 

Morón-López, J., Molina, S. Optimization of Recycled-Membrane Biofilm Reactor 

(R-MBfR) as a sustainable biological treatment for microcystin removal.  

 

 
 
 
 

 

 

 

 

 

 

https://doi.org/10.1016/j.scitotenv.2017.04.042
https://doi.org/10.1016/j.scitotenv.2018.07.435
https://doi.org/10.1016/j.chemosphere.2019.05.108


36 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter I 



 

38 
 

 

  



Chapter I 

 

39 
 

1. Chapter I: General introduction  

The natural environment is a precious value that needs to be protected. 

However, impairment of water masses worldwide due to human-induced impacts is a 

fact. Climate change and nutrient overenrichment of water by urban, agricultural and 

industrial developments have led to less healthy ecosystems, which trigger 

eutrophication phenomena in many freshwater bodies. The non-equilibrium situations 

generated by the overabundance of key nutrients like phosphorus (P) and nitrogen (N) 

has a deleterious effect on water quality. This set of problems is patent in increasingly 

common massive cyanobacteria proliferation as blooms, scums and mats [1,2].  

 

1.1. Cyanobacteria and the natural environment 

Cyanobacteria, also known as blue-green algae, are a phylum from the Bacteria 

domain, whose main characteristic is their ability to photosynthesize. This ability is 

conferred by the presence of photosynthetic systems immersed in the thylakoid 

membranes inside the cell. Pigments such as chlorophyll-a (hereafter Chl-a) and 

phycobilins allow them to harvest a wide range of light spectra, and to reach 

wavelengths only accessible to a few organisms  [3]. Diverse life forms exist, such as 

unicellular, colonies or filaments and, although these Gram-negative bacteria measure 

only a few microns (µm), they are usually much bigger than other prokaryotes (Figure 

1).  

 

 

 

 

 

 

Figure 1. Optical microscope image of planktonic cyanobacteria collected in the San Juan 
reservoir (Madrid, Spain) in 2016. Letters indicate different cyanobacteria genera: (a) 
Microcystis, (b) Dolishospermum and (c) Aphanizomenon. Bar shows 50 µm. 

These microorganisms appeared  ̴ 2,700 million years ago on the Earth [4] and their 

role in life evolution has been essential thanks to the creation of the Earth’s aerobic 

atmosphere. Millions of years of evolution have led them to develop multiple strategies 

to colonise diverse terrestrial and aquatic environments. In addition to photosynthesis, 

adaptations such as nitrogen fixation in some species, survival capacity in extreme 

a    b    c    
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environmental conditions and essential nutrient (phosphorus, nitrogen, carbon, iron) 

storage under limiting conditions are some keys of their fitness and wide distribution 

[5]. They are common inhabitants of fresh, brackish and seawater and, in certain 

situations, their mass proliferation can even occur in pristine water bodies with no 

anthropogenic impacts. Other studies have shown the presence of these 

microorganisms and their metabolites in wastewater [6,7].  

Furthermore, the current climate change and global warming favour its mass growth in 

several ways. Changes in hydrological cycle patterns cause intense precipitation events, 

followed by drought periods, which provoke the leaching of nutrient loads and 

subsequent accumulation when discharge subsides. This phenomenon intensifies when 

artificial human barriers (e.g. dams) are used to prolong the water residence time [8]. 

Concurrently, increasing temperature results in stronger and longer periods of the 

water column’s vertical stratification [9]. All this, together with rising CO2 levels, lead 

to a growth enhancement of photosynthetic organisms [10] by stimulating the capture 

of nutrient loads and facilitating their proliferation as blooms [11].   

A bloom is considered a rapidly appearing phenomenon characterised by the 

dominance of one or few species in the phytoplankton community [12]. Frequently, 

some cyanobacteria species win the battle of competition. Cyanobacteria are highly 

competitive at high temperatures versus other congeners. Certain species have 

developed buoyant capacity as an adaptation to stay in upper water column layers [13]. 

This adaptive advantage allows them to absorb a larger amount of light than their non-

buoyant opponents, which could even increase the temperature of superficial areas 

eventually by acting as positive feedback [14]. Drought events also trigger salinity 

increases in continental water masses, which favours the success of cyanobacteria as a 

result of their salt tolerance [15]. Therefore, due to the fitness of these microorganisms 

and the multiple factors that favour their mass proliferation, their occurrence is 

becoming a very difficult common issue to control. 

1.2. Bloom-forming consequences  

A cyanobacterial bloom may look like a bright green biomass in surface water 

that is visible to the naked eye. It is considered a cyanobacterial bloom when about 

20,000 cells per mL or 10 µg per L of Chl-a are found in consuming or recreational 

water (see Section 1.5.2) [16]. However, even peaks about 300 and 3,000 µg per L of 

Chl-a can be found in eutrophic and hypereutrophic waters, respectively [12,17]. 

Furthermore, if wind patterns concentrate bloom cells into scums (Figure 2), the 

concentration can increase by a thousand-fold to a million-fold. In this context, 
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cyanobacteria grow as harmful algae blooms (cyanoHABs) [8], which provoke several 

adverse effects for both human health and aquatic ecosystems. 

 

Figure 2. Cyanobacterial bloom occurrence in the San Juan reservoir (Madrid, Spain) in 2016 
and 2017.  

In addition to its visual impact, cyanobacterial proliferation increases water turbidity. 

This avoids light penetrating to deeper niches which, in turn, affects the trophic chain 

of the aquatic ecosystem and generates loss of biodiversity [18]. This ecological 

damage is exacerbated when blooms collapse.  Although dissolved oxygen is produced 

by photosynthetic activity during bloom proliferation, excessive consumption by 

biomass decomposition takes place. As a result, the rebound effect generates hypoxia 

that triggers the death of aquatic animals by asphyxia [19].  

The ability of several cyanobacteria to produce bioactive compounds is well-known, of 

which some are of biotechnological interest. However, there is also a wide variety of 

undesirable compounds that have a deleterious effect on aquatic ecosystems and water 

quality. Certain cyanobacteria produce substances that make them inedible or toxic to 

consumer species, which also alters the food web structure [20]. Other compounds, 

such as 2-methylisoborneol and geosmin, may lead to loss of aesthetic quality by 

means of unpleasant tastes and odours for human drinking water [21]. Nevertheless in 

the last 20 years, the global concern has focused on their ability to produce potent 

toxins for animals, including human beings [22]. These secondary metabolites are 

known as cyanotoxins and can cause illness and mortality at environmentally-

encountered concentrations [12,21,23].  
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1.3. Cyanotoxins 

 Cyanotoxins are a large group of natural compounds produced by many 

cyanobacterial genera. In ecological terms, their role remains unclear, but several 

hypotheses suggest that they function as grazing protection [24], quorum-sensing 

signalling [25], allelopathic effect [26] or as an oxidative stress cushion [27]. They are 

chemically diverse, which confers them different toxicological properties. Nowadays, 

they are grouped according to their toxicological targets: cell, liver, nervous system, 

skin and tumour promotion. So the major classes include neurotoxins, hepatotoxins, 

dermatotoxins and lipopolysaccharide endotoxins.   

1.3.1. Neurotoxins 

Neurotoxins produced by cyanobacteria can be grouped mainly into anatoxin-a 

(including homoanatoxin-a), anatoxin-a (S), saxitoxins, and β-N-methylamino-L-

alanine. To date, no set guideline exists to control these neurotoxins in drinking water 

[22], although some values have been suggested and implemented into some countries 

[28,29]. Their structures vary, as do their mechanisms of action. Anatoxin-a (ANTX-a), 

and the methylated variant homoanatoxin-a, are alkaloids produced by the genera 

Aphanizomenon, Dolichospermum (former Anabaena), Phormidium, Planktothrix 

Oscillatoria and Raphidopsis. The ANTX-a—acetylcholine bind blocks acetylcholine 

receptors and avoids their breakdown [30] by causing muscular paralysis and death if 

the respiratory system is affected. Anatoxin-a(s) (ANTX-a(s)) is an organophosphate 

compound produced by Dolichospermum strains and is not related to ANTX-a. Its 

mechanism of action inhibits acetylcholinesterase activity by inducing muscular 

paralysis and potential death by respiratory arrest [12,31].   

Saxitoxins (STXs) are alkaloids that are also known as Paralytic Shellfish Poisons or 

Toxins (PSP or PST) [32]. In seawater they are commonly associated with marine 

dinoflagellates blooms or “red tides”, while they have been associated with genera 

Aphanizomenon, Dolichospermum, Cylindrospermopsis Lyngbya and Planktothrix in 

freshwater [33]. STXs act by blocking sodium ion channels in neurons, and by causing 

nerve dysfunction and death [34].   

Neurotoxin β-N-methylamino-L-alanine (BMAA) is not a well-known molecule, but is 

gaining importance given the severe effects it has on motor neurons. BMAA is a non-

protein amino acid involved in neurodegenerative diseases and might be related to 

amyotrophic lateral sclerosis/Parkinsonism dementia complex in Guam and 

Alzheimer’s disease [35]. Some authors suggest that, if conditions are right, this toxin 

can be produced by all cyanobacteria  [36].  
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1.3.2. Hepatotoxins 

These toxins have been frequently studied for their wide distribution and toxicity. They 

come in three different main forms: microcystins, nodularins and 

cylindrospermopsins. Microscystins (MC) are the most studied cyanotoxins, and also 

the most widespread. Consequently, the present study focuses on MC removal, which is 

addressed in-depth in the following sections. The cyanobacterial genus which gives it 

its name is Microcystis, although numerous genera, e.g. Oscillatoria, Nostoc, 

Dolichospermum and Anabaenopsis, are able to produce it [37,38]. Nodularins 

(NODs) are similar to MC as both are cyclic peptide compounds, but their difference 

lies in their number of amino acids (seven and five, respectively). NODs were first 

identified in Nodularia spumigena, followed by Nodularia sphaerocarpa PCC7804, 

and more recently in Nostoc sp. [39]. Once inside the organism, they are transported to 

the liver where they inhibit protein phosphatases 1 and 2A to promote tumour 

development [21]. The World Health Organization (WHO) considers a guideline of 1 

µg·L-1 of MC (variant –LR) to be the maximum value for drinking water [40], but no 

guideline has yet been proposed for NODs.  

Cyclic guanidinic alkaloid cylindrospermopsin (CYN) is also classified as a hepatotoxin, 

although its mechanism of action is completely different [32]. CYN impacts cell 

viability in the liver by the irreversible inhibition of proteins synthesis [41,42]. 

Nonetheless, its cytotoxic effect may also implicate diverse cell damage and affect other 

organs [43]. Cylindrospermopsis raciborski was the first CYN producer species to be 

identified, but other cyanobacteria can produce it, such as Aphanizomenon 

ovalisporum, Raphidiopsis curvata and Umezakia natans [44]. To date, no guidelines 

for CYN in drinking water are available, although some authors propose 1 µg·L-1 [45].  

1.3.3. Dermatotoxins and lipopolysaccharide endotoxins 

Both dermatotoxins and lipopolyssaccharides (LPSs) endotoxins pose a potential risk 

for humans, but current knowledge about them is lacking. Aplysiatoxins (APTXs) and 

lyngbyatoxins (LTXs) are dermatotoxic-alkaloids produced by Lyngbya, Oscillatoria 

and schizothrix species. These toxins have only been detected to date in marine water, 

and produce dermatitis, and severe oral and gastrointestinal inflammation [46]. Along 

with APTXs, other dermatotoxins, such as debromoaplysiatoxin, are also tumour 

promoters [29]. LPSs are large molecules that consist of O antigens, core 

polysaccharides and lipid A moieties. They are produced by all cyanobacteria and cause 

irritation to any exposed tissue [3,29]. 
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1.4. Microcystins (MC) 

1.4.1. Chemical structure and biosynthesis 

Microcystins (MC) are a structurally diverse family of cyclic heptapeptide hepatotoxins 

with around 90 variants [47]. MC are generally described as having cyclo(-D-Ala-L-X-

D-erythro-β-methylAsp(iso-linkage)-L-Z-Adda-D-Glu(iso-linkage)-N-methyldehydro-

Ala) structures, where Adda is the unique β-amino acid (2S,3S,8S,9S)3-amino-9-

methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (Figure 3) [5]. MC isoforms 

are variable in L-amino acid residues (X) and (Z), and also in the iso-linkages part. 

With MC-LR, this being the commonest isoform, it contains Leucine (L) and Arginine 

(R) at position (X) and (Z), respectively. They are soluble in water and relatively stable 

in sunlight and under a wide range of temperature and pH conditions, possibly due to 

their cyclic structure [48–50]. The half-life of MC-LR by photosensitised degradation 

in natural systems was estimated at approximately 90–120 days per meter of water 

[51].  

 

 

 

 

 

 

 

 

 

Figure 3. General chemical structure of microcystins (MC). The sketch of their structure is 

represented to simplify the molecule for a later biodegradation explanation (see Section 1.6.). 

MC biosynthesis has been sequenced and characterised in several cyanobacterial 

species, including Microcystis, Anabaena and Planktothrix [52–54]. MC are 

synthesised non-ribosomally by a large multifunctional enzyme complex named 

microcystin synthetase (MC), which is encoded by the mcyA-J gene cluster. Non-

ribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) are the codified 

enzymes responsible for toxin assembling [55]. The presence of the mcy gene cluster is 

regularly used to identify toxic strains. Nevertheless, due to the many environmental 
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factors that may affect its biosynthesis, generalisation of toxin production is difficult 

[22,56].  

1.4.2. Occurrence and impact  

 MC are frequently produced in freshwater, where the genus Microcystis is one of the 

most pervasive bloom-forming cyanobacteria. According to literature records from 257 

investigated countries and territories, this cosmopolitan genus has been reported in 

more than one hundred countries [57] (Figure 4). To date, wherever other MC-

producing cyanobacteria genera have been identified, Microcystis has also been 

reported, except for the Antarctica, where Nostoc has been the only MC-producing 

genus to be identified [58]. As a result, the presence of MC has also been reported in 79 

countries. Nonetheless, this number is expected to increase in the near future because 

many developing countries have scarce or no records.  

In addition to environmental factors, bloom toxicity is also related to the population 

dynamics of toxic and non-toxic strains. Nonetheless, both genotypes are typically 

mixed with no total segregation in blooms [59]. As a result, bloom occurrence has been 

associated with more or less serious poisoning events in wildlife, domestic animals and 

humans worldwide for over half a century [60]. In nature, MC largely remain 

intracellular under favourable conditions, and are released to the extracellular fraction 

when cells die due to senescence or changes in environmental conditions. The main 

cause of poisoning in animals is usually the direct intake of a toxic biomass, while 

humans are exposed to the accidental intake of the dissolved fraction by recreational 

activities or polluted drinking water use [61]. 

The adverse socio-economic impact associated with HABs is not negligible. Economic 

costs, in public health, fisheries, tourism, recreation, monitoring and management 

terms, have been assessed in North America, Europe and Australia. Although some 

aspects, such as human death or health impairment, have no monetary value, these 

studies have estimated an annual cost associated with marine and freshwater HABs to 

come to thousands to billions of dollars [44,62,63]. This global concern about harmful 

blooms has also been reflected in the amount of related scientific publications in the 

last two decades [22], which has contributed to manage this issue by offering advice, 

guidelines and recommendations. Even so, it should be noted that the preventive and 

remedial management that derives from these guidelines also has an economic impact.  
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Figure 4. MC-producing cyanobacteria and MC occurrence around the world. Adapted from Harke et al.,(2016) [57] and Meriluoto et al., (2016) [5]. 
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1.5. Management actions against cyanoHABs 

The occurrence of cyanoHABs is a complex task and one that is hard to address. 

Hence the first step to face its threat is prevention. The rise in N and P inputs in water 

bodies is a key factor for mass cyanobacteria growth, and most prevention programmes 

efforts aim to reduce them [64,65]. To deal with nutrient overenrichment, mitigation 

strategies can be approached from outside and inside water bodies. Improvements to 

wastewater treatments and agricultural practices are some good tips to reduce nutrient 

intake. However, non-point sources of nutrients, such as the diffuse releases through  

physico-chemical processes of sediments, require long-term strategic plans [66]. 

Although these non-point events also result from deficient or no external controls, 

their mitigation is more effective in situ by controlling nutrient recycling [22]. Aeration 

and mixing the water column, sediment dredging and inactivation, and dosing with 

algaecides are some known techniques to avoid cyanobacterial bloom formations. 

Unfortunately, however, these techniques are still insufficient or inadvisable [64]. 

Therefore, ecological understanding is the major option to provide new prevention 

tools.  

1.5.1. Bloom monitoring and prediction 

Cyanobacterial blooms are very variable over space and time, which are the main 

challenges faced to monitor and predict them from occurring. Traditional samplings 

are still useful techniques for surveying water quality and phytoplankton biomass. 

However, these conventional techniques are expensive and time-consuming. This, 

together with the need to monitor by very fine spatiotemporal resolution, has made 

them limited tools [44]. As an alternative or supporting technology, remote sensing of 

cyanobacterial blooms has emerged to provide continuous (or real-time remote) 

monitoring and vigilance (Figure 5). Wireless sensor networks (WSNs), remote piloted 

aircrafts (RPAs) and satellites are gaining importance as second-generation systems for 

water monitoring applications [67–69]. These technologies are based on the detection 

of key parameters, such as photosynthetic pigments (chlorophyll-a, phycocyanin, etc.) 

by the absorption of specific wavelengths. Notwithstanding, although the potential 

application of these technologies is undeniable, to date traditional sampling techniques 

have been mostly used only in monitoring programmes, which implies significant 

uncertainties [70]. The trend of future monitoring programmes is to include these 

tools, as proven by  Copernicus Emergency Management Service (2018) [71], GEO 

Work Programme (2017) [72], National Oceanic and Atmospheric Administration 

(NOAA) (2018) [73] and Water NSW (2018) [74]. 
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Figure 5. Pictures of different monitoring methods: (a) manual sampling, (b) buoy container of 
(c) multiparametrics probes (wireless sensor networks), (d) RPAs and (e) image capturing of a 
reservoir with cyanobacterial bloom via satellite.   

1.5.2. Guidelines and Standards 

The WHO Drinking Water Quality guidelines have emerged as a scientific consensus to 

protect public health by establishing safe water supply practices and procedures 

[75,76]. These guideline values represent a valuable tool to develop risk strategies in 

association with guidance for the aforementioned monitoring and management 

practices. Hence numerous individual countries, states or regions have implemented 

legally binding standards or some type of guidance values to drinking water supply and 

recreational use waters [28].   

To design a decision tree to help manage a potential risk situation, the regulatory 

agency must consider many factors. It should determine each toxin to be considered as 

either an individual or a mixture, and which method is suitable to analyse it. Yet 

despite diverse existing analytical methodologies, these methods are expensive and 

cannot be regularly used. Most agencies have developed different alert levels 

frameworks based on cell counts. According to the decision tree provided by the WHO 

[12], three threshold levels have been recognised (see Figure 6). The Vigilance Level is 

reached after an initial cell detection or poisoning episode, followed by two Alert 

Levels, one at 2,000 cells mL-1 (20,000 cells mL-1 for bathing waters) and one at 

100,000 cells mL-1. The progress made from the first threshold to moderate and high  

a b c 

d e 
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Figure 6. Simplified decision tree adapted from Chorus and Bartram (1999) [77] to address the 
potential risk of cyanobacterial harmful algae blooms.   

 



Chapter I 

 

50 
 

entails increasing monitoring and inspection frequency, and even water use 

prohibition. Besides, testing the efficacies and suitability of water treatment processes 

for removing integral cells or dissolved toxins is also recommended as the alert 

increases. At Alert Level 2, advanced drinking water treatment or alternative water 

supply is suggested, if available.   

1.5.3. Drinking Water Treatments 

Prevention and attenuation strategies do not always avoid cyanobacterial blooms from 

forming. Consequently, drinking water utilities must be prepared to address this issue. 

Drinking water treatment plants (hereafter DWTPs) usually contain a set of 

conventional and optional processes, which are very variable depending on the water 

quality of the source, country and region. The commonest and basic treatment 

processes can be categorised as coagulation, flocculation, clarification and filtration 

(Figure 7) [78]. These physico-chemical processes are employed to eliminate 

pathogens and organic substances, to reduce turbidity, and to control taste and odour 

issues. Nevertheless as regards MC-producing blooms, several considerations need to 

taken into account for their effective removal. The first and foremost factor is to know 

the state of the cyanotoxins in incoming water; e.g., intracellular or extracellular. This 

question determines which treatment type should be employed because, if their state is 

intracellular, they need to be treated as a fragile particulate by avoiding cell disruption 

[79]. Approximately 95% of the commonest cyanotoxins are intracellularly found in 

the bloom growth stage. Hence optimising integral cell removal is essential to prevent 

treatment complexity from increasing [77]. 

A. Pre-treatment processes  

For DWTPs, the simplest strategy to avoid cyanobacterial blooms is to have different 

water sources or gain access to various depths in water intake. If this is not possible, 

cyanobacterial cells reach coarse filters and frequently move towards pre-oxidation 

treatment (Figure 7). This pre-treatment is optional and its application aims to 

improve the efficacy of the next treatment steps. However, the high oxidants 

concentration needed to achieve these such benefits also involves cell lysis and toxins 

release [80]. This issue, along with the production of harmful disinfection by-products 

(DBPs) resulting from organic matter oxidation, e.g. trihalomethanes (THMs) and 

haloacetic acids (HAAs), means that pre-oxidation is inadvisable once cyanobacterial 

blooms appear [75,81]. 

B. Conventional treatments  

The first barrier for cyanobacterial cells and intracellular toxins is mostly the 

coagulation/flocculation step, when the clarification stage begins (Figure 7). This 
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conventional treatment employs neutralising salts to agglomerate colloidal material 

(negative charged) and precipitates it. In the absence of cell damage, cyanobacterial 

cells are efficiently flocculated as a result of their negatively charged membrane [82]. 

Notwithstanding, many factors, such as species characteristics, cell density, coagulant 

type and dose, pH, natural organic matter (NOM) or operational parameters, may 

impact treatment effectiveness. For example, some cyanobacteria genera may interfere 

with coagulation processes given the production of coagulation inhibitor proteins [83]. 

The following step is usually sedimentation, where particle flocs are deposed on the 

bottom sludge and periodically removed. Here quick sludge backwashing is essential 

when cyanobacterial cells appear due to rapid cell break down and the release of 

immediate toxins [84]. Some cyanobacterial species make this process difficult because 

of their buoyant capacity. Accordingly in water with low suspended matter content, 

dissolved air flotation (DAF) and subsequent surface scraping have appeared as a more 

efficient alternative strategy than sedimentation [85,86]. After these processes, the 

clarification stage habitually finishes with rapid and slow sand filters to remove any 

remaining particles (Figure 7) [87]. Grützmacher et al., (2002) [88] demonstrated both 

intracellular and extracellular toxin removal by slow sand filtration. Indeed 

intracellular toxins were eliminated by the physical filtration of cells, while 

extracellular fraction removal was attributed to biological degradation. It is noteworthy 

that MC degradation by native bacteria from raw water is the basis of this study, and is 

explained in more detail in the next sections.  

C. Advanced oxidation and disinfection  

Disinfection is normally the last stage of drinking water treatment and its reactivity is 

extended throughout the distribution network. This chemical oxidation process is 

essential for ensuring safe drinking water supply that is free of microbial pathogens 

(especially bacteria), and for removing residual unpleasant odours and tastes. 

Disinfection processes rely on chlorination, chloramination, chlorine dioxide or 

permanganate addition, and also on ozonation or UV irradiation [75]. These oxidants 

may also be added at the beginning of water treatment processes (e.g. pre-oxidation 

processes) or at different intermediate points (Figure 7). Regarding MC destruction, 

the effectiveness of its oxidation depends on oxidant type, contact time, water quality 

characteristics (e.g. pH and dissolved organic carbon (DOC)) and MC congener [89]. It 

is worth mentioning that the majority of studies on MC elimination to date have 

focused on MC-LR.  

The most commonly used disinfection process is chlorination, which can be achieved 

by being added to chlorine gas, sodium hypochlorite solution or calcium hypochlorite 
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granules, and generating on-site chlorine. Chlorine is a strong oxidant that efficiently 

lowers MC concentrations. However, the toxin is not eliminated, but transformed into 

a by-product [81]. The same occurs with the remaining natural organic matter as the  

production of DBPs may equal or be even more toxic than the parent molecule [90]. 

Chlorine can also be replaced with chloramines or chlorine dioxides, which are weaker 

oxidants. However, MC reduction is slower and, therefore, inefficient. It may also 

generate undesirable by-products [91]. For all these reasons, the use of these chemical 

oxidants is inappropriate for removing MC during drinking water treatment. 

Otherwise, permanganate addition does not promote harmful DBPs, such as 

brominated or chlorinated ones, and is one of the most effective oxidants for removing 

MC [89,91]. However, potential disinfection by-products should be considered to be 

any type of chemical agent [78]. Besides at certain doses, permanganate can discolour 

water and, therefore, dose controls and inspections are necessary to avoid consumer 

complaints [92]. 

Ozonation or other advanced oxidation processes (AOPs) are also alternative options to 

the previous procedures (Figure 7). Ozone (O3) possesses a powerful disinfection 

capacity and, albeit not persistent in water, is very useful for micropollutant 

destruction, including MC [93,94]. In chemical terms, ozone alters MC molecules by a 

direct reaction and indirect hydroxyl radical (OH) attack, while oxidation held to 

decrease partial or total molecule toxicity [95]. The combination of ozonation and 

another AOP, such as hydrogen peroxide (H2O2), ferrous iron (Fe (II)) or UV 

irradiation, may even enhance oxidation effectiveness by increasing the production of 

hydroxyl radicals [22,96,97]. It has also been proved that alkaline pH and increasing 

ozone doses with temperature improve removal efficacy [98–100]. In contrast, the 

presence of NOM diminishes MC destruction by competing for ozone. Therefore, extra-

doses are often necessary to ensure complete pollutant removal [94,101]. As with other 

chemical oxidants, utilities should also be aware when using ozone as regards the 

formation of DBPs [102,103]. So although advanced oxidation processes have made 

unquestionable technological progress in the water industry, costs versus benefits in 

economic and health terms are difficult to evaluate regarding MC removal and other 

micropollutants [104].  

D. Auxiliary barriers  

For all these reasons, the need to optimise conventional treatments to achieve 

intracellular MC removal with no releases is clearly evidenced. However, extracellular 

toxins may potentially appear in incoming water or be released during inefficient water 

treatment. In these cases, multibarrier treatments are normally required to eliminate 
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both fractions [92]. Hence in addition to AOPs, physical elimination processes are 

usually included during water treatment. 

One of the auxiliary barriers that has aroused most interest in the last two decades is 

membrane filtration (Figure 7). This technology achieves water purification based 

mainly on particle size exclusion. Microfiltration (MF) (0.1 – 10 µm) and ultrafiltration 

(UF) (1 – 100 nm) membranes are widely used by drinking water utilities to remove 

particulate contaminants, including cyanobacterial cells [105,106]. However, the MF 

membrane pore size does not allow them to retain dissolved MC, but only some kinds 

of UF membranes can thanks to their hydrophobic properties [107]. High-pressure 

nanofiltration (NF) (± 1 nm) and reverse osmosis (RO) (± 0.1 nm) membranes 

efficiently remove both fractions [108], but both are expensive methods given their 

energy requirements [109]. 

Adsorption processes, such as filters of granular activated carbon (GAC) or powdered 

activated carbon (PAC), are also highlighted as auxiliary barriers (Figure 7). This 

technology is often applied as a tertiary treatment to diminish assimilable organic 

carbon (AOC) to, thus, avoid bacterial regrowth in the distribution network. Although 

these processes are unable to eliminate intact cells, they can efficiently remove 

extracellular MC [110–112]. Their efficiency depends on the influence of some aspects 

,such as the kind of adsorbent, toxin congener, pH, organic matter loads and contact 

time [113,114]. Therefore, DWTPs normally need to conduct jar-testing and 

consequent handling for correct optimal applications. Unfortunately, their operation 

and maintenance can be cost-prohibitive, which may limit their application in many 

locations [104]. It is also remarkable that, as with sand filters, a native bacterial 

population can also proliferate on these adsorbent materials [101]. Hence adsorption 

and biodegradation can act synergistically to remove cyanotoxins [115]. 
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Figure 7. Graphic representation of typical drinking water treatment processes. Letters A and B mean different intake points to avoid cyanobacteria 
accumulation. Asterisk means that other advanced oxidation processes (AOPs) are possible.  
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1.6. Biological degradation 

Biological filtration has long since been recognised for as being more an 

effective, economical and sustainable alternative to physico-chemical processes for MC 

removal. MC degradation was evidenced for the first time by Jones et al., (1994) [116] 

in bacterioplankton communities associated with cyanobacterial blooms in freshwater. 

Since they isolated and identified the first-known indigenous MC-degrading bacterium 

Sphingomonas sp. ACM-3962 (initially named Sphingomonas MJ-PV), numerous MC 

degraders have been identified from both natural water and drinking water filters 

[117,118]. Of the high diversity taxa reported to date, the phylum Proteobacteria is the 

most representative. Nevertheless, other taxa have also been reported, such as 

Actinobacteria, Bacteroidetes, Planctomycetes, Firmicutes and Verrucomicrobia 

[119–121].   

The metabolic route responsible for MC degradation was also reported and 

characterised in strain Sphingomonas sp. ACM-3962 by Bourne et al., (1996, 2001) 

[122,123]. These authors discovered a specific cluster of genes that they called mlr 

(mlrABCD), which has also been subsequently identified in other strains belonging to 

both Sphingomonadaceae as other families (Figure 8). 

 

 

Figure 8. Localiation map of the mlr genes cluster for the synthesis of enzymes responsible for 
MC degradation. The direction of boxes represents the transcription direction of the respective 
gene (adapted from Bourne et al., (1996, 2001)). 

According to Bourne et al., (2001)[123], mlrA transcribes a metallopeptidase that is 

responsible for the first and most crucial step of MC degradation, which breaks the 

cyclic structure and linearises the molecule (Figure 9). This linearisation substantially 

reduces MC toxicity [122], hence primers and probes that target the mlrA gene are 

used as markers for MC degradation capacity [124–126]. The mlrB gene transcribes a 

serine protease that is responsible for the degradation of the linear molecule to 

tetrapeptides (Figure 9). mlrC encodes a metallopeptidase that is responsible for the 

subsequent degradation of tetrapeptides into Adda or smaller amino acids and has also 

been found to be able to act directly on Linearized MC molecules to produce 

hexapeptides [127–129]. Dziga et al. (2016) [129] also demonstrated that the 

hexapeptides produced by mlrC are further degraded by mlrA and mlrB, but no 

degradation products were detected. The mlrD gene has been suggested to transcribe a 

transporter protein [123], but the direct experimental confirmation of this role is still 

required. 
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Figure 9. Graphic illustration of the mlr gene-encoding enzymatic pathway for MC-LR 
degradation by Sphingomonas sp. ACM-3962. Dotted arrows represent the hypothetical 
function. Adapted from Bourne et al., (2001, 1996) [122,123], Dziga et al., (2016, 2013) 
[118,129] and Li et al.,(2017) [117]. 

Studies have also demonstrated that some MC-degrading strains belonging to families 

other than Sphingomonadaceae do not possess the mlr cluster. Hence, these strains 

have been suggested to degrade MC via alternative degradation pathway(s) that have 

not yet been identified [119,130–132]. Interestingly, this assumption has also been 

supported recently by various studies, which have demonstrated that the mlr pathway 

may not be the most abundant pathway for MC removal in nature [120,133].  

Notwithstanding, despite of the undeniable potential of biological MC degradation for 

drinking water treatments, the biological treatment in different types of filters and 

reactors have not been studied in depth to date, and only few studies have been 

performed on a pilot or large scale. Furthermore, very little is known about the capacity 
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of indigenous MC-degrading communities to grow on each filter carrier and water 

source. Thus more research is necessary to overcome current lack of knowledge. The 

following sections focus on the state-of-the-art of biofilm-based technology for MC 

removal, and on alternative approaches regarding other advanced biological reactors. 

1.6.1. Biofilm-based treatments 

Bacterial association as biofilms is the dominant lifestyle of microorganisms in nature. 

A biofilm is understood as a complex structure of cells embedded in a polymeric 

extracellular substances (EPS) matrix and immobilised on a substratum [134]. Biofilm 

development consists in distinct phases, which are schematically illustrated in Figure 

10. Firstly, the surface is conditioned by adhesion and accumulation of diverse 

inorganic and organic substances to promote a nutritious substratum (Phase I). 

Secondly, planktonic bacteria are attracted to the surface and initial attachment begins 

by cell-cell and cell-substrate interactions (Phase II). In this step, the topography and 

chemical properties of the surface are considered essential characteristics for bacterial 

attachment [135,136]. Subsequently, the biofilm produces EPS that immobilise the 

embedded cells, and reversible attachment gives way to an irreversible one, when cells 

start to reproduce (Phase III). In this phase, EPS production is a determinant for the 

structural stability of the biofilm and multivalent cations, such as calcium (Ca2+), play 

an important role in the final 3D architecture [137]. The mature structure becomes 

dynamic with constant bacterial detachment, dispersion and re-growth by maintaining 

a stable biomass thickness, which allows water, nutrient and cell waste diffusion with 

the surrounding bulk liquid (Phase IV). 

Figure 10. Simplified illustration of biofilm formation on surfaces.  

Biofilm formation has numerous advantages for bacteria, including protection against 

several stressors, such as antimicrobial molecules, heavy metals or toxic chemicals. 

Apart from these benefits, other valuable characteristics related to intercellular 

communication, such as gene expression stimulation, temporal adaptation or 

metabolic and phenotypic heterogeneity, make biofilm formation extremely useful for 
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biological-based applications [138]. However, it is remarkable that excessive biomass 

formation can also act as a hurdle for both biofilm viability and bioprocess 

exploitation. Hence regular observation and handling are normally required for correct 

operation [139]. Even so, biological treatment still requires less maintenance and 

infrastructure compared to physico-chemical treatments, and also reduces the 

generation of DBPs by-products, which makes it more appealing to water suppliers 

[140]. 

The biological treatment processes tested to date in DWTPs for MC removal have 

focused on fixed-bed reactors (Figure 11 (a)). These classic filters are made of inert 

materials, such as sand, activated carbon or anthracite, and remain immobile while the 

liquid flows through the bed porosity. The free-living MC degraders present in the 

source water usually colonise and form biofilms onto bed surfaces, which provides 

microbial communities that contribute to extracellular MC degradation [141,142]. 

Nevertheless, the kinetics of these filters is strongly influenced by the latency period 

normally required to onset MC degradation [88,140,143–147]. Some authors have 

shown that well-established biofilms that develop in the upper layers of sand filters are 

able to efficiently remove MC. However, an acclimation time and conditioning are still 

required to reduce the lag phase period [148]. Bourne and co-workers [149] have also 

demonstrated that bioaugmentation via the inoculation of an MC-degrading bacterium 

into the top of a sand filter column enhances MC degradation by shortening the 

acclimation phase. Likewise, other studies have improved MC removal by combining 

physical (e.g. adsorption) and biological methods [115,142,150]. Despite such efforts, 

these biological strategies are still considered slow processes compared to physico-

chemical treatments. The efficiency of biological methods is also subject to factors like 

pH, temperature, NOM, microorganisms interactions, including factors related to the 

employed media (particle size, chemical composition and surface roughness or 

topography) [115,151,152]. Therefore, improvements in biofilms reactors are needed 

to include biological treatment as an important part of the multibarrier approach.  

1.6.2. Advances in biofilms reactors  

Innovations in biofilm-based reactors have focused mainly on wastewater treatments 

to enhance mass transfers. For instance, the aerobic fluidised or moving-bed reactor 

(MBBR) represents several advantages over fixed-bed reactors, such as the movement 

of the bed carriers via aeration, which increases the effective volume and enhanced 

microbial activity by oxygenation (Figure 11 (b)). Otherwise, the main drawbacks of 

this technology include higher operation costs in energy terms and possible biomass 

detachment due to collisions between carriers [153]. As far as we know, only the recent 
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study by  Kumar et al. (2019) [154] has evaluated the suitability of MBBRs for MC 

removal. These authors managed to eliminate MC-LR and other undesirable 

compounds through an MC-degrading bacteria inoculum. Other designs have also been 

tested for MC degradation, such as the air-lift inner-loop bioreactor packed with a 

ceramic carrier [155]. This reactor operates as a fixed-bed reactor, but liquid was up-

flowed by air circulation in the inner-loop works as a fluidised reactor (Figure 11 (c)). 

Nonetheless, the bottleneck of all these advanced reactors is the inability of the 

employed inert bed materials to stimulate microbial metabolism as they merely work 

as a physical surface for bacterial attachment, which limits the system’s efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Graphic illustration of different biofilm-based reactors for MC removal: a) fixed-
bed reactor; b) moving-bed reactor; c) airlift inner loop reactor; and d) membrane biofilm 
reactor. 

Other emerging biofilm-based technologies, such as membrane biofilm reactors 

(MBfRs), have been paid attention in the last 20 years for wastewater treatment. 

Unlike conventional filtration membranes (e.g. membrane bioreactors or MBRs), 
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MBfRs do not separate solids from liquids. MBfRs use the bacterial biofilm 

immobilised on the membrane surface to remove pollutants from water. The employed 

membranes are gas-permeable membranes that enhance the microbial activity of the 

biofilm immobilised on the membrane surface by supplying electron donors or 

acceptors (Figure 11 (d)) [156–159]. In this way, these reactors provide new functions 

to surfaces other than being merely support materials [139]. Some authors have 

pointed out the viability of oxygen-based MBfRs, also called membrane-aerated 

biofilms reactors (MABRs), for removing a wide range of organic xenobiotics [156]. 

Therefore, it could be hypothesised that the growth of MC-degrading bacteria and 

subsequent MC elimination would also be possible via this technology during drinking 

water treatments. Nevertheless, no study to remove MC by this technology has been 

reported to date and, hence, its suitability remains unexplored.  

MBfRs can use different types of membranes, e.g. dense, porous and composite (thin-

film composite, TFC) membranes, between which composite ones prove to be the most 

effective for their minor gas resistance, together with bubbleless aeration, and without 

clogging and wetting [156,160]. Composite membranes offer cost savings as biofilm 

aeration is optimised by the control of the intramembrane oxygen partial pressure. 

However, the main drawback of composite membranes in such systems is the higher 

manufacturing cost [161]. Interestingly, companies such as APTwater, Inc. (Long 

Beach, CA, USA), have developed similar membrane configurations to the reverse 

osmosis (RO) units used in desalination plants [158].  

1.6.3. Sustainable Membranes Biofilms Reactors (MBfRs). 

One of the main technological challenges posed in Europe for the near future is the 

change in a circular economy model. The principles of this concept include reducing, 

reusing and recycling to search for sustainable economy, against the linear take-make-

consume-dispose economic model that currently prevails [162]. Indeed, several 

alternatives can be offered to provide sustainable materials to biofilm-based reactors, 

depending on the proposed frameworks. Specifically, if we bear in mind the striking 

similarities between MBfR membranes and RO desalination membranes, these 

discarded desalination membranes modules could be recycled into MBfRs; i.e. 

developing recycled-membranes biofilm reactors (hereafter R-MBfRs). 

Pressure-driven membranes are well-established desalination processes by which 

freshwater can be obtained from seawater and brackish water [109]. In particular, RO 

membranes represent the most widely used desalination technology worldwide. Over 

95% of existing RO desalination plants use polyamide thin film composite (PA-TFC) 

membranes, which are similar to composite membranes in MBfRs, and are formed by 
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three layers: a non-woven polyester support, an asymmetric porous polysulfone (PSF) 

interlayer and a polyamide (PA) ultrathin layer. These membranes offer excellent 

mechanical and chemical resistance [163]. Consequently, the large desalination market 

has resulted in increased waste generation in relation to this technology, which implies 

the disposal of more than 840,000 end-of-life (EoL) membranes (>14,000 Tn/year) 

worldwide every year [164,165]. The landfilling or incineration of millions of 

membranes is currently the fastest solution for a material considered to be waste. 

Therefore, following European Directive 2008/98/EC on waste, which sets out a 

hierarchy of priorities for waste treatment (prevention, reuse, recycling, other types of 

recovery and, finally, disposal), current membrane management is not coherent with 

the basic principles of European environmental legislation, Hence new less 

environmentally harmful handling alternatives are desirable to move towards not only 

a circular economy system, but also a cross-continental recycling society [166–169]. 

One of the main factors that affects RO membrane discarding is biofouling [170]. This 

is a serious issue that compromises the membrane filtration process by shortening the 

membrane service life (5-10 years) and increases its replacement rate (10-15% per 

year) [164,166]. Consequently, different alternatives have been proposed to extend the 

life span of discarded membranes. One such alternative is to recycle discarded RO 

membranes by removing the active polyamide (PA) layer, which is an interesting 

solution [171]. This transformation process is based on chemical modification using 

oxidant agents, such as K7MnO4 and NaOCl which, under controlled conditions, 

convert EoL RO membranes into recycled nanofiltration (NF) or ultrafiltration (UF) 

membranes [172–174]. However, the variability of the chemical composition or the 

severe membrane compaction during their service life could affect the membrane’s flux 

recovery, especially when these membranes have treated seawater [175–177]. For this 

reason, other applications that are not based on filtration are needed to extend their 

life time and, with this approach, R-MBfRs could be a promising alternative.  

Therefore, with R-MBfR on the one hand, lack of cost-effective and enviro-friendly 

technologies to treat MC polluted water would be addressed and, on the other hand, it 

would offer an alternative second life to discarded RO membranes according to circular 

economy principles.  
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2. Chapter II: Scope and extent of the thesis 

2.1. Justification of the thesis 

This doctoral dissertation is initially based on previous doctoral studies carried 

out by Lezcano in 2017, which research was focused on investigate the genetic and 

ecological aspects underlying the biological degradation of MC mediated by freshwater 

bacteria. Specifically, this work continues with the findings regarding to some MC-

degrading strains isolated from San Juan reservoir, Madrid, Spain [133]. A number of 

these isolates were highly efficient MC degraders in spite of the presence of other 

organic carbon and nitrogen sources, which led to the application of a patent with 

international projection (PCT) [179]. Consequently, this thesis attempts to explore the 

potential exploitation of some of these isolated strains for advance biofilm-based 

reactors. In addition, the circular economy principles are a priority of this work. 

Therefore, it is also addressed the current lack of cost-effective and sustainable 

biological systems to remove MC. 

2.2. Main objectives 

According to the aforementioned, the main objective of this thesis is to develop 

a new concept of advance biological reactor based on the immobilization of MC-

degrading bacteria onto recycled desalination membranes. This pioneering system is 

herein called Recycled-Membrane Biofilm Reactor (R-MBfR). The next chapters have 

been structured according to the follow sub-objectives addressed during the present 

work: 

1. Chapter III: Genotypes selection under different conditions 

Firstly, to identify which would be the most promising MC-degrading genotypes 

in nature (mlr+ or mlr-) to develop an efficient biofilm-based reactor to treat 

MC polluted water. Secondly, to know how key abiotic parameters may affect 

MC degradation capacity in both genotypes. In this point, we selected the 

highest-performance strain of the studied ones.  

 
2. Chapter IV: Proof-of-concept with discarded membranes 

To analyse the viability of two different models of discarded desalination RO 

membranes and their previous fouling for immobilizing the selected MC-

degrading strain as unispecies biofilm. Additionally, it is aimed to compare the 

economic feasibility of the R-MBfR with other current physico-chemical 

methods. 
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3. Chapter V: Membrane transformation and gas permeability 

To evaluate the effect of the transformation process through chlorination on 

discarded RO membrane in the conditioning and the bacterial association of the 

selected MC-degrading strain, the MC degradation capability of the unispecies 

biofilm and in the membrane gas permeability.  

 

4. Chapter VI: Membrane colonization by multispecies biofilms 

To know the capability of free-living planktonic bacteria, present in natural 

water during a toxic cyanobacterial bloom, to create a multispecies MC-

degrading biofilm onto recycled desalination membranes.  

 
5. Chapter VII: R-MBfRs optimization and future perspectives 

To study how the unispecies MC-degrading biofilm respond to the air supply by 

diffusion across the most promising membrane of the above-tested. To address 

the future perspectives of the R-MBfR to remove MC from different water 

sources for diverse applications, such as hypothetical irrigation water. 
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A B S T R A C T   

 

Cyanobacterial proliferation and toxin production in water bodies around the world have led to global concern 

about the control of these issues. Indigenous bacteria have been shown to degrade the cyanotoxin microcystin 

(MC) in natural environments. The mlr cluster has been widely used as a marker for microcystin biodegradation; 

however, recent studies have shown that alternative pathway(s) also contribute to the natural removal of MCs in 

the ecosystem. The main objective of this study is to provide initial insights concerning how key abiotic factors 

affect the rate of MC biodegradation via alternative pathway(s) and to provide a detailed comparison with the 

mlr+ pathway. Our results show that nutrient inputs and previous exposure to MCs trigger changes in the rate 

of MC degradation via alternative pathway(s), while temperature does not produce any significant change. Our 

results further indicate that the alternative pathway(s) may be less efficient at degrading MC than the mlr+ 

pathway, suggesting the importance of microbial diversity in determining the half-life of MC in the water 

column. 
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3. Chapter III: Genotypes selection under different conditions 

3.1. Brief introduction 

The present chapter aims to dissect the responses of some MC-degrading 

strains that belong to both genotypes (mlr– and mlr+) to key abiotic conditions 

(nutrients and warm temperatures) that are known to affect bloom proliferation. To 

our knowledge, this is the first report to analyse in detail the effect of these factors on 

the alternative pathway(s); this report is also the first to provide a detailed comparison 

of the efficiencies of mlr– and mlr+ bacteria in degrading MC under different nutrient 

and temperature conditions. Therefore, this comparison generates new knowledges 

about the alternative MC-degrading pathway(s) that operate in nature and provides 

relevant data to determine which MC degradation route is the most efficient in terms of 

MC removal.  

3.2. Material and methods 

3.2.1. Cyanobacterial biomass collection 

Fresh cyanobacterial scum was collected on 20 November 2014 from San Juan 

reservoir, which is located north of Madrid (Spain) (40° 22' 3.43" N and 4° 18' 12.28" 

W), using sterile polyethylene bottles. The samples were transported under dark 

conditions at 4 ºC. A total of 2 L of scum were stored at -20 ºC until MC extraction. 

3.2.2. Extraction of MC 

The collected scum was extracted in 100% methanol, vortexed for 1 minute, sonicated 

for 15 minutes using an ultrasonication bath (P-Selecta Ultrasons) and stored at 4 ºC 

for 1 h to extract MC. The extract was then centrifuged (Heraeus Megafuge 16) at 

4,000 x g for 15 min, and the supernatant was stored at -20 ºC. This step was repeated 

three times until the pellet lost most of its chlorophyll. The extract was vacuum-dried 

at 40 ºC in a rotavapor (Rotavapor-R, Büchi, Switzerland), resuspended in methanol 

(10%) and bonded to 5 g C18 cartridges (Extrabond C18, 5 g, 20 mL, Sharlab) for 

partial MC purification. The cartridge was initially activated with 100% methanol 

followed by Milli-Q water and subsequently conditioned with 10% methanol. 

Afterwards, the samples were added and washed with Milli-Q water and 30% 

methanol. MC were eluted in 20 mL of 90% methanol and dried using a SpeedVac 

concentrator (Savant, SPD131DDA) at 45 ºC and 0.2 Torr for 2 h. Finally, MC were 

resuspended in Milli-Q water, passed through sterile syringes with 0.22 µm filters (25 

mm, Pall Corporation) for sterilization and stored at -20 ºC.  MC quantification was 

performed as described below in section 3.2.5. The MC mixture is composed of 84.5% 

MC-LR, 9.86% MC-RR and 5.64% MC-YR. 
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3.2.3. MC-degrading bacterial strains 

Four MC-degrading bacteria were chosen for this study. Two of these strains were the 

Paucibacter toxinivorans strain IM-4 and Paucibacter toxinivorans strain 2C20. 

These strains lack mlr genes (mlr-) and belong to the order Burkholderiales. The other 

two strains were the Sphingopyxis sp. strain IM-1 and the Sphingosinicella 

microcystinivorans strain Y2; both strains possess the mlr cluster (mlr+) and belong to 

the order Sphingomonadales. Strains IM-1 and IM-4 were previously isolated from 

San Juan reservoir and belong to our strain collection [133], while  strains Y2 [180] 

and 2C20 [181] were obtained from the DSMZ Culture Collection (Germany).  

3.2.4. Biodegradation assay 

All four MC-degrading isolates were incubated in R2A liquid medium at 27 ºC under 

dark conditions and on a shaker (75 rpm). When the isolates reached the exponential 

phase, as judged by measuring the OD600, the cells were centrifuged at 5,000 rpm for 5 

min and washed with mineral salt medium (MSM) [130]. Finally, the cells were 

resuspended at a final OD600 of 0.05 (equivalent to approximately 108 CFU · mL-1) in 

MSM. Negative controls without bacteria and with the same nutrient concentrations 

used in the assay conditions were included in each trial. Samples were collected after 

different incubation times, filtered immediately through 0.45 µm sterile filters 

(Econofltr PTFE 13 mm, Agilent Technologies) and stored at –20 ºC until the time of 

analysis. Each biodegradation assay was performed as described below.  

Effect of varying MC concentrations on the rate of degradation   

To evaluate the biodegradation capacity of both genotypes at varying MC 

concentrations, 300 and 1,000 µg · L-1 of the MC mixture were added to each strain. 

The experiment was performed for 48 h in duplicate at 27 ºC. The flasks were shaken 

at 75 rpm and kept in the dark throughout the experiment.  Samples were collected 

after 0, 3, 6, 9, 24 and 48 h of incubation, filtered as mentioned previously and stored 

at –20 ºC until the time of analysis.  

Effect of previous exposure to MC on the rate of MC degradation 

To investigate the influence of previous exposure to MC on the degradation capacity, 

all strains were exposed to 50 mg · L-1 of the MC mixture and then incubated in 

duplicate, as described above.  After 24 h, a pulse of 100 µg · L-1 of MC was added to 

each flask. Samples were collected after 0, 30, 60, 120 and 180 min. All collected 

samples were filtered and stored at –20 ºC until the time of analysis. 
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Effect of nutrients on the rate of MC degradation  

To analyse the effects of P, N and C on the MC degradation rates of all tested strains, all 

strains were cultivated in liquid MSM at 27 ºC and supplied with 100 µg ·L-1 of the MC 

mixture. The P source (KH2PO4), N source (NaNO3) and C source (glucose-dextrose) 

were added separately. Nutrients were added at three concentrations: 2, 20 and 100 

mg · L-1. Because the MSM medium contains a basal level of phosphorus 

(approximately 100 mg · L-1), all experiments (except for testing the effect of P on 

biodegradation rates) were performed using that basal level of the P source. The MSM 

medium was adjusted to contain different amounts of phosphorus during the P 

experiments. 

All experiments were run in duplicate under the same growth conditions described 

above. Samples were collected after 0, 3, 6, 9, 24 and 48 h, filtered and stored at –20 

ºC until the time of analysis. 

The MC degradation kinetics were calculated according to the first-order model 

described by Xu et al. (2011) [182] and the MC degradation kinetics proposed by Li et 

al. (2014). The equations used are presented below: 

1) C= C0 x exp (-kT) 

2) T1/2= ln(2) / k  

Here, C0 represent the initial MC concentration, C is the residual MC concentration at 

sampling time T, k is the first-order biodegradation rate constant (h-1) and T1/2 is the 

half-life of the MC (h). It is remarkable that a lag phase was observed in some 

experiments but not in all genotypes and strains. Therefore, with the aim of 

normalizing the kinetics calculations, the MC degradation rates were calculated taking 

into account the lag phase. 

Effect of temperature on the rate of MC degradation 

Three different temperatures (22, 27 and 32 ºC) were tested, with each strain in MSM 

supplied with 100 µg ·L-1 of the MC mixture as the sole nitrogen and carbon source. 

The experiments were run in duplicate under the above-mentioned growth conditions. 

Samples were collected after 0, 3, 6, 9, 24 and 48 h, filtered and stored at –20 ºC until 

the time of analysis. 

3.2.5. Analysis of MC 

The MC mixture was analysed by measuring the three main MC variants (i.e., MC-LR, 

MC-RR and MC-YR), and the sum of those variants was considered to be the total MC 
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concentration. Commercial pure standard variants (Sigma, Madrid, Spain) were used 

to produce calibration curves.   

MC from all experiments were measured using a high-performance liquid 

chromatography (HPLC) system (Agilent series 110, Agilent Technologies, Santa Clara, 

CA) coupled to a time-of-flight (TOF) mass spectrometer (Agilent 6230 accurate mass 

TOF Agilent Technologies, Santa Clara, CA). Chromatographic separation of MC-LR, 

MC-RR and MC-YR was performed using a Pursuit C18 150 mm x 2 mm column with a 

particle size of 3 µm (Agilent Technologies, Santa Clara, CA) and a thermostat set at 40 

ºC. The mobile phase consisted of 0.1% acetic acid in water (A) and 0.1% acetic acid in 

acetonitrile (B), with a flow rate of 0.3 mL · min-1. The gradient profile started at 30% 

B, increased to 60% B over 9 min and changed to 100% B over 1 min for cleaning. For 

re-equilibration of the column, B was reduced to 30% over 1 min and held for a further 

6 min. Each sample was measured twice by injecting 2x 50 µL.   

3.3. Results and discussion 

Due to the identification of the mlr cluster and the subsequent development of 

primers and probes, the majority of studies of MC biodegradation have focused on 

strains belonging to the order Sphingomonadales. However, many isolated strains that 

belong to other bacterial orders and are capable of degrading MC have not been 

analysed for the presence of mlrA [118,183]. To date, very little is known about the 

metabolism of MC-degrading bacteria that lack the mlr cluster (mlr– genotype), despite 

their recorded high abundance in nature [120,133].  A metagenomics study of free-

living bacterioplankton in Lake Erie showed that members of the order 

Sphingomonadales are not the most abundant [120]. Lezcano et al. (2016) [133] 

confirmed the observation of Mou et al. (2013) [120] and further demonstrated a 

divergence in the MC-degradation efficiency of the two genotypes (mlr– and mlr+) 

during growth in different culture media. In this study, we attempted to analyse the 

effect of key abiotic factors on MC biodegradation via the alternative route(s). By 

comparing our results with the mlr route, we assessed the significance of the role 

played by the alternative pathway in the removal of MC in nature, as well as the 

biotechnological implications of this pathway.  

3.3.1. Effect of varying MC concentrations on the rate of degradation   

For this study, we used two mlr– strains belonging to Burkholderiales (IM-4 and 2C20) 

and two mlr+ strains belonging to Sphingomonadales (IM-1 and Y2). The experiments 

were conducted in MSM medium, in which all strains were previously demonstrated to 

degrade MC but not to significantly increase their cellular abundance [133]. Therefore, 
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any observed effect of MC, nutrients or temperature on biodegradation rates is likely to 

be a direct effect on enzyme kinetics or on gene expression rather than an indirect 

effect via growth. The experiments were performed with various concentrations of an 

MC mixture as the sole nitrogen and carbon source (Figure 12 and Table 1). In all 

cases, no loss of MC was observed in the negative controls, indicating that the removal 

of MC was biologically mediated. Figure 12 shows the degradation of MC over time by 

strains IM-4, 2C20, IM-1 and Y2. All strains were able to completely eliminate MC. 

This finding indicates that similar to degradation via the mlr pathway [184,185], MC 

degradation using an alternative degradation pathway(s) can occur in the absence of 

other nutrients (N or C). However, the inability of all strains to grow in minimal 

medium regardless of the concentration of MC added (Figure 12) indicates that MC per 

se cannot support growth. Our results are not consistent with those of previous studies 

that showed that MC-degrading bacteria respond to higher concentrations of MC by 

increasing their cellular abundance [141,186].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. MC biodegradation by both bacterial genotypes (mlr- and mlr+) at varying MC 
concentration: low concentration (300 µg · L-1), dashed line; and high concentration (1000 µg · 
L-1), continuous line. Each graph belongs to an individual strain: a) IM-4 (mlr-), b) 2C20 (mlr-)  
c) IM-1 (mlr+) and d) Y2 (mlr+). Error bars represent standard errors of two biological 
replicates. 
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Table 1. MC biodegradation kinetics at varying MC concentration. Low concentration means 
300 µg · L-1 and high concentration means 1000 µg · L-1. 

 
Figure 12 shows MC degradation when the cells were supplied with 300 µg·L-1 and 

1000 µg·L-1, herein referred as low and high concentrations, respectively. Under such 

conditions, all strains maintained similar MC degradation patterns. However, strains 

belonging to the mlr– genotype (IM4 and 2C20) were less efficient in degrading MC 

than strains belonging to the mlr+ genotype (IM-1 and Y2). Moreover, k values were 

1.21- and 2.05-fold higher at high MC concentrations than at low MC concentrations 

for IM-4 and 2C20, respectively (Table 1). This finding suggests that the cells may be 

responding to high concentration of MC by augmenting the expression of the genes 

involved in the alternative degradation pathway. Recently, it was demonstrated that 

MC-degrading bacteria belonging to the mlr+ genotype respond to increasing MC 

concentrations by increasing expression of the mlrA gene [185]. The same kinetics 

were obtained with the mlr+ strain IM-1 but not with Y2. IM-1 exhibited an MC 

degradation rate that was 1.73 times higher at high MC concentrations than at low 

concentrations, while Y2 showed an opposite response, increasing its degradation rate 

by a factor of 2.5 at low MC concentrations. These results indicate that different species 

that use the mlr+ route may respond differently to MC levels.  

3.3.2. Effect of previous exposure to MC on the rate of MC degradation 

When both genotypes were exposed twice to MC over the span of one experiment 

(Figure 13), strains IM-4 and 2C20 (mlr– genotype) degraded 90% of the total MC 

within 3 h after initial exposure to MC and needed only 0.5 h to degrade double the 

quantity of MC after the second exposure. Thus, previous exposure to MC reduced the 

lag phase and increased the degradation rates (k) by factors of 13.76 and 5.48 for IM-4 

and 2C20, respectively (Table 2). On the other hand, strains IM-1 and Y2 (mlr+ 

genotype) completely degraded MC with 1 and 0.5 h after initial and secondary 

exposures, respectively. In this case, the lag phase also diminished, and the 

degradation rates increased by a factor of 2.34 in both strains (Table 2). In the case of 

the mlr+ genotype, an increased degradation rate after exposure to MC has been 

reported previously [126,187,188]. Here, we show for the first time that mlr– strains 

significantly diminished the lag phase and achieved degradation rates similar to those 

    mlr -  mlr + 

  IM-4 2C20  IM-1 Y2 

    k (h-1) T1/2 (h) k (h-1) T1/2 (h)  k (h-1) T1/2 (h) k (h-1) T1/2 (h) 

MC 
concentration 

Low 0.056 12.314 0.041 16.987  0.444 1.558 0.485 1.427 

High 0.068 10.208 0.084 8.258  0.768 0.903 0.192 3.612 
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achieved by mlr+ strains after the second exposure. This finding indicates that similar 

to the mlr+ route, MC can promote the activity of MC-degrading enzymes of the 

alternative pathways(s) or increase their gene expression. Currently, there are no 

genetic markers for the alternative MC degradation pathway(s); hence, it is not 

possible to analyse the associated gene expression pattern(s) in response to MC 

addition to verify our assumption. 

 

 

 

 

 

  

 

 

 

 

 

Figure 13. Effect of previous expose to MC in the MC degradation capacity by both genotypes 
(mlr – and mlr+): a) strains mlr –, dashed lines and b) strains mlr+, continuous lines. No 
degradation was observed in controls (data not shown). Arrows indicate the degradation trend 
and asterisk means the pulse addition. Error bars represent standard errors of two biological 
replicates. 

Table 2. MC biodegradation kinetics after different MC exposure times. 

 

3.3.3. Effect of nutrients on the rate of MC degradation  

The MC biodegradation capacity of both genotypes was compared after the addition of 

key nutrients: phosphorus (P), nitrogen (N) and carbon (C) sources. The 

concentrations added were 2, 20 and 100 mg·L-1 for each source and are herein referred 

as low, medium and high concentrations, respectively. As described above, no growth 

  mlr -  mlr + 
  IM-4 2C20  IM-1 Y2 

  k (h-1) T1/2 (h) k (h-1) T1/2 (h)  k (h-1) T1/2 (h) k (h-1) T1/2 (h) 

MC 
concentration 

1st exposure 0.768 0.903 0.768 0.903  4.605 0.150 4.605 0.150 

2nd exposure 10.564 0.066 4.21 0.164  10.768 0.064 10.768 0.064 
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was observed in any of the experiments (no change in OD600, data not shown). All 

added nutrients enhanced the MC degradation capacity of the mlr– strains. IM-4 and 

2C20 responded to nutrient loads in a manner similar to strains IM-1 and Y2 (mlr+ 

genotype), but their overall efficiency under all treatment conditions remained lower 

than the efficiency achieved by IM-1 and Y2. These results provide empirical support 

for the finding reported by Lezcano et al. (2016) [133] and indicate that strains that 

use the alternative MC degradation pathway(s) may have a lower degradation 

efficiency than strains that use the mlr+ degradation pathway, regardless of the 

environment in which they operate. 

Table 3. MC biodegradation kinetics under various nutrient conditions. 

 
As expected, the presence of P greatly improved MC removal by both genotypes. The 

addition of increasing concentrations of the P source (monopotassium phosphate) 

triggered higher MC biodegradation rates in the mlr– genotype (Figure 14, Table 3). 

Strain IM-4 degraded 50% of MC within 48 h at a low concentration of the P source 

and degraded 100% and 80% of MC within 24 h at medium and high concentrations, 

respectively (k medium conc. > k low conc. by 10.10-fold). Strain 2C20 degraded 20% of MC 

within 48 h at a low concentration of the P source and degraded 80 and 100% of MC 

within 24 h at medium and high concentrations, respectively (k high conc. > k low conc. by 37-

fold). The presence of increasing concentrations of the P source also triggered higher 

biodegradation rates in the mlr+ genotype.  IM-1 totally degraded MC within 48 h at 

low concentrations and only required 3 h to degrade the same quantity of MC at 

medium and high concentrations (k medium & high > k low conc. by 1.60-fold). Strain Y2 

degraded 80% of total MC within 48 h at low concentrations and completely degraded 

MC within 3 h at medium and high concentrations (k medium & high conc. > k low conc. by 4.66-

fold). These results are in line with the consensus that P plays a crucial role in 

freshwater systems as a key limiting factor for the metabolic activity of microorganisms 

[22,184].   

  mlr -  mlr + 
  IM-4 2C20  IM-1 Y2 
  k (h-1) T1/2 (h) k (h-1) T1/2 (h)  k (h-1) T1/2 (h) k (h-1) T1/2 (h) 

Monopotassium 
phosphate    
(mg·L-1) 

2 0.019 35.709 0.005 130.744  0.959 7.225 0.329 21.048 

20 0.192 3.612 0.096 7.225  1.535 0.452 1.535 0.452 

100 0.045 15.228 0.185 3.740  1.535 0.452 1.535 0.452 

Sodium nitrate 
(mg·L-1) 

2 0.175 3.951 0.097 7.168  0.768 0.903 0.768 0.903 

20 0.512 1.355 0.168 4.121  0.768 0.903 0.768 0.903 

100 0.192 3.612 0.192 3.612  1.535 0.452 0.822 0.843 

Glucose 
(mg·L-1) 

2 0.179 3.870 0.180 3.851  1.535 0.452 1.535 0.452 

20 0.909 0.762 0.334 2.077  1.535 0.452 1.535 0.452 

100 1.307 0.530 0.248 2.799  1.535 0.452 1.535 0.452 
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Figure 14. MC biodegradation 

by bacterial genotype mlr+ 

(strains IM-1 and Y2, continuous 

line) and mlr- (strains IM-4 and 

2C20, dashed line) incubated at 

27 ºC in MSM under different 

concentration of phosphorus 

(potassium phosphate, KH2PO4): 

a) 2 mg·L-1, b) 20 mg·L-1 and c) 

100 mg·L-1. Negative control 

without bacteria is included as 

dotted line. Error bars represent 

standard errors of two biological 

replicates 

 

Figure 15. MC biodegradation 
by bacterial genotype mlr+ 
(strains IM-1 and Y2, continuous 
line) and mlr- (strains IM-4 and 
2C20, dashed line) incubated at 
27 ºC in MSM under different 
concentration of nitrogen (sodium 
nitrate, NaNO3

-): a) 2 mg·L-1, b) 
20 mg·L-1 and c) 100 mg·L-1. 
Negative control without bacteria 
is included as dotted line. Error 
bars represent standard errors of 
two biological replicates. 
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Figure 16. MC biodegradation 

by bacterial genotypes mlr+ 

(strains IM-1 and Y2, continuous 

line) and mlr- (strains IM-4 and 

2C20, dashed line) incubated at 

27 ºC in MSM under different 

concentration of carbon (glucose): 

a) 2 mg·L-1, b) 20 mg·L-1 and c) 

100 mg·L-1. Negative control 

without bacteria is included as 

dotted line. Error bars represent 

standard errors of two biological 

replicates. 

 

Figure 17. MC biodegradation 
by bacterial genotype mlr+ 
(strains IM-1 and Y2, continuous 
line) and mlr- (strains IM-4 and 
2C20, dashed line) incubated in 
MSM under different 
temperatures: a) 22ºC, b) 27ºC 
and c) 32ºC. Negative control 
without bacteria is included as 
dotted line. Error bars represent 
standard errors of two biological 
replicates. 
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The addition of various concentrations of the N-source (sodium nitrate) resulted in 

differences in the MC removal rates among the tested mlr– strains (Figure 15, Table 3). 

IM-4 completely degraded MC within 24 h at low and high concentrations of the N 

source but required only 9 h to completely degrade MC at medium concentrations (k 

medium conc. > k low conc. by 2.92-fold). Strain 2C20 completely degraded MC within 48 h at 

low concentrations of the N source but required 24 h at medium and high 

concentrations (k medium & high conc. > k low conc. by 1.98-fold). On the other hand, the mlr+ 

strain Y2 completely eliminated MC within 6 h, regardless of the concentration of N 

source supplied, while strain IM-1 increased the degradation rate only at high 

concentrations of the N source (k high conc. > k medium & low conc. by 2-fold). Accordingly, our 

results obtained with mlr+ strains agree partially with the results obtained by Li et al., 

(2014) [184] which demonstrated that MC degradation by an mlr+ strain was 

stimulated by the addition of a high concentration of sodium nitrate. Zhang et al. 

(2015) [189] reported the same stimulatory effect when supplying ammonium chloride 

(MC degradation genotype not characterised). Here, we show for the first time that 

similar to the mlr+ pathway, MC degradation by the alternative pathway(s) is 

stimulated by the addition of an N source. On the other hand, studies performed in 

water treatment plants showed that although the addition of nitrate stimulated MC 

degradation, other nitrogen sources repressed MC degradation [190,191]. This 

observation suggests that biotic interactions may have a strong influence on the 

kinetics of MC biodegradation in such environments [7,141].  

Figure 16 and Table 3 show the effect of C-source (glucose) supplementation on the MC 

degradation rates of both genotypes. Strain IM-4 required 24 h to completely degrade 

MC at low concentrations but degraded 90% of MC within 3 h at medium and high 

concentrations (k high conc. > k low conc. by 7.30-fold). Strain 2C20 also completely degraded 

MC within 24 h at low concentrations but degraded 90% of MC within 9 h at medium 

and high concentrations (k medium conc. > k low conc. by 1.86-fold). In the case of the mlr+ 

genotype, IM-1 and Y2 completely degraded MC within 3 h with similar rates, 

regardless of the concentration of glucose added (k low conc. = k medium conc. = k high conc.). To 

date, the effect of supplying C sources on the alternative degradation pathways has not 

been studied. Some previous studies demonstrated the stimulatory effect of glucose on 

the degradation rates of some strains of bacteria, but it remains unknown whether 

those strains operate using the mlr+ or the mlr– degradation pathways [189,192]. In 

contrast, other studies performed with biofilms suggested that glucose at a 

concentration of 100 mg/L or higher inhibited MC degradation rates [190,191]. This 

discrepancy could be related to the concentration of glucose used. Indeed, Li et al. 

(2011) [190] showed that varying concentrations of glucose have varying effects on MC 
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biodegradation in the same biofilm. Moreover, as observed after supplying an N source, 

biotic interactions in the biofilm may have a strong influence on the overall degradation 

capacity of the biofilm. 

The observed differences in degradation rates between strains belonging to the same 

genotype (Table 3) after supplementation with various concentrations of nutrients 

could be caused by intra-genotypic variability [118,133]. Our results indicate that these 

nutrients exert similar effects on MC degradation via the alternative pathway(s) and 

MC degradation via the mlr pathway. However, more mlr– strains and various types of 

P, N, and C sources must be examined before reaching firm conclusions. 

Comparing the biodegradation kinetics of both genotypes under the tested nutrient 

concentrations, our results (Table 3) show that both genotypes were stimulated more 

strongly by increasing concentrations of a C source than an N source. Based on k and 

T1/2 values, MC biodegradation by the mlr– genotype under various nutrient conditions 

occurred following the kinetics sequence k Phosphorus > k Carbon > k Nitrogen. This finding is 

similar to the kinetics observed for the mlr pathway under the same conditions.  

3.3.4. Effect of temperature on the rate of MC degradation 

On the other hand, the effect of temperature on the MC degradation capacity of both 

genotypes was investigated (Figure 17, Table 4). Each strain was exposed to three 

different temperatures (22, 27 and 32 ºC) for 48 h. As shown in Table 4, the mlr– 

genotype showed slower degradation rates than mlr+ strains under all temperatures 

tested, and no significant differences in degradation rates were observed between the 

mlr– strains. Some differences in the degradation rates achieved by mlr+ strains under 

the tested range of temperatures were observed. Strain IM-1 removed 90% of the total 

MC after 6 h of incubation under all tested temperatures, while strainY2 degraded MC 

more rapidly at higher temperatures (see the T1/2 value in Table 4). These results 

demonstrate that the alternative pathway(s) is less efficient in degrading MC than the 

mlr pathway, regardless of the tested temperature. The little differences at varying 

temperatures among strains belonging to the mlr- genotype could indicate that the 

kinetics of MC degradation via the alternative pathway(s) might not be temperature-

dependent. Previous studies performed with strains using the mlr pathway 

[125,180,193] in biofilms from sediment sludge [194,195] or on strains with an 

uncharacterised MC degradation route [189,196] concluded that MC degradation 

depends strongly on temperature. However, those studies tested the MC degradation 

capacity under a wide range of temperatures (4 to 40 ºC). Under such a range, very low 

temperatures depress general metabolism and may thus mask any specific effects of 

temperature on MC biodegradation. Indeed, previous studies that tested a range of 
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temperatures between 20 and 30 ºC [188,197] showed no effect of temperature on MC 

biodegradation.  

 Table 4. MC biodegradation kinetics under different incubation temperatures. 

 

By comparing the abiotic variables investigated here, we conclude that nutrient inputs 

but not temperature influences MC biodegradation via the alternative pathway(s). 

However, as mentioned above, more strains belonging to various genera must be tested 

before reaching firm conclusions. 

It is worth noting that the tested concentrations of nutrients and MC used in this study 

were selected, on the one hand, to ease a comparison of the metabolic responses of the 

two genotypes to these nutrients and, on the other hand, to facilitate an assessment 

with previous published results on this topic. Thus, it is highlighted that these 

concentrations do not reflect the real encountered concentrations of these components 

in nature. Our results provide useful information for performing in situ studies (e.g., 

mesocosms studies) to understand the natural resilience of the ecosystem when blooms 

collapse in relation to MC biodegradation and to implement proper management 

strategies to confront such episodes.  

Some studies support the potential exploitation of MC-biodegrading strains for water 

treatment [115,148,198,199]. Our results suggest that the mlr– genotype could have a 

disadvantage for such biotechnological applications because that genotype appears to 

be less efficient in degrading MC than the mlr+ genotype. In addition, the mlr– 

genotype could also have a disadvantage with regards to water resource management; 

although these strains are the most abundant strains in the water column, they are the 

slowest degraders under the natural range of nutrient concentrations and 

temperatures. Our findings further advance our knowledge of natural MC 

biodegradation and provide useful information for biotechnological systems in which 

biodegradation capacity without bioaugmentation is desired [141,147,190]. Based on 

our results, the design of such systems should take into account the endemic microbial 

diversity because the ratio of mlr-/mlr+ strains could play an important role in the 

overall MC removal efficiency of these systems. 

  mlr -  mlr + 

  IM-4 2C20  IM-1 Y2 

  k (h-1) T1/2 (h) k (h-1) T1/2 (h)  k (h-1) T1/2 (h) k (h-1) T1/2 (h) 

Temperature 
(Cº) 

22 0.096 7.225 0.102 6.812  0.768 0.903 0.265 2.611 

27 0.096 7.225 0.096 7.225  0.448 1.558 0.485 1.428 

32 0.096 7.225 0.096 7.224  0.768 0.903 0.768 0.903 
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H I G H L I G H T S 
 

 

• Discarded RO membranes could be used 

as a support material for bacterial  

attachment. 

• The characteristics of discarded RO 

membranes promoted the biofilm 

development. 

• MC-degrading biofilm on discarded RO 
membranes removed 2 mg·L−1 of MC in 
24 h. 

• The hereby developed R-MBfR proof-of- 

concept proved its economic feasibility. 
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A B S T R A C T   

 

 

Increased harmful cyanobacterial blooms and drought are some negative impacts of global warming. To deal with 

cyanotoxin release during water treatment, and to manage the massive quantities of end-of-life membrane 

waste generated by desalination processes, we propose an innovative biological system developed from recycled 

reverse osmosis (RO) membranes to remove microcystins (MC). Our system, named the Recycled-Membrane 

Biofilm Reactor (R-MBfR), effectively removes microcystins, while reducing the pollution impact of RO mem- 

brane waste by prolonging their life span at the same time. This multidisciplinary work showed that the inherent 

flaw of RO membranes, i.e., fouling, can be considered an advantageous characteristic for biofilm attachment. Fac- 

tors such as roughness, hydrophilic surfaces, and the role of calcium in cell-cell and cell-surface interactions, en- 

couraged bacterial growth on discarded membranes. Biofilm development was stimulated by using a laboratory- 

scale membrane module simulator cell. The R-MBfR proved versatile and was capable of degrading 2 mg·L−1 of 

MC in 24 h. The economic feasibility of the scaling-up of the hypothetical R-MBfR was also validated. Therefore, 

this membrane recycling could be a future green cost-effective alternative technology for MC removal. 
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4. Chapter IV: Proof-of-concept with discarded membranes  

4.1. Brief introduction 

 The aim of the present chapter is to provide a new concept for biological MC 

removal during drinking water treatment. To this end, we reused the EoL RO 

membranes discarded by desalination plants as support material for the biofilm 

immobilization of the MC-degrading strain selected in the previous chapter. This 

approach is based on the most innovative biofilm reactor developments, and we 

provide the new development of reactors made from recycled materials [139]. We call 

this pioneering concept the Recycled-Membrane Biofilm Reactor (hereafter R-MBfR) 

(Figure 18). We studied the characteristics of two different membrane models and the 

influence of their previous fouling for bacterial association as an active biofilm. These 

biologically active membranes were tested to remove MC by passing MC-polluted 

water. Finally, this hypothetical system was also economically detailed and analysed in 

relation to current physico-chemical methods to provide a first understanding of its 

feasibility.  

 

 

 

 

 

 

 

 

 

 

Figure 18. Graphic representation of the Recycled-Membrane Biofilm Reactor (R-MBfR) 
concept for MC removal. Letters indicate different membrane layers: A, B and D represent (PA-
TFC) RO membranes; C represents the feed spacers between (PA-TFC) membrane layers. The 
MC-degrading biofilm grow over PA active layers (A, B and D), while gap A-B correspond to 
the inactive intermembrane cavity, which will not be used in the current proposal. Arrows mean 
the flux of water polluted by MC.  



Chapter IV 

 

90 
 

4.2.  Material and methods 

4.2.1. MC-Degrading bacteria 

The MC-degrading bacterium selected for this study was Sphingopyxis sp. strain IM-1, 

which possesses a specific cluster of genes for MC degradation [200]. 

4.2.2. Membranes 

Discarded RO membranes were used as the support material to grow MC-degrading 

strain IM-1. The membrane samples (coupons) studied herein came from EoL (PA-

TCF) RO membranes (spirally wound modules) after treating; a) brackish water 

(hereafter BW discarded or BWd), TM720-400 (Toray), and b) seawater (hereafter SW 

discarded or SWd), HSWC3 (Hydranautics). In addition, new commercial membranes 

were used as a control: TM720-400 (Toray) for the BW type (hereafter BWc) and 

SW30HRLE-440i (DowFilmtec) for the SW type (hereafter SWc). It is noteworthy that 

we used the SW30HRLE-440i model as a control because the HSWC3 model is 

currently unlisted.  Despite the different brands and models, according to the 

manufacturer’s information both membranes have identical properties. All the 

membranes were conserved in Milli-Q water prior to use.  

4.2.3. Extraction of MC 

MC were extracted from fresh cyanobacterial scum using methanol 100%, followed by a 

15-minute sonication in an ultrasonication bath (P-Selecta Ultrasons), and were stored 

at 4 ºC for 1 h to extract MC. The extract was then centrifuged (Heraeus Megafuge 16) 

at 4000 x g for 15 min, and the supernatant was stored at -20 ºC. When the pellet lost 

most of its chlorophyll (after repeating the above step 3 times), the extract was vacuum-

dried at 40 ºC in a rotavapor (Rotavapor-R, Büchi, Switzerland), resuspended in 10% 

methanol and bonded to 5 g C18 cartridges (Extrabond C18, 5 g, 20 mL, Sharlab) for 

partial MC purification. First, the cartridge was activated with 100% methanol, 

followed by Milli-Q water and subsequent conditioning with 10% methanol. Afterward 

samples were added and washed with Milli-Q water and 30% methanol. MC were 

eluted in 20 mL of 90% methanol and dried in a SpeedVac concentrator (Savant, 

SPD131DDA) at 45 ºC and 0.2 Torr for 2 h. Finally, MC were resuspended in Milli-Q 

water, passed through a sterile syringe with 0.22 µm filters (25 mm, Pall Corporation) 

for sterilization and stored at -20 ºC. The MC solution was composed of 84.5% MC-LR, 

9.86% MC-RR and 5.64% MC-YR. 

4.2.4. Characterisation of initial fouling. 

To determine the percentage of organic and inorganic fouling, a thermogravimetric 

analysis (TGA) of membrane fouling from the RO discarded membranes was carried 
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out. The membrane fouling TGA data were recorded in a TGA Q500 analyser in an 

oxidative (air) atmosphere at a heating rate of 5 °C/min from 45 ºC to 800 °C. To 

complement this analysis, SEM images were taken in the discarded membranes, 

according to Section 4.2.9. 

4.2.5. Membrane surfaces characterisation  

Zeta potential measurements 

The surface Zeta potential was measured via electrophoretic light scattering in a 

Zetasizer Nano ZS (Zen 1020). Measurements were taken at 25 °C in 10 mM KCl and 

pH 7.0 using an aqueous solution with of 0.5% (w/w) poly (acrylic acid) (450 kDa) as a 

tracer. pH was adjusted using 1 M KOH and 1 M HCl [201]. 

Contact angle measurement 

The surface wettability tests were carried out using a static contact angle meter by the 

sessile drop technique with a KSV CAM200 instrument (KSV Instruments, USA). After 

fixing a membrane sample on a glass support, 4.5 mL of Milli-Q water were placed on 

the membrane surface with a Hamilton syringe at room temperature. Ten 

measurements from two different pieces of the same dried membrane were taken to 

know the average value [202].   

Atomic-force microscopy (AFM)  

The atomic force microscopy (AFM) experiments were performed in the tapping mode 

with a Multimode AFM (Vecco Instruments, Santa Barbara, CA, USA) equipped with a 

Nanoscope Iva control system (software version 6.14r1). Silicon tapping probes 

(RTESP, Veeco) were used with a resonance frequency of ∼300 kHz and at a scan rate 

of 0.5 Hz, 5×5 and 2×2 μm.2 The AFM images were taken for each sample. Topography 

was examined by topographical AFM [177].  

4.2.6. Analysis of the biofilm generating capacity 

Biofilm formation on membranes followed three main steps: a) enhancing bacterial 

aggregation; b) bacterial association on different membranes and initial biofilm 

formation; c) biofilm development on the selected membrane by the R-MBfR simulator 

cell. 

Induction of bacterial aggregation   

In order to promote the cell-cell interaction of strain IM-1, quorum-sensing molecules 

and divalent cations were added separately to the R2A liquid medium, and biofilm 

formation was encouraged according to Merrit et al. (2011) [203]. OD was measured at 
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595 nm in a 96-well plate reader (Multiskan FC, Thermo Scientific, Shanghai, China). 

The experiment was carried out in triplicate. 

Bacterial association and initial biofilm formation  

The bacterial association with membrane surfaces and the initial biofilm formation 

were studied on membranes BWd, SWd, BWc and SWc. All the membranes were 

previously washed with 50% ethanol and taped to the pre-autoclaved methacrylate 

carriers, with the PA layer outwardly exposed. Sterile membranes were held 

perpendicularly inside a continuous culture of Sphingopixis sp. strain IM-1. The 

continuous culture was incubated at room temperature, bubbled by an aquarium air 

pump and constantly fed the R2A medium enriched with 0.01M CaCl2 at a rate of 1.4 

mL·min-1. Culture density was maintained at an OD600 value of 0.4. Samples were 

collected at 0, 24, 48, 72, 96, 120, 144 h. The highest coverage was achieved after 96 h 

(data not shown). Hence all the subsequent experiments were incubated until this time. 

Negative controls were also included. 

Biofilm development in the simulator cell (R-MBfR simulator).  

Once the time needed for bacterial association and initial biofilm formation on 

membranes was known, as well as the fittest membranes for biofilm development, we 

tested the proof-of-concept of the hypothetical large-scale R-MBfR. To simulate it on 

the laboratory scale, we created a simulator cell based on previous designs [204]. 

Figure S1 shows a schematic diagram of the experimental setup used to reproduce 

biofilm formation in the R-MBfR simulation cell. The size of the employed discarded 

RO flat sheet membrane was 9 cm2 and the internal volume of the cell was 3 mL. 

Hence, the effective area of the simulator cell was 5x10-4 m2.  

MC-degrading bacteria Sphingopyxis sp. strain IM-1 was grown by a continuous 

culture flowed tangentially at a rate of 1.4 mL·min-1 through the simulator cell. This cell 

contained a flat sheet of the SWd RO membrane and followed the same culturing 

condition as explained above.  

4.2.7. Confocal laser scanning microscopy (CLSM) 

The confocal biofilm images were obtained under a confocal laser scanning microscope 

(CLSM Leica SP5, Leica Microsystems). Next the 5 mm x 5 mm membrane area was 

stained with the Live/Dead BacLight Bacterial Viability Kit (Molecular Probes™) 

according to the manufacturer’s instructions. For each membrane sample, 10 different 

areas were observed by CLSM.  
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4.2.8. Biomass quantification 

The bacterial coverage percent (%) on the membrane surface was analysed by the 

ImageJ software. Biomass (µm3·µm-2), average thickness (µm2), maximum thickness 

(µm) and roughness coefficient (Ra) were analysed by ImageJ with COMSTAT plugin 

(Version 2.1). The 3D images of the biomass were constructed using the Volocity® 

Demo software (Version 6.3, PerkinElmer).  

4.2.9. Scanning electron microscopy (SEM) 

A scan electron microscope (Zeiss DSM 950, Germany) was used to examine both 

previous fouling and the biofilm morphology on the membrane surface. Prior to the 

SEM analysis, the membrane area was washed with a 0.01 M PBS to remove unbound 

cells, fixed with 2.5% (v/v) glutaraldehyde at 4ºC for at least 30 min and rinsed in 0.01 

M PBS. Subsequently, membranes were dehydrated by increasing ethanol 

concentrations (30, 50, 70, 96 and 100%). Then the dehydrated membranes were dried 

by the critical point dryer (FISON, CPD7501) and further coated by cathodic spray with 

gold (Polaron, SC7640) for the SEM observations [205]. 

4.2.10.    MC degradation analysis 

After generating biofilms on membranes (Section 4.2.6) for the initial biofilm 

formation and the biofilm developed by the simulator cell, the MC-degradation tests 

were run in minimal salt medium (hereafter MSM) enriched with the MC mixture as 

follows: a) the initial biofilm formation on membranes was tested in batches for MC-

degradation ability in flasks at 27ºC with air bubbling; b) the degradation ability of the 

biofilm developed by the simulator cell was verified by the continuous tangential flow 

of the MC mixture at 1.4 mL·min -1 and recirculating by an external flask at the 71.42 

min·cycle-1 rate at room temperature (Figure S2). In both experiments, a pre-

incubation time with 1 mg·L-1 of the MC mixture was required to acclimate the MC-

degraders. Afterward, a pulse of 1 mg·L-1 of the MC mixture was added. Two technical 

replicates were collected for MC quantification (MC-LR, -RR and -YR) at 0, 3, 6, 9, 24 

h, and were filtered immediately through 0.45 µm sterile filters (Econofltr PTFE 13 

mm, Alginent Technologies) and stored at -20 ºC until analysed.   

The MC concentration in the collected samples was quantified according to Morón-

López et al. (2017) in an HPLC-MS-TOF (Agilent 6230 accurate mass TOF Agilent 

Technologies, Santa Clara, CA, USA).  

The MC degradation kinetics of the biofilms formed on the discarded RO membranes 

were calculated following the first-order model described by Xu et al. (2011) and the 

MC degradation kinetics proposed by Li et al. (2014). Given the lag phase during pre-
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incubation, k constants were determined by taking into account the first point at which 

biodegradation began [207].  

In contrast, when the MC degradation experiment was performed in the simulator cell, 

it matched a linear trend, but not with the above model. This could be due to the 

continuous recirculation at 1.4 mL·min-1, which could mask the natural degradation 

kinetics. Hence, we assumed the slope of the MC degradation constant in that 

experiment.  

4.2.11.    Statistical analysis  

Statistical analyses were conducted using the Statistical Package for Social Sciences, 

v.17 (SPSS, Inc.). Shapiro-Wilk and Levene tests were performed to determine the 

normality and homogeneity of variances, respectively. One-way analysis of variance 

(ANOVA) and Post Hoc Turkey HSD analyses were run to determine the significant 

differences between bacterial colonization rates and zeta potentials. For the variables of 

nonhomogeneous variances, hydrophobicity and roughness data, one-way ANOVA and 

Tamhane post hoc analyses were performed. 

4.2.12.    Economical assessment 

The first insight into the R-MBfR technology potential was estimated by cost criteria. 

According to this estimation, technological aspects of scaling-up, such as the 

effectiveness of the potential modules and required auxiliary components, were taken 

into account. Next an economical assessment was made by calculating the cost 

effectiveness of the Capital Expenditure (CAPEX) and Operational Expenditure 

(OPEX).  

Hypothetical R-MBfR effectiveness was estimated by transferring our laboratory 

simulator cell data (the system’s flow, volume and MC degradation rate) to real scale 

membrane modules. We extrapolated our laboratory scale membrane flat sheet 

efficiencies to a real-life membrane module of a 37 m2 membrane size and with a 50 L 

internal volume (detailed explanation in the Supplementary Material, Table S1). A real-

life membrane module with the attached MC-degrading biofilm was considered an R-

MBfR module unit (Figure 18). As the simulator cell worked as a recirculation system, 

uncertainty about the MC degradation location (inside or outside the simulator cell) 

was also considered. To address this issue, each possible specific MC degradation rate 

of the simulator cell (degrading between 0 % and 100% of MC inside the cell) was 

calculated (Table S2 and Figure S3).  

To simplify the civil work calculations and to focus on a system for a small population, 

we considered a modular container with four water lines. As we proposed a scenario 
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based on scale-out, cost-effectiveness remained constant to larger populations. We 

hypothesized a scaled-up R-MBfR system which, by each water line, would include 

(Figure S4): a) a system of eight R-MBfR units; b) four main pipelines (two for flow-in 

and two for flow-out); c) two microfiltration units to remove the bacterial cells placed 

both upstream and downstream of the R-MBfR system; d) a recirculation tank. This 

design was used to calculate the flow design, and to approach the initial capital 

investment and operational cost associated with our system. These calculations were 

also compared to other studies.  

The initial capital investment and operational costs were estimated by Capital 

Expenditure (CAPEX) (Table S3) and Operational Expenditure (OPEX) (Table S4), 

respectively. These calculations were based on the hypothetical scaling-up estimation 

and European Market components prices. In order to compare our estimation to other 

technologies, we included some important aspects from Mulder et al. (2015) [208], 

such as the annual discount rate (4%) for the calculations related to Annual Equivalent 

Cost (AEC) and Unitary costs (Formulas S1, S2 and S3). Detailed calculations and 

considerations are provided in more detail in the Supplementary Material.  

We compared our economical estimations to other technologies already implemented 

for MC treatment [78,91,209]. To complete insufficient published data, we also 

included information about micropollutant treatments (hereafter MP) [208,210] by 

adapting all the costs and doses for 1 mg·L-1 of MC in incoming water, and removal 

efficiencies of at least 95%. We assumed a direct and proportional relation between MP 

and MC (Table S5). Uncertainties about our technology effectiveness were also 

evaluated by a sensitivity assessment (Figure S3) to observe the competitive limits of 

our technology and to define future objectives.   

4.3. Results and Discussion 

The human impact on the environment through climate change and water 

eutrophication has led the cyanoHABs phenomenon to become a recurrent worrying 

issue. New strategies and tools must be developed to mitigate rising cyanotoxin 

production. Of all the different existing management models, water treatment by 

biological activity has been widely recognised as a potential enviro-friendly alternative 

for cyanotoxin removal in the water industry [117]. Several support materials have 

been described to attach these active bacteria and to conduct treatment. Indeed, the 

reuse of EoL membranes modules could be an interesting substitute for conventional 

carriers given the inherent characteristic of RO membrane technology to suffer fouling. 

Moreover, current concern about the management of discarded membrane modules 
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makes their recycling even more appealing as it prolongs their life span and reduces 

their environmental impact as waste. 

Among the diversity of the bacteria described as MC-degraders [117,120,211], we 

selected high-efficient aerobic MC-degrading bacterium Sphingopyxis sp. strain IM-1. 

This strain possesses the mlr A-D gene cluster, which encodes the MC degradation 

pathway [123]. The fist enzyme in the pathway cleaves the Adda-Arg peptide bond from 

cyclic MC molecule and produces a linear molecule that is 160-fold less toxic [122]. The 

subsequent steps degrade the linearized product to smaller peptides and amino acids 

[129]. This bacterium was grown as a biofilm on BWd and SWd RO membranes. In 

order to understand the possible factors that may affect biofilm formation on these 

membranes, we analysed membrane surface characteristics in detail. This is also 

important for the system to be replicated: a) under other laboratory conditions; b) with 

other MC-degrading strains; c) to remove other types of organic water contaminants. 

4.3.1. Cell–cell interaction  

In biofilms, the biomass attachment to the support material depends on cell-cell and 

cell-substrate interactions [137]. To enhance the cell-cell interaction of strain IM-1, 

experiments involving various biofilm promoters were performed, as previously 

described in the literature [212,213]. Addition of 0.01 M of Ca2+ greatly enhanced the 

aggregation capacity of strain IM-1 (Figure S5). Our results agree with those of 

previous studies [212,214], in which adding divalent cations promoted biofilm 

formation by stimulating EPS induction. 

4.3.2. Cell–substrate interaction  

To evaluate cell-membrane interactions, the discarded membranes were compared with 

the new commercial desalination membranes. The frequently considered requirements 

for bacterial deposition and biofilm formation were hydrophobicity, charge and 

roughness [135,136,215,216]. However, these surface properties can be modified by 

organic and inorganic matter deposition during the life span of membranes during 

water treatment in desalination plants, and this deposition process can even promote it 

[139,217,218]. The presence of Ca2+ has also been demonstrated to enhance bacterial 

deposition by nutrient absorption onto the membrane surface. For all these reasons, 

the roles of previous fouling and Ca2+ in bacterial association and initial biofilm 

formation on membranes were taken into account as key conditioning factors.   

The discarded membranes, which previously had treated brackish water (BWd type) 

and seawater (SWd type), were analysed to study the influence of fouling type on 

bacterial association. As expected, the presence/absence of fouling, plus its nature, on 
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BWd and SWd significantly affected surface characteristics (Table 5, Figure 19). BWd 

contained mainly inorganic fouling with a low hydrophobicity and roughness, while 

SWd carried organic fouling, hydrophilic surfaces and higher roughness. The 

differences in fouling compositions were also evidenced in the SEM images (Figure S6), 

with a shaped-scab surface seen for inorganic fouling, and a shaped-mucus surface 

when fouling was mainly organic.  

Table 5. Membrane surface characterisation presenting data on the fouling type, Zeta potential 
and roughness of the membranes tested in this study. Different letters in each column indicate 
significant differences between membranes at p<0.05 after the one-way ANOVA. 
 

Figure 19. AFM visualisation of membrane roughness of (a) BWc; (b) BWd; (c) SWc and (d) 

SWd.  

 

Type 

Fouling 
Zeta potential 

(mV) Contact angle 

(°) 

Roughness 

Organic 

(%) 

Inorganic 

(%) 
      Ra (nm)       Rq (nm) 

BWc - - -33.66 ± 4.62 A 61.29 ± 1.01 B 51.30 ± 6.71 B 62.28 ±3.66 B 

BWd 17.28 82.72 -31.68 ± 4.89 A 50.74 ± 2.96 C 32.01 ± 4.77 C 42.69 ± 5.26 C 

SWc - - -31.08 ± 5.04 A 66.78 ± 2.14 A 69.77 ± 5.66 A 97.23 ± 14.81 A 

SWd 66.27* 33.73* -30.53 ± 3.40 A 29.48 ± 1.54 D 88.75 ± 28.89 A 98.71 ± 30.03 A 

* These results have been reported in [177]. 
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Figure 20. Bacterial colonies and biofilm on different membrane surfaces after 96-h growth: (1) Percentage of bacterial coverage. Different 
letters indicate significant differences between bacterial coverage on the membrane at p<0.05 after the one-way ANOVA; (2) SEM visualisation 
of strain IM-1 associated with the membrane surfaces of (a) BWd and (b) SWd. Bar shows 5 µm. (3) CLSM image after staining membranes 
with a life/dead bacterial kit. (a) BWc, (b) SWc, (c) BWd, (d) SWd. Bar shows 25 µm. 
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As shown in Figure 20, these surface properties triggered higher bacterial deposition 

compared to BWc and SWc (no fouling), which resulted from the association of strain 

IM-1 (Figure S7 (1)). Besides, the CLSM analysis showed that a biofilm did not equally 

form on all the conditioned surfaces, as shown by the highest affinity of SWd.  Hence 

our results indicated that organic fouling high roughness and hydrophilic surfaces 

improved the surface conditioning for bacterial association with surfaces, which has 

also been reported in previous studies [217–219]. It is worth mentioning that the 

numerous imperfections could also affect the bacterial deposition on discarded 

membranes, as shown by the hole with bacteria accumulation (Figure 20 (2-a)) versus 

those uniformly associated (Figure 20 (2-b)).  

4.3.3. MC degradation capability.  

The MC degradation assays were run to study if strain IM-1 maintained its ability to 

remove MC when attached to these membranes. Figure 21 illustrates how the initially 

formed biofilm on membranes BWd and SWd completely removed the added MC 

concentration, while its MC degradation rate improved after the pulse. These results 

agree with previous reports, where prior exposure to MC stimulated degradation rates 

[126,187,188,206]. No MC removal was observed in the negative controls (Figure S7 

(2)), which indicates that MC elimination was due to biological activity. 

 

 

 

 

 

 

 

 

 

Figure 21. Graph of the MC degradation trend by the biofilm formed on the BWd and SWd RO 
membranes during the first MC exposure (pre-incubation period) and the second one (after 
pulse). Arrow indicates the MC pulse. MC Error bars represent the standard deviation of two 
technical replicates. Degradation rates were determined from the point where biodegradation 
began (both cases 3 h after the pulse). 
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The interesting results obtained with the discarded membranes led us to address a 

proof-of-concept of a bioreactor to biologically remove MC. Based on the total recycling 

of the discarded RO membrane module, we proposed a new bioreactor concept named 

Recycled-Membrane Biofilm Reactor (R-MBfR). R-MBfR takes advantage of the 

inherited flow of RO membrane technology, i.e., fouling, and uses it to generate a large 

surface-to-volume active biofilm to remove MC. Figure 18 represents the R-MBfR 

concept for MC removal.  

4.3.4. R-MBFR proof-of-concept for MC removal 

To validate the feasibility of this proof-of-concept, we used a simulator cell to 

reproduce a hypothetical large scale on a laboratory scale (Figure S1). As Figure 22 

depicts, this simulator cell allowed bacterial association, initial biofilm formation and 

development on a discarded membrane by tangential flow with a long contact time. 

SWd was selected for this proof-of-concept experiment given its bigger recycling 

difficulty for other applications [220] and, therefore, for the high pollution it produces 

compared to other RO waste membrane modules. After surface conditioning (previous 

fouling), bacterial association and initial biofilm formation, the biofilm development 

results showed stable adhesion to the surface with EPS production (Figure 22 (1, a–b)). 

This biofilm was heterogenic, as indicated by the roughness coefficient (Figure 22 (2)), 

with a maximum thickness of 12.774 µm. What these results indicated is that a more 

advanced biofilm stage was achieved by the simulation cell, which supports the 

potential of using the total recycling of RO membrane modules as a reactor for biofilm 

development. The R-MBfR simulator cell was able to remove 2 mg·L-1 MC within 24 h 

(Figure 22 (3)). Hence these results confirmed the feasibility of proof-of-concept on a 

laboratory scale.  

Nevertheless, no mature biofilm was achieved after 96 h (Figure 22 (2)). Therefore, 

more experiments are needed to enhance our current outputs. The possibility of future 

improvement could be R-MBfR simulator cell optimization by allowing, for example, a 

thicker active MC-degrading biofilm to develop by metabolic stimulation through 

oxygen supply. Oxygen supply through an inactive inner layer of polyester (Figure 18, 

gap A-B) could generate a high-performance system, as applied in membrane aerated 

biofilms reactors (MABR) technology [158]. Indeed, our preliminary results indicated 

that the discarded membranes used herein supported oxygen diffusion (data not 

shown).  
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Figure 22. Biofilm formation and MC removal by the simulator cell on a lab scale. (1) Biofilm visualisation by (a) the CLSM image from a cross-sectional xy-
view (on top) and z-projection (bottom) (bar shows 25 µm); and (b) SEM image (bar shows 1 µm). (2) Biofilm characterisation by COMSTAT and 3D 
visualisation; (3) MC degradation in µg·L-1 by the biofilm formed on the SWd membrane. Dotted line indicates the regression line.  
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4.3.5. Economic feasibility  

Finally, we made a cost assessment to evaluate the economic competitiveness of our 

hypothetical R-MBfR technology. Our preliminary data showed a 0.140 € m-3 of unitary 

cost estimation for removing more than 95% of extracellular MC (Figure 6). As far as 

we know, very few reports have been published on costs associated with current MC 

removal technologies [63]. Based on previous studies [78,208–210], the comparative 

cost analysis indicated that if our proposed system was extrapolated to a large scale 

(Table S5), it could be economically competitive compared to conventional treatments, 

such as ozone, powdered activated carbon (PAC), granular activated carbon (GAC) and 

UV radiation, and was even less costly than conventional membrane filtration (RO or 

NF/RO) (Figure 23). This was especially true for small populations where the R-MBfR 

system could be highly competitive due to the expected low capital investment (Table 

6). It is noteworthy that, although our cost estimation was hypothetical, it clearly 

represented the order of magnitude in costs of already implemented MC removal 

technologies. We also made an upward estimation, thus the cost reduction predicted by 

the economy scale principle during scaling-up was not considered. 

 Table 6. CAPEX & OPEX by the annual equivalent cost. 

 

 

 

 

 

 

 

 

 

 

 

Index Concept 
Cost             

(€ · year-1) 

1 CAPEX 5357.85 

1.1 Naval container 515.07 

1.2 Baseline components 2068.65 

1.3 Modules (36 units) 159.79 

1.4 Engineering   370.10 

1.5 Assembly and construction 2244.24 

2 OPEX 5373.85 

2.1 Component maintenance   690.00 

2.2 Personnel cost   2666.67 

2.3 Microfiltration replacement  235.80 

2.4 Modules Bioactivation   1280.00 

2.5 Catchment energy cost   231.41 

2.6 Recirculation energy cost   269.97 

  
Total annual cost 

  
10731.69 
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Figure 23. Comparison of annual costs per m3 of MC treatment with degradation efficiency above 95%. In gray, the costs adapted by Mulder et al. (2015) 
[208] (MP removal from different water sources) ; in blue, the costs adapted from Alvarez et al. (2010) [209] (revision based on lab results for MC removal 
from American DWTP); in yellow, the costs adapted by Bui et al. (2016) [210] (MP removal); in green, our estimations. Asterisks mean that no uncertainty 
was quantified in this study. The population design was calculated by assuming 200 L · person-1 ·day-1 and a 65 % operation rate. The population for our 
technology is related to an 50 % efficiency.  Value presented in euros by March 2015 
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4.4. Supplementary material 

The supplementary material includes different annexes that provide membrane 

surface characterisation, analysis of biofilm generating capacity, MC degradation 

analysis and economical cost assessment. This information consists of 15 pages, 7 

figures, 5 tables and some formulas and notes of the economic cost assessment.   

Annex 1. MC degradation analyses 

A) Biofilm development in the simulator cell (R-MBfR simulator). 

 

Figure S 1. Picture and schematic diagram of the experimental device employed to reproduce 
biofilm formation. (1) Simulator cell with an effective area of 5x10-4 m2. The size of the 
discarded RO flat sheet membrane used in our simulator cell was 9 cm2 and the internal volume 
of the cell was 3 mL. (2) Continuous reactor for growing Sphingopyxis sp. strain IM-1. (3) Feed 
tank where the R2A medium was stored. (4) Two peristaltic pumps. 

 

B) MC degradation test by simulator cell (R-MBfR simulator). 

 

 

 

 

 

 

 

Figure S 2. Diagram representation of the simulator cell operation for MC degradation. (1) 
Simulator cell with a surface/volume rate of 3.00·10-3 m2·m-3. (2) Recirculation flask with air 
bubbling. 
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Annex 2. Economical cost assessment 

A) Extrapolating efficiencies 

Our hypothetical reproduction of the scaled-up R-MBfR system was based on a 

simulator cell with water recirculation (Figure S2). The MC degradation rate of the 

laboratory system (volume of 100 mL and 9 cm2 of the biofilm membrane flat sheet) 

used for the larger scale estimation was 83.492 µg·L-1·h-1 according to the slope of the 

regression line (Figure 5 (3)). It is important to note that, although MC biodegradation 

is normally assumed as a first-order model, our simulator cell data matched a linear 

trend. This could be due to the continuous recirculation at 1.4 mL·min-1, which may 

mask the natural degradation kinetics. 

To estimate larger scale throughputs, we calculated the MC degradation rate of the 

module unit, according to the previous slope obtained. This estimation was made by 

extrapolating the simulator cell bioactive area (9 cm2 biofilm membrane flat sheet) and 

its internal volume (3 mL) to a real-life membrane module unit with a 37 m2 membrane 

size and a 50 L internal volume (Table S1). It is noteworthy that the surface/volume 

ratio per module unit (surface/volume ratio of 7.40·102 m2·m-3) was much higher than 

in the simulator cell (surface/volume ratio of 3.00·102 m2·m-3). 

In the laboratory system, the location of MC degradation (simulator cell or 

recirculation flask) was unknown because all the samples were collected from the flask 

as the simulator cell was hermetically sealed. Therefore, all possible MC degradation 

efficiencies were calculated which ranged from degrading 100 % to 10 % of the total MC 

concentration by the simulator cell (the remaining percentage of MC concentration 

would be removed by the flask). These scenarios were used to estimate the flow design 

on a hypothetical full scale. Table S2 shows all the possible flows per module and per 

system (see Figure S4) by assuming 1000 µg·L-1 in incoming water.  

According to the above scenarios, Figure S3 shows the unitary cost and the flow design 

of treating water polluted with MC by the hypothetical full-scale system (R-MBfR). The 

MC degradation efficiency of 50% ± 30% was chosen to calculate the cost per m3 

(Figure 23) to treat MC by our hypothetical full-scale R-MBfR. 
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Table S 1. Estimation of the laboratory scale results to the hypothetical large scale. 

  
Laboratory 

scale 
Hypothetical large 

scale 

  (simulator cell) (Module unit) 

Membrane size (m2) 9.00 · 10-4 3.70 · 10 

Internal volume (m3) 3.00 · 10-3 5.00 · 10-2 

Surface/volume ratio (m2·m-3) 3.00 · 10+2 7.40 · 10+2 

MC degradation rate per surface (g·m-2·h-1) 9.28 · 10-3 2.29 · 10-2 

MC degradation rate (g·h-1) 8.35 · 10-6 8.47 · 10-1 

Flow (m3·h-1) 8.40 · 10-5 8.47 · 10-1 

HRT (h)    3.57 · 10-2 5.91 · 10-2 
 

Table S 2. The flow design (m3·h-1) to remove 1000 µg·L-1 of MC in different efficiency scenarios. The system indicates the flow design for four water lines. 

Efficiency (%) 100 90 80 70 60 50 40 30 20 10 

H
y

p
o

th
et

ic
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l 
la
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e 
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a

le
  Module unit 

(m3·  h-1) 
8.47 · 10-1 7.62 · 10-1 6.77 · 10-1 5.93 · 10-1 5.08 · 10-1 4.23 · 10-1 3.39 · 10-1 2.54 · 10-1 1.69 · 10-1 8.47 · 10-2 

System        
(m3 · h-1) 

2.71 · 10+1 2.44 · 10+1 2.17 · 10+1 1.90 · 10+1 1.63 · 10+1 1.35 · 10+1 1.08 · 10+1 2.54 · 10 1.69 · 10 8.47 · 10 
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Figure S 3. Graphic of the MC treatment cost per cubic meter of the hypothetical large-scale 

system in different efficiency scenarios for MC degradation. The flow design indicates how flow 

changes as a result of different MC degradation efficiencies.  

B) Hypothetical scaling-up design  

We designed a hypothetical scaled-up R-MBfR system to facilitate all the cost and flow 

calculations. This hypothetical design is shown in Figure S4. It should be noted that 

these designs do not intend to show any version of the final system, but only an 

approach. The design choice is not the goal of this study.  

 

 

 

 

 

 

 

 

 

Figure S 4. Diagram representation of one water line of the hypothetical large-scale R-MBfR 
with microfiltration membrane modules (A), R-MBfR module units (B), pipelines and a 
recirculation tank (C).    

(A) (A) 

(B) 
(C) 



Chapter IV 

 

108 
 

C) Initial capital investment and operational cost estimation 

Table S 3. CAPEX detailed lifetime in years.  

Item Units Unitary cost Reference Comments 

Naval container 1 7,000 Market   

Electrical equipment 1 5,000.00 Market Include price (5,000 €) and transport (2,000 €) 

Water lines 1 8,200.00 Market   

Automatization 1 9,800.00 Market   

Modules  36 36 Market 
Price include: module acquisition**(20 €), transport 

(6€) and installation (10€) 

Engineering 1 15.00 Assumption as Mulder et al. (2015)   

Rent industrial unit 1 6,000.00 Market   

Personal 1 19,500.00 Market   

Other Taxes 1 5,000.00 Assumption as Mulder et al. (2015)   

* In our case the module does not have the stress than in the original life (RO). However, we have considered the service life as a RO.  

**We have considered every EoL Module cost. The disposition cost for the owner is around 20 euros 
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Table S 4. OPEX detailed 

 

Item Units Amount Reference Comments 

Maintenance   1 3 Assumption as Mulder et al. (2015)   

Personnel 0.13 20,000.00 Assumption as Mulder et al. (2015)   
Microfiltration replacement 8 400 Market   

Modules Bioactivation 36 40.00 Market 
Price include:  sterilization (9€), medium culture (30€) 

and medium recirculation (1€) 

Catchment flow 
  

5,694 13.55 Scaling-up calculation 
Considering operation factor (0.65% flow treated · flow 

design-1) as Mulder et al. (2015) 

Recirculation flow   5,694 13.55 Scaling-up calculation 
Considering operation factor (0.65% flow treated · flow 

design-1) as Mulder et al. (2015) 

Catchment energy consumed  77,135.09 0.03 Commercial pump model   

Recirculation energy consumed 77,135.09 0.04 Commercial pump model   

Catchment energy (kwh) 2,314.053 0.10 Assumption as Mulder et al. (2015)   

Recirculation energy (kwh) 2,699.728 0.10 Assumption as Mulder et al. (2015)   

*Our supposition is that the biofilm must be replaced every year.   
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The Annual equivalent cost (Table S3) for the CAPEX estimations was calculated by 

Formulas S1, S2 and S3 [221]: 

(S1) 

 

 

Where: 

(S2)   

 

Here i is the interest rate, while t indicates the number of periods related to the interest 

rate.  

The Unitary cost (Figure 6) was calculated by: 

(S3)  

 

The operation factor was assumed as in Mulder et al. (2015) [208]. 

𝐴𝑡 ,𝑖 =
1 −

1
(1 + 𝑖)𝑡

𝑖
 

𝑈𝑛𝑖𝑡𝑎𝑟𝑦 𝑐𝑜𝑠𝑡  €
𝑚3  =

𝐴𝐸𝐶 (€ 𝑦𝑒𝑎𝑟 )

𝐷𝑒𝑠𝑖𝑔𝑛 𝐹𝑙𝑜𝑤  𝑚
3

ℎ𝑜𝑢𝑟  × 8,760 ℎ𝑜𝑢𝑟 𝑦𝑒𝑎𝑟  × 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 (0.65)
 

𝑇𝑜𝑡𝑎𝑙 𝐴𝐸𝐶 =
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝐴𝑚𝑜𝑟𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (𝐴𝑡 ,𝑖)
+ 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑠𝑡 
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D) Comparing technologies  

Table S 5.Table of cost estimations per m3 and year of different technologies to treat 1 mg · L-1 of MC. Asterisk indicates that the MC removal cost was 
calculated by adapting the dose from MP removal. This adaptation was assumed as a linear relation. “t” means residence time; “r” means replacement rate. 
References are from Mulder et al. (2015)  [208], Alvarez et al. (2010) [209], Bui et al. (2016) [210], Rodríguez et al. (2007) [91], US EPA Office of Water 
(2016) [78] and Gijsbertsen-Abrahamse et al. (2006) [105]. The MC removal cost of R-MBfR indicates the cost per m3 with an efficiency of 50%.  

 

 

Technology Reference Population 

Design 

Flow 

(m
3
·h

-1
)

Cost for MP 

removal 

(€·m
3
)

Cost for MC 

removal 

(€·m
3
)

Dose for MP 

removal

Dose for MC 

removal

Dose 

ratio 

correctio

n

Consideration Reference

24,000 200 0.220 0.092* 

126,000 1,050 0.180 0.075*

372,000 3,100 0.160 0.067* 

Alvarez et al. 

(2010)
450,000 3,750 - 0.066

24,000 200 0.260 0.217*

126,000 1,050 0.200 0.167*

372,000 3,100 0.180 0.150* 

Alvarez et al. 

(2010)
450,000 3,750 - 0.034 

24,000 200 0.290 0.145* 

126,000 1,050 0.270 0.135* 

372,000 3,100 0.260 0.130* 

Alvarez et al. 

(2010)
450,000 3,750 - 0.101

Bui et al. (2016) not-define not-define 0.480 0.480* RO NF -
Probably over 

estimated

Gijsbertsen-

Abrahamse et 

al. (2006)

Alvarez et al. 

(2010)
450,000 3,750 - 0.401

UV radiation
Alvarez et al. 

(2010)
450,000 3,750 - 0.195

R-MBfR Present study 1,625 20.3 - 0.140

RO/NF

Not necessary

Not necessary

Not necessary

US EPA Office 

of Water 

(2016) 

Not necessary

GAC

Mulder et al. 

(2015)

t =30 min                 

r =6 months

t =15 min               

r =6 months
2.00

Organic matter 

interaction

US EPA Office 

of Water 

(2016) 

Not necessary

PAC

Mulder et al. 

(2015)
12 mg·L

-1
10 mg·L

-1 1.20
Organic matter 

interaction

Technology requeriments Adaptation for treating MC

Ozone 

Mulder et al. 

(2015)
7.7 mg·L

-1
·25 min

-1
2 mg·L

-1
·40 min

-1 2.40

Doses depends on  

pH, organic matter, 

Tª, K=T·nC

Rodríguez et 

al. (2007)

Not necessary
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Annex 3. Cell – cell interaction 

A) Bacterial aggregation induction  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure S 5. Biofilm quantification after induction using various bacterial aggregation 
promoting molecules. Different letters indicate the significant differences between promoting 
biofilm molecules at p<0.05 after the one-way ANOVA.  

 

Annex 4. Cell – substrate interaction 

A) Fouling 

 

 

 

 

 

 

Figure S 6. SEM images of previous fouling on the discarded RO membrane surfaces after 
treating brackish water and seawater. (a) BWd and (b) SWd. Bar shows 2 µm.  

 

 

 

 

 

a b 
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B) Bacterial association and MC degradation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S 7. Data represent the negative controls of membranes with no strain IM-1 growth. (1) 
CLSM images of the sterilized discarded membranes before MC-degrading bacteria growth and 
after staining with the Live/Dead BacLight Bacterial Viability Kit (bar shows 25 µm): (a) BWd, 
(b) SWd. (2) Graph of the MC degradation trend of the discarded membranes with no MC-
degrading bacteria. MC Error bars represent the standard deviation of two technical replicates. 
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H  I G  H L  I G  H T S G R A P H  I  C  A  L A B  S  T  R  A  C  T   

 

● The PA nature  and  the  previous 

fouling influence in the trans- 

formation process of discarded 

membranes. 

● Chlorination improves the surface 

conditioning and bacterial deposition 

in some membranes. 

● The chlorine attack does not affect the 

biological activity of the MC-  

degrading bacteria  once attached 

into BWt-NF. 

● Recycled PA-TFC membranes allow 

competitive gas permeability at low 

pressure. 
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A B S T R A C T   
 

Reducing human impacts on drinking water is one of the main challenges for the water treatment in - 

dustry. This work provides new results to support the recycling of EoL desalination reverse osmosis (RO) 

membranes for Membranes Biofilm Reactors (MBfRs). We investigate if the controlled-removal of fouling 

and polyamide layer may favor the use of these membranes in MBfRs. It also would allow establishing a 

normalized methodology of membrane recycling, regardless of inherited fouling during  its lifespan. For 

this purpose, we transform by chlorination discarded brackish (BWd) and seawater (SWd) membranes 

into nanofiltration (BWt-NF and SWt-NF) and ultrafiltration (BWt-UF and SWt-UF) membranes. Our 

results show that chlorine attacks allow the fouling cleaning while improves the hydrophilicity and 

maintains roughness only in BWt-NF. Therefore, the bacterial deposition in this membrane is greater than 

the other tested membranes. Besides, the microcystin (MC) degradation capacity of BWt -NF verifies the 

compatibility of the chemical modification for the biological activity of MC-degrading bacteria. Finally, 

our results also provide that polyamide thin-film composite (PA-TFC) membranes, originally 

manufactured for salt rejection during desalination processes, offer competitive gases diffusion at low 

pressures. Therefore, we conclude that the membrane recycling may provide alternative low cost and gas 

permeable membranes for MBfRs, according to circular economy principles.  

© 2019 Elsevier Ltd. All rights reserved. 
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5. Chapter V: Membrane transformation and gas permeability 

5.1. Brief introduction 

The present chapter attempted to go one step further by evaluating the effect of 

the transformation process through chlorination on discarded RO membranes. This 

process could be also interesting for recycling membranes into MBfRs due to both its 

simultaneous gas permeability enhancing, after partial or total removal of the 

polyamide (PA) layer, and the cleaning effect that chlorine may provide by removing 

the previous fouling, which is a conditioning agent but highly dependent from the water 

source used. However, the use of chlorine on the surfaces may also modify the 

membrane characteristics and consequently, the bacterial deposition. Therefore, this 

study is focused on investigate if: a) chlorination changes key surface characteristics for 

conditioning and bacterial association, such as previous fouling presence, charge, 

contact angle and surface roughness; b) the MC-degrading bacteria is able to attach on 

transformed surfaces and carry out the biological activity; c) the PA removal of the 

discarded membranes influences on gas permeability, adding value to the 

transformation process. All these newly acquired characteristics were compared with 

those already studied in untransformed discarded RO membranes in the previous work 

[222]. So, we provide new knowledge for optimizing the R-MBfR concept by opening 

up new horizons for future membrane technology applications as part of circular 

economy principles.  

5.2. Material and methods 

5.2.1. Membranes and chemical reagents 

Experiments were performed on the membranes obtained from EoL PA-TFC RO 

membranes. For this purpose, membrane coupons (216 cm2) were taken from 8 inch-

diameter spiral wound modules. The EoL membranes had originally been used for 

water desalination for more than 3 years and presented fouling of different natures. On 

the one hand, the TM 720-400 (Toray) module had treated brackish water (BW). On 

the other hand, the HSWC3 (Hydranautics) module had treated seawater (SW). The 

end-of-life RO membranes were transformed in recycled NF and UF membranes using 

two different dose level of NaOCl. All the membranes were conserved in Milli-Q water 

before being analysed. NaOCl (10%) was purchased from Scharlab and used to 

transform the EoL RO membranes.  

5.2.2. Transformation process of the EoL RO membranes 

The EoL RO membranes were washed out with Milli-Q water, followed by exposing 

them to a dose level of 6,200 ppm∙h and 300,000 ppm∙h of NaOCl at pH 10, for 24 h at 
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room temperature and under static conditions to obtain NF and UF membranes, 

respectively. These dose levels were selected based on the previous confirmation that 

they fell within a proper dose range for converting EoL RO membranes into NF and UF 

recycled membranes [174,177,202]. Thus, the obtained membranes were: BW 

transformed into NF (BWt-NF) and into UF (BWt-UF); SW transformed into NF (SWt-

NF) and UF (SWt-UF). After these transformation processes, coupons were taken out 

of the containers and thoroughly washed with Milli-Q water until a pure water pH was 

accomplished. For comparison purposes, the same non transformed type membranes 

(BWd and SWd) were also included [222]. All the membranes are kept in Milli-Q water 

until used.  

5.2.3. Membrane surface characterisation  

Similar experimental set-up and analyzing methodology to our previous work were 

performed in order to compare with discarded untransformed membranes results 

[222]. For membrane characterisation, all the membranes were previously dried at 100 

ºC for 24 h to avoid the interaction of occluded water. 

Zeta potential measurements 

A Surface Zeta Potential Cell (ZEN 1020, Malvern) was employed to measure the 

surface Zeta potential via electrophoretic light scattering (Zetasizer Nano ZS), under 

the same conditions applied in previous studies [201,222]. 

Contact angle measurement 

Surface wettability tests were performed by a static contact angle meter via the sessile 

drop technique in a KSV CAM200 instrument (KSV Instruments, USA), under identical 

conditions as in previous studies [202,222].  

Atomic-force microscopy (AFM) 

Following the same experimental conditions of previous works [177,222], atomic-force 

microscopy (AFM) experiments for the roughness analysis were carried out in the 

tapping mode by a Multimode AFM (Vecco Instruments, Santa Barbara, CA, USA), 

equipped with a Nanoscope Iva control system (software version 6.14r1).  

5.2.4. Bacterial deposition test 

MC-degrading bacteria Sphingopyxis sp. strain IM-1 has been proven to efficiently 

degrade the MC molecule until small peptides and amino acids [116,200]. For this 

reason, this strain was selected to analyse its attachment to membranes BWt-NF, BWt-

UF, SWt-NF and SWt-UF. The bacterial growth on tested membranes was performed 

by following the steps previously described [222]. Then, samples were analysed by 
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confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM). 

The negative controls without strain IM-1 were also performed for the comparisons.  

5.2.5. Confocal laser scanning microscopy (CLSM) 

The bacterial coverage images were obtained with a confocal laser scanning microscope 

(CLSM Leica SP5, Leica Microsystems), using the same experimental conditions 

reported in a previous study [222]. The bacterial coverage percent (%) on the 

transformed membrane surfaces was analysed by the ImageJ software [223]. 

5.2.6. Scanning electron microscopy (SEM) 

Several imaging devices have been used. The first (XL30 ESEM Model (Phillips)) was 

used to observe the cross-section of membranes. For this purpose, membranes were 

broken properly after being frozen in liquid nitrogen. Samples were dried and then 

gold-sputtered with a Sputter Coater Polaron SC7640 model to achieve a 13-15 nm 

thickness prior to the SEM analysis. Second, two other SEMs were employed to 

examine the surfaces of the membranes. The transformed membrane surfaces were 

observed by an S-8000 Model (Hitachi) device. A SEM Zeiss DSM 950 (Germany) was 

used to observe the bacterial attachment of BWt-NF after the bacterial deposition test, 

following the steps previously reported [222]. 

5.2.7. MC degradation test 

Toxins were obtained by extracting the fresh cyanobacterial scum collected from 

natural water [200]. The MC mixture was composed of different variants:  84.5% of –

LR; 9.86 % of -RR and 5.64 of -YR.  

Having completed the bacterial deposition test, we chose the membrane with the 

highest bacterial coverage for the MC degradation test. After growing the MC-

degrading bacteria, the MC degradation test of selected membrane was performed 

under the same experimental conditions previously reported [222]. The controls with 

the same membrane and conditions, but no bacteria, were also analysed. 

According to the reference [206], an HPLC-MS-TOF (Agilent 6230 accurate mass TOF 

Agilent Technologies, Santa Clara, CA, USA) was used to quantify the MC 

concentration. After that, the MC degradation kinetics of the bacteria attached to the 

transformed membrane was calculated following previous works [182,184]. Because of 

a lag phase was observed, calculates for determining k constant were done taking the 

first point at which biodegradation began [207].  
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5.2.8. Gas permeability test 

The air permeability of the studied membranes was investigated with an MBfR cell by 

measuring the air flow across the membrane by a bubble flowmeter at room 

temperature and pressure at 1 bar. For the permeability calculations, a 0.2 µm 

membrane thickness was taken into account for the discarded and transformed NF 

types, while the thickness of the transformed UF was 50, and was 30 µm for the BW 

model and the SW model, respectively. All the membranes measurements were taken in 

triplicate using different parts of the membrane coupons. Given the dissimilar ways to 

show the gas permeability of the membranes found in the literature, air permeability 

was calculated in Ncm3·cm·cm-2·s-1·cmHg-1 (Barrers) and air flux in Ncm3·cm-2·s-

1·cmHg-1 (J). Additionally, to provide more information of tested membranes for other 

hypothetical applications, the pure hydrogen permeability was also tested following the 

same steps and criteria commented above.   

5.2.9. Data analysis  

Statistical analyses were conducted using the Statistical Package for Social Sciences 

(SPSS, Inc.) software, v.17. Normality and homogeneity of variances were performed 

using the Shapiro-Wilk and Levene tests, respectively. To determine significant 

differences between bacterial coverage and zeta potential a one-way analysis of 

variance (ANOVA) and a Turkey HSD analysis were run. One-way ANOVA and 

Tamhane post hoc analyses were performed for remaining variables with non-

homogeneous variances. 

5.3. Results and discussion 

5.3.1. Characterisation of the transformed EoL RO membranes  

The membranes used in this study were EoL RO polyamide thin film composite (PA-

TFC) membranes because of many existing discarded modules [163]. PA-TFC 

membranes are composed for a three-layer structure, typically based on a non-woven 

fibrous support, a porous polysulfone (PSF) sublayer and a dense polyamide (PA) 

ultrathin surface. To transform the EoL discarded membranes, which came from 

treating brackish water (BWd type) and seawater (SWd type), we chemically attacked 

the membrane surface with NaOCl. This process removes not only previously attached 

fouling, but also the PA layer in a controlled manner to obtain transformed NF and UF 

membranes (BWt-NF, BWt-UF, SWt-NF and SWt-UF types) from the discarded types 

[224,225].  
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Figure 24. Cross-section and surface SEM images of the EoL desalination membranes before (BWd, SWd) and after chemical attack with NaOCl at doses of 
6200 ppm∙h (BWt-NF and SWt-NF) and 300000 ppm∙h (BWt-UF and SWt-UF). 
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The chemical attack with 6,200 ppm∙h of NaOCl partially removed the PA layer, and 

BWt-NF and SWt-NF membranes were obtained (Figure 24). Conversely with the BWt-

UF and SWt-UF membranes obtained after treating them with 300,000 ppm∙h of 

NaOCl, PA removal was total, and a porous surface which belonged to the PSF layer 

was observed. In both cases, a cleaning effect was achieved and no fouling was noted. 

These results agree with authors who  generated recycled NF and UF membranes using 

the same NaOCl doses in previous works [174,177].  

The transformation process by chlorination also modifies key surface characteristics for 

bacterial attachment, such as charges, hydrophobicity and roughness (Table 7). Zeta 

potential measurements showed a negatively charged surface after chlorine attack on 

all surfaces, as in other studies [175,224,226]. Contact angle changes were also 

observed after chlorine transformation. The transformed membranes that belonged to 

the SW model were more hydrophobic than those for the BW model, and the most 

hydrophilic surface was observed in BWt-NF. These results agree with studies in which 

the incorporation of chlorine onto the surface led to greater hydrophobicity [224,227], 

while other studies have shown that chlorine attack triggers hydrophilic surfaces 

[175,177]. Besides, fouling removal seems to more strongly affect the contact angle of 

the SW model, possibly due to its more organic nature [222]. 

Table 7. Zeta potential, contact angle and roughness of the transformed EoL membranes. 
Statistics analyses are shown per column, where each different capital letter indicates the 
significant differences between membranes at p < 0.05 after the one-way ANOVA. 

Type 
Zeta potential 

(mV) 
Contact angle 

(°) 

Roughness 

     Ra (nm)       Rq (nm) 

BWda -31.68 ± 4.89 AB 50.74 ± 2.96 C 32.01 ± 4.77 B 42.69 ± 5.26 A 

BWt-NF -35.19 ± 4.23 A 45.66 ± 1.55 D 32.18 ± 4.01 B 40.71 ± 5.04 A 

BWt-UF -22.49 ± 5.22 B 51.85 ± 2.14 C 4.77 ± 0.42 C  6.19 ± 0.47 B 

SWda -30.53 ± 3.40 AB 29.48 ± 1.54 E 88.75 ± 28.89 A 98.71 ± 30.03 A 

SWt-NF -37.11 ± 4.42 A 68.19 ± 2.79 A 47.61 ± 12.05 B 58.64 ± 13.59 A 

SWt-UF -33.55 ± 4.48 A 60.23 ± 1.25 B 4.32 ± 0.63 C 5.74 ± 0.93 B 
aDiscarded RO membranes already reported [222]. 

In spite of changes in the aforementioned properties, the most obvious surface 

alteration between membrane types was roughness (Table 7, Figure 25). Average 

roughness (Ra, the average deviation of the peaks and valleys from the mean height) 

and root mean square roughness (Rq, standard deviation of the peaks and valleys) 

showed that the roughness of both membrane models significantly decreased at higher 

chlorine doses (BWt-UF and SWt-UF). This significant drop in roughness could be due 

to the PA layer being removed [177,228,229]. The fact that roughness remained similar 
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for BWt-NF and BWd, but significantly lowered more in SWt-NF than SWd, was 

remarkable, and agrees with the works which have indicated that modification by 

chlorination is PA nature-dependent [176,202]. It also suggests that fouling nature 

triggers more roughness on SWd than BWd and, hence, its removal affects SWd 

roughness more.   

 

 

 

 

 

 

 

Figure 25. AFM images of membranes: (a) BWt-NF, (b) BWt-UF (c) SWt-NF and (d) SWt-UF. 

5.3.2. Conditioning and bacterial attachment  

A biofilm is referred to as a surface-associated microbial community enclosed by 

extracellular polymeric substances (EPS). Biofilm development is a complex process 

whose stages comprise a first substratum conditioning, initial bacterial attachment, 

following by biofilm formation and bacterial dispersion when biofilm matures [230]. In 

order to identify if the transformation process affected to conditioning and bacterial 

deposition, and therefore for biofilm formation, we focused on early, but no less 

important, stages where the surface plays a relevant role (Figure 26). For this purpose, 

we immersed the transformed membranes into a culture of MC-degrading bacteria 

Sphingopyxis sp. strain IM-1. Worth mentioning that although MBfRs are composed of 

multispecies biofilms, the MC degradation capacity has been confined to limited 

number of species so far [117]. For this reason, as well as to avoid possible 

interferences in biological activity interpretation due to interactions between 

microorganisms, we have used single specie as MC-degrading biofilm. Additionally, 

because of the cell deposition is dependent of interaction between cells and surfaces 

[137], we also included Calcium (Ca2+) as a quorum-sensing molecule and a surface 

conditioner [212,214,231].  

 

 

(a) (b) 

(c) (d) 
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Figure 26. Schematic illustration of early biofilm stages into tested EoL membranes. (1) 
Indicates the first conditioning stage, while (2) is bacterial deposition. Letters represent: (a) 
good conditioning and subsequent bacterial attachment; (b) bad conditioning and low bacterial 
deposition; (c) no conditioning and no bacterial attachment. The dotted line separates the 
untransformed discarded membranes from the transformed ones.   
 

Unlike the untransformed discarded membranes, the cleaning of the surface during the 

transformation process could lead to direct interaction between Ca2+ and the dissolved 

nutrients with the surface without fouling, as outlined in Figure 26. We observed that 

the BWt-NF membrane was the only membrane favorable for conditioning and showed 

the best bacterial attachment in the CLMS images (Figure 27). This membrane 

presented a similar roughness, but a smaller contact angle, than SWt-NF. Hence, 

hydrophilicity could be considered the beneficial factor for bacterial attachment 

because water-miscible conditioners have better access of to the surface [134,232]. 

Unlike SWt-NF, BWt-UF and SWt-UF did not show any bacterial deposition, possibly 

due to their drastic decrease in roughness, and also to the hydrophobicity of their 

surfaces. Even the least negative charge of BWt-UF could affect its low bacterial 

coverage as a result of its minor attraction to Ca2+ and other nutritive substances [233]. 

All these results agree with other studies in which hydrophilic and roughness surfaces 

enhanced bacterial deposition [217–219]. They are also consistent with those authors 

who conclude that not all cultures successfully colonise certain membrane types [234].   
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a These results have been already reported [222]. 

 

 

 

 

Figure 27. Bacterial deposition on different transformed membrane surfaces: (1) Percentage of bacterial coverage. Statistical analyses show different capital 
letters when indicating significant differences between membranes at p < 0.05 after a one-way ANOVA; (2) CLSM images after staining transformed 
membranes with the life/dead bacterial kit. (a) BWt-NF, (b) BWt-UF and (c) SWt-NF and (d) SWt-UF. 
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Compared to the untransformed discarded membranes, the amount of bacterial 

attached to the BWt-NF surface was significantly higher than BWd and similar to SWd 

(Figure 27). Therefore, these results suggest that, at certain doses of NaOCl, the 

chlorination process could simultaneously remove fouling and improve the key surface 

characteristics for conditioning and bacterial deposition in some membranes (Figure 

3). Chlorine could interact with certain types of PAs to result in a more hydrophilic 

active-charged surface for Ca2+ and nutrient absorption [216,231]. In this manner, 

transforming discarded membranes could be advantageous for avoiding the highly 

variable fouling nature of untransformed discarded types, which could be relevant to 

establish a hypothetical methodology of recycling. On the other hand, in reference to 

the worst results obtained in remaining membranes, it should be noted that this prior 

conditioning to the initial bacterial attachment could also modify these properties with 

time [235,236]. Hence, mid- and long-term studies are necessary to confirm the 

rejection of some membrane types for biofilm formation.  

5.3.3. MC degradation capability 

Once the strain IM-1 was attached to the transformed surfaces in BWt-NF, a MC 

degradation test was run to observe if the chlorine modifications affected its biological 

activity. Figure 28.1 shows that, after an acclimation time in the presence of the toxin, 

strain IM-1 was able to remove the total MC concentration (1 mg·L-1) in 6 h. Besides, 

no MC removal was observed in the negative control without bacteria (Figure 28.1 and 

28.2.b), which indicates that MC degradation was biologically mediated. The MC 

degradation kinetics follows the pseudo-first order model, where k and T1/2 agree with 

those obtained previously with untransformed discarded membranes [222]. Therefore, 

it could be concluded that the chemical modification during the transformation process 

maintains viable conditions for biological reactions in certain EoL membranes. 

Nonetheless, we also highlighted that the potential use of transformed membranes for 

MBfRs would still be less appealing than using untransformed discarded membranes 

due to the environmental impacts derived from the transformation process [170]. 

Consequently, further experiments and techno-economic and environmental analysis 

are needed to clarify the advantages and disadvantages of transforming discarded 

membranes in larger scales.  
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Figure 28. MC degradation capability of strain IM-1 attached to the BWt-NF membrane. (1) 
MC degradation during the second MC exposure (after the acclimation time). The dotted line 
indicates the pseudo first-order model prediction. The MC error bars represent the standard 
deviation of two technical replicates. (2) The SEM images of the BWt-NF membrane surface 
with (a) strain IM-1 attached; (b) no bacterial deposition (control). Bar shows 5 µm. 

 

5.3.4. Gas permeability 

One of the most crucial aspects in MBfRs is membrane typology due to differences in 

each membrane’s gas transfer properties [156,157,160,237]. The gas transfer 

resistance of these membranes depends on the material’s character and thickness. 

Porous membranes provide high gas transfer rates given the faster gaseous diffusion in 

gas-filled pores [238]. However, drawbacks such as a low bubble point, clogging and 

wetting are some of the limitations of porous materials [239]. Conversely, dense 

membranes are free of clogging and wetting, but their gas transfer is lower than porous 

membranes because gas is firstly dissolved through the membrane’s material. To 

overcome this diffusion resistance, dense membranes work at high intermembrane 

pressure. As an alternative, a thinner dense layer achieves less mass resistance. Hence, 

composite membranes offer a promising, but more expensive, option than others [158].    

Using recycled desalination composite membranes for MBfRs could be an interesting 

low-cost option to achieve the desired throughputs. To study if the untransformed and 

transformed membranes allowed gas permeability, we investigated air permeability 

before and after dense PA layer removal. As shown in Table 8, all tested membranes 
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were able to offer air flux at low pressure. Consequently, up to our knowledge, we 

proved for first time that membranes originally manufactured for desalination 

purposes are capable of diffusing gases from the inner non-woven fibrous layer.  

Table 8. Air permeability and flux (J) at room temperature and pressure at 1 bar.  

Type 
Air permeability                         

(Barrer) 
Air flux (J)             

(Ncm3·cm-2·s-1·cmHg-1) 

BWd 1.60·10-7  8.00·10-3  

BWt-NF 1.01·10-7  5.06·10-3  

BWt-UF 1.79·10-4  1.79·10-2  

SWd 4.89·10-9  2.44·10-4  

SWt-NF 4.81·10-9  3.01·10-4  

SWt-UF 2.78·10-5  2.78·10-3  

 

In addition, unequally fluxes were obtaining depending on the chlorine doses used 

during the transformation process. The PSF porous BWt-UF and SWt-UF have an air 

permeability that is between two and three orders of magnitude higher than the 

untransformed discarded membranes and those transformed into NF. Conversely, 

similar air permeability was observed between the untransformed discarded 

membranes and those transformed into NF. Therefore, as expected, our results 

suggested that total PA removal from discarded membranes would lead to higher air 

permeability. However, no increase of gas permeability is achieved at doses levels of 

6,200 ppm∙h of NaOCl. Besides, our results also indicated higher air permeability in the 

BW model than in the SW model. This could be due to the difference in selective layer 

thickness. Figure 24 shows the cross-section micrographs of the PSF layer in the 

transformed membranes. The thickness of the recycled membranes used originally as 

the RO BW membranes almost doubled those which treated seawater. This variation in 

thickness could be due to differences in membrane compaction, as BW membranes 

have been subjected to lower pressure than SW membranes during their previous 

service times in desalination plants [177].  

When comparing the air permeability of the tested membranes with the membranes 

made especially for gas transfer from studies based on MBfRs, we obtained promising 

results. We observed that SWd and SWt-NF were of the same order of magnitude as the 

commercial polyethylene composite membrane used by Ahmed et al., 2004 [240], 

while the BWd and BWt-NF membranes were 160-fold more permeable. The composite 

polyolefin membrane of Motlagh et al., 2008 [241], and that commercialized for air 

separation made of Teflon of Cerqueira et al., (2013) [242], showed an oxygen flux of 

3.00·10-5 and 4.91·10-4 Ncm3·cm-2·s-1·cmHg-1, respectively. Otherwise, the comparison 
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made of the polyurethane composite membranes by Tang et al., (2012) [237] displayed 

lower oxygen fluxes than previous references. Therefore, our recycled composite 

membranes were far more permeable than those in other studies, which suggests that 

these membranes could be a sustainable low-cost alternative for MBfRs. Worth 

mentioning that pure hydrogen permeability of these membranes was also tested 

(Table S6) and the hydrogen fluxes obtained were higher than those composite 

membranes permeabilities reported by Tang et al., (2012) [237]. Accordingly, although 

the hydrogen application is not required for removing MC by an aerobic biofilm, our 

preliminary data suggest that recycled membranes could also be appropriate for other 

uses of hydrogen-based MBfRs.   

 

 

 

 

 

 

 

 

 

Figure 29. Schematic illustration of the aerobic MC-degrading biofilm attached to recycled 
EoL RO membrane adapted to MBfRs. 

By focusing on transformed to porous membranes (BWt-UF and SWt-UF), the total PA 

removal also provided higher air fluxes than those of the aforementioned composite 

membranes. However, when compared with the oxygen permeabilities of the other 

porous materials used in MBfRs, such as polyethylene (8.00·10-1 Barrers), 

polypropylene (2.00·10-1 Barrers), polyvinyl chloride (1.40·10-2 Barrers), polyvinyl 

alcohol (1.00·10-2 Barrers) and polyvinylidene fluoride (3.00·10-3 Barrers), our porous 

membranes were less permeable by several orders of magnitude [232,243]. These 

results could be due to the nature of the PSF of the transformed membranes. Therefore, 

by taking into account the possible environmental impact and minor bacterial 

deposition rate, the transformation process done to UF membranes for MBfRs did not 

seem to provide any added value. Nonetheless, BWt-NF is especially interesting 
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because the transformation into NF cleaned the surfaces and improved the 

conditioning and bacterial attachment, maintaining a competitive gas permeability 

regarding to the aforementioned studies. The thin film dense PA layer of the composite 

discarded RO membranes could supply competitive bubbleless aeration with low mass 

resistance, providing a low-cost alternative for MBfRs. Therefore, as is schematically 

illustrated in Figure 29, this gas permeability could benefit the biological activity of the 

biofilms thanks to the high oxygenic-surface provided, which would enhance the 

pollutant removal, such as MC, by R-MBfRs.  

5.4. Supplementary material 

The supplementary material includes the pure hydrogen permeability of tested 

membranes.   

Table S 6. Pure hydrogen (H2) permeability and flux (J) at room temperature and pressure at 1 
bar. 

Type 
H2 permeability (Barrers)                        
(cm3·cm·cm-2·s-1·cmHg-1) 

H2 flux  (J)                  
(cm3·cm-2·s-1·cmHg-1) 

BWd 3.42·10-8 ± 7.18·10-9 1.71·10-3 ± 3.59·10-4 

BWt-NF 4.64·10-8 ± 1.20·10-8 2.32·10-3 ± 6.02·10-4 

BWt-UF 4.49·10-4 ± 5.55·10-5 1.79·10-1 ± 2.22·10-2 

SWd 1.05·10-8 ± 2.07·10-9 5.16·10-4 ± 1.09·10-4 

SWt-NF 1.66·10-8 ± 2.55·10-9 8.19·10-4 ± 1.36·10-4 

SWt-UF 4.15·10-5 ± 1.93·10-6 3.50·10-3 ± 1.48·10-4 
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ABSTRACT 

Microcystins (MC) are highly toxic secondary metabolites produced by cyanobacterial harmful 

algae blooms (CyanoHABs) in many freshwater ecosystems. Authorities around the world are 

concerned about ensuring the safety of drinking water. However, today’s physico-chemical and 

biological processes have not been sufficiently successful to optimally remove cyanotoxins. This 

study aims to prove that free-living MC-degrading bacteria could grow as biofilm on discarded 

desalination membranes and remove MC by the recycled-membrane biofilm reactors (R-

MBfRs). Our results showed that three recycled desalination membranes, called discarded 

brackish water (BWd), discarded sea water (SWd) and discarded brackish water transformed 

into nanofiltration (BWtNF), were able to form an MC-degrading bacterial biofilm during a toxic 

cyanobacterial bloom in a reservoir. These three membranes presented different MC-degrading 

efficiencies, which suggest dissimilar bacterial community composition (BCC) between 

membranes. This was patent in the BWt-NF membrane, which had the biggest biomass, but the 

worst MC degradation efficiency. The high-throughput 16S rRNA gene sequencing analysis 

showed that the phylum Proteobacteria was dominant in all the membranes, and that the 

differences between biofilms were found in bacterial order composition terms. Besides, the 

diverse nutrition modes of the most abundant orders of BCC, such as Burkholderiales, 

Nitrospirales and Sphingobacteriales, suggest that R-MBfR could eliminate other common 

undesirable compounds from drinking water sources apart from MC. The majority of the 

already known MC-degrading bacteria and other families generally associated with 

cyanobacterial blooms, such as Comamonadaceae and Methylophilaceae, were also found in all 

BCC. Therefore, it was confirmed that the R-MBfRs concept constitutes a biological alternative 

to eliminate water pollutants in a low-cost sustainable fashion. 

mailto:jesus.moron@imdea.org
mailto:luniyes@gmail.com
mailto:serena.molina@imdea.org
mailto:mangeles.lezcano@gmail.com
mailto:jesus.moron@imdea.org
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6. Chapter VI: Membrane colonisation by multispecies biofilms 

6.1.  Brief introduction 

In previous chapters, a single MC-degrading bacterium successfully developed a biofilm 

onto three different recycled RO membranes under laboratory conditions, and all the 

membranes were able to remove high MC concentrations from water [222,244]. 

However, the natural aquatic environment represents a mixture of microorganisms 

that may lead to multiple biological interactions [245], which can affect the 

colonisation of MC-degrading bacteria on membranes and impair the efficiency of MC 

degradation. Therefore, this study aimed to test the capacity of recycled RO membranes 

to develop a microbial multispecies biofilm with the capacity to remove MC in a 

freshwater system. To achieve this, three membranes with different transformation 

treatments were placed in a reservoir during a toxic cyanobacterial bloom, and bacterial 

coverage, MC biodegradation capacity and bacterial community composition (BCC) 

were analysed. This study provides new insights into the development of MC-degrading 

biofilms on recycled membranes in R-MBfRs, and identifies the attached BCC enrolled 

during the MC degradation process in real scenarios of toxic cyanobacterial blooms.  

6.2. Material and methods 

6.2.1. Recycled Membranes 

The three recycled RO membranes, previously characterised and tested for bacterial 

deposition in Morón-López et al., (2018, 2019) [222,244], were used herein to 

investigate their capacity to develop an indigenous MC-degrading bacterial biofilm. 

Membranes came from end-of-life spirally wound modules after treating brackish 

water (BW models), TM720-400 (Toray), and seawater (SW models), HSWC3 

(Hydranautics), in desalination plants. Two of them, BW discarded (BWd) and SW 

discarded (SWd), were used in this study with no surface modification (untransformed 

types). The third is a BW discarded membrane exposed to a transformation process in a 

nanofiltration membrane (BWt-NF). The transformation process consisted of chemical 

attack with NaOCl at the dose level of 6,200 ppm·h, pH 10, for 24 h at room 

temperature and under static conditions. All the membranes were composed of a dense 

thin film composite polyamide (TFC-PA) top layer on a porous PSF sublayer with a 

non-woven fibrous basal support. Membranes were trimmed to the size of 25 x 50 mm 

and were conserved in Milli-Q water prior to use.  

6.2.2. Experimental site and set up 

Experiments were performed at the San Juan reservoir, located, which lies northwest of 

the Spanish Autonomous Community of Madrid (Spain) (40° 22′ 44.10″ N and 4° 19′ 



Chapter VI 

 

138 
 

40.95″ W) with an historical occurrence of toxic cyanobacterial blooms [200,246]. Five 

replicates for each BW, SW and BWt-NF membrane type were attached with epoxy 

resin to sterilised glass slides by maintaining PA layers upwards (Figure 30(a)). All the 

membranes were placed on a perforated rack-box to reduce sunlight input and to 

prevent photosynthetic microorganisms from growing (Figure 30(c)). Afterwards, the 

rack-box containing the membranes was submerged in the San Juan reservoir at a 

depth of 1 m and was fixed to a buoy (Figure 30(b)) during a cyanobacterial bloom 

episode from 16 October to 13 November, 2017. After the experimental period, all the 

membranes were transported to the laboratory (<2 h), and were kept in reservoir water 

and under dark conditions. Two membranes of each BWd, SWd and BWt-NF 

membrane types were immediately stored at -80°C for the high-throughput 16S rRNA 

gene sequencing analysis. The remaining membranes were carefully washed twice with 

a 0.01M PBS to remove unbound cells (Figure 30 (d)). After washing, two membranes 

of each type were used immediately for bacterial coverage, and one was used for the MC 

degradation assays, as detailed in the following experimental steps (Sections 6.2.3 and 

6.2.4). 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Pictures of the location (a and b) and collection (c and d) of the recycled 
membranes at the San Juan reservoir during a cyanobacterial bloom period: (a) shows the 
membranes attached to glass slides and placed on the rack; (b) shows the rack-box submerged 
at a depth of 1 m in the reservoir; (c) displays the rack-box; (d) depicts the membranes in 
reservoir water prior to the detachment step. 
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6.2.3. Quantification of bacterial biofilm coverage  

Two membrane replicates of each BWd, SWd and BWt-NF membrane type, whose size 

was 5 x 5 mm, were trimmed and stained with the Live/Dead Baclight Bacterial 

Viability Kit (Molecular ProbesTM) for confocal laser scanning microscope (CLSM) 

(Leica SP5, Leica Microsystems) visualisation. The captured images were analysed by 

the Image J software to calculate bacterial coverage (%) [223]. An unstained membrane 

piece was used to observe the biofilm structure under a scanning electron microscope 

(SEM Zeiss DSM 950, Germany), according to previous works [205,222].  

6.2.4. MC degradation test 

MC degradation capacity was analysed in each BWd, SWd and BWt-NF membrane. 

Prior to the MC degradation assay, a mixture of MC was extracted from a 

cyanobacterial scum collected from the San Juan reservoir following the procedure 

described in Lezcano et al. (2016) [200]. The three MC variants commonly present in 

aquatic systems (i.e. MC-LR, MC-RR and MC-YR) were analysed and their sum was 

considered to be the total MC concentration. Composition was 84.5% MC-LR, 9.86% 

MC-RR and 5.64% MC-YR.  

The MC biodegradation assays of the biofilm attached to each membrane were 

performed in glass beakers with minimal salt medium (MSM), enriched with 835 µg·L-1 

of the MC mixture at 27ºC with air bubbling. Membranes were maintained in this 

solution for 96 h and two technical replicates were collected every 24 h for MC 

quantification purposes. Then samples were filtered immediately through 0.45 µm 

sterile filters (Econofltr PTFE 13 mm, Alginent Technologies) and stored at -20ºC until 

analysed. The negative controls of each membrane type without bacteria were also 

analysed.   

MC quantification was performed by a high-performance liquid chromatography 

(HPLC) system (Agilent series 110, Agilent Technologies, Santa Clara, CA, USA) 

coupled to a time-of-flight (TOF) mass spectrometer (Agilent 6230 accurate mass TOF 

Agilent Technologies, Santa Clara, CA, USA), according to Morón-López et al. (2017) 

[247]. To calculate the MC degradation rates, MC degradation kinetics was adjusted to 

a first-order model according to previous works [182,184]. Given the lag phase 

commonly found for MC degradation, data from 24 h were considered the starting time 

for MC degradation to better adjust the kinetic model [207].   

6.2.5. DNA extraction and high-throughput 16S rRNA gene sequencing analysis 

The membranes stored at -80ºC were detached from the glass slides and placed inside 

sterile vials for DNA extraction purposes. All the samples were extracted with the 
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DNeasy® Plant Mini Kit according to the manufacturer’s instructions (QAIGEN, 

Germany). Subsequent high-throughput 16S rRNA gene sequencing analyses were 

carried out at the Genomics and Bioinformatics Service (SGB) of the Autonomous 

University of Barcelona (Spain). DNA samples were amplified for the bacterial 16S 

rRNA gene using primers 341F(5’-TCGTCGGCAGCGTCAGATGTGTATAAG 

AGACAGCCTACGGGNGGCWGCAG-3’) and  805R (5’-GTCTCGTGGGCTCGGAGATG 

TGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’) with overhang adapters by 

targeting variable regions V3-V4 (~460bp) [248]. Indices and Illumine sequencing 

adapters were attached by the Nextera ® XT Index Kit. Libraries were normalised and 

pooled using paired 300-bp reads and MiSeq v3 reagents.  

Raw reads were denoised and filtered using Illumina BaseSpace 16S metagenomics 

application using module version Isis v2.5.35.6 and Illumina-curated Greengenes 

taxonomic database (version May 2013). Read classification step used ClassifyReads, a 

high-performance naïve Bayesian classifier of the Ribosomal Database Project 

described in Q. Wang et al., (2007).The accuracy of classification algorithm at different 

taxonomic levels is ≥98%, and reads that did not match a reference sequence were 

considered as unclassified in the community analysis.  

Detailed information of the sequence analysis procedure is described at: 

https://support.illumina.com/content/dam/illumina-support/documents/ 

documentation/software_documentation/basespace/16s-metagenomicsuser-guide-

15055860-a.pdf.  

Sequence reads that were assigned to non-bacterial entities (Archaea and Viruses) were 

removed (<0.07% of the total sequences) and relative abundances at each taxonomic 

level were calculated for comparison between samples. 

6.2.6. Detection of the genes involved in MC production (mcyE) and MC degradation 

(mlrA and mlrB) 

The mcyE gene was analysed in the membrane-attached biofilms to check the presence 

of potentially toxic cyanobacteria during the experiment. mcyE gene identification was 

performed in the tested membranes to clarify whether the cyanobacterial bloom that 

occurred during the experiment was toxic or not. A PCR was carried out using the 

genomic DNA from the membrane biofilms (Section 6.2.5) and the specific primer sets 

HEPF and HEPR [250]. Amplification was conducted in a final 25-µl volume in a PCR 

thermal cycler (Techne TC-5000, Bibby Scientific, Staffordshire, UK) following the 

conditions described in Lezcano et al. 2016 [200]. PCR products were separated by 

https://support.illumina.com/content/dam/illumina-support/documents/%20documentation/software_documentation/basespace/16s-metagenomicsuser-guide-15055860-a.pdf
https://support.illumina.com/content/dam/illumina-support/documents/%20documentation/software_documentation/basespace/16s-metagenomicsuser-guide-15055860-a.pdf
https://support.illumina.com/content/dam/illumina-support/documents/%20documentation/software_documentation/basespace/16s-metagenomicsuser-guide-15055860-a.pdf
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electrophoresis on 1.5% agarose gel and visualised by the AlphaImager HP (Alpha 

Innotech, San Leandro, CA, USA). 

The mlrA and mlrB genes were analysed to check the presence of MC-degrading 

bacteria mlr+ in the BCC attached to the membranes A PCR was run using the specific 

primer sets MF and MR for the mlrA gene [251], and mlrBf1 and mlrBr1 for the mlrB 

gene [188]. The PCR products were purified and sequenced at the Molecular Biology 

Centre of University of Alcalá (Madrid, Spain). Sequences were compared with the 

mlrA and mlrB sequence information available in the NCBI database using BLASTn 

search. 

6.2.7. Statistical analyses 

A Principal Component Analysis (PCA) was performed using the CANOCO5 v5.04 

software (Microcomputer Power, Ithaca, NY, USA) to explore the relation between the 

log-transformed relative abundances of the bacterial taxonomic orders present in the 

three membrane-attached biofilms. The Shannon index (H’) of the bacterial 

composition of each membrane biofilm was also calculated. 

6.3.  Results and discussion 

6.3.1. Multispecies biofilm biomass on recycled RO membranes 

All the tested membranes showed bacterial attachment after 1 month of exposure in the 

reservoir. The CLSM (Figure 31.1) and SEM images (Figure 31.2) showed biofilm 

formation with a homogeneous coverage on the surface. These results agree with our 

previous observations, in which the three tested membranes proved suitable for the 

development of the bacterial biofilms formed by a single bacterium [222,244]. The 

amount of biomass coverage herein observed was slightly higher in BWt-NF, followed 

by SWd and BWd (Figure 31.3). In this order, increasing membrane hydrophilicity or 

surface roughness may explain the attachment and growth of bacterial biofilms. 

Previous experiments performed with Sphingopyxis sp. strain IM-1 under laboratory 

conditions have shown that the bacterial coverage followed a similar trend for the same 

membranes [222,244]. Therefore, our results confirmed that recycled membranes 

could develop indigenous multispecies bacterial biofilms when exposed to real 

scenarios in aquatic systems.  

The bacterial coverage in all the membranes was relatively low compared to the 

previously observed unispecies biofilm [222,244], especially when the long exposure 

period in the reservoir was considered to promote bacterial attachment and growth.
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   * These results have been already reported [222,244]. 

 

 

 

 

 

 

 

 

 

Figure 31. Multispecies biofilm growth on the 
recycled RO membranes. (1) CLSM image after 
membrane staining with a life/dead bacterial kit. 
Green represents live cells. Bar scales show 25 
µm. Labels indicate (a) BWd, (b) SWd and (c) 
BWt-NF. (2) Biofilm visualisation by SEM of an 
SWd membrane. White arrows show unidentified 
materials deposited on membranes. (3) Graph of 
the percentage of bacterial coverage. Comparison 
between single-species biofilm (already published 
data) and the multispecies biofilms developed in 
the environment. 
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This lower biomass could be attributed to the adverse conditions in the natural 

environment, such as water movement, low nutrient availability or negative 

interactions between microorganisms. Consequently, more favourable conditions for 

bacterial growth should be considered to improve the current results. The addition of 

biofilm enhancer molecules (e.g. calcium), controlling water flow, diffusion of electron 

acceptors (e.g. air) through membranes or stimulation by adding essential nutrients 

could enhance biofilm development [156,212,252]. The SEM images showed the 

presence of unknown materials on the membrane surfaces (Figure 31.2). These 

materials may increase the bacterial biomass by increasing the surface/volume ratio in 

the membranes, which may create new niches for microorganisms. 

6.3.2. MC degradation test of multispecies biofilms 

The MC degradation tests performed in all the membranes showed that the attached 

bacteria removed more than 90% of the total MC concentration after 72 h incubation 

(Figure 32). Lack of MC degradation activity in the controls indicated that MC removal 

was biologically-mediated in all the membranes (Figure S8 in the Supplementary 

Material). These MC degradation efficiencies seemed higher than those observed in 

other studies with biofilms developed on filters [142,147,191]. However, it was not 

possible to confirm these differences given the experimental differences between both 

studies (e.g. different water matrix and MC concentration). Our results suggest that 

continuous exposure to toxic cyanobacterial blooms stimulates the development of an 

MC-degrading bacterial community on membranes. This idea is supported by the close 

association found between the toxic cyanobacterial booms and MC-degrading bacteria 

in aquatic systems [211,246], and the stimulation of MC degradation activity after 

continuously exposing bacteria to MC [126,206]. 

 

 

 

 

 

 

Figure 32. MC degradation test of the multispecies biofilms formed on each membrane type 
(BWd, SWd and BWt-NF). The initial MC mixture concentration was 835 µg·L-1. The graph 
includes the MC degradation curves and kinetics of each membrane. Error bars represent the 
deviation of two technical replicates.  
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According to the k adjustments, certain differences were found in the MC degradation 

rates between membranes. The MC degradation rate in BWd was slightly higher 

compared to SWd and BWt-NF. These results revealed no relation between the biofilm 

biomass (Figure 31.) and the amount of degraded MC (Figure 32), which suggests that 

the composition of the bacterial community is a key factor for the different MC 

degradation rates observed among membranes. It was also remarkable that the MC 

degradation rates of the tested multispecies biofilms were much lower than those 

obtained in the biofilms developed by a single MC-degrading strain [222,244]. In the 

unispecies biofilms, the initial MC concentration was completely removed in h, while 

several days were needed for the multispecies biofilms developed in the natural 

environment to eliminate similar MC concentrations. Consequently, even if the biofilms 

that naturally formed onto the recycled RO membranes were able to remove MC, 

bioaugmentation with high-performance MC-degrading strains may be required to 

achieve higher degradation efficiencies [147,149,150]. 

6.3.3. Bacterial biofilm composition (BCC) 

The BCC developed in each membrane type was analysed to identify the potential taxa 

responsible for the MC degradation capacity. The high-throughput sequencing analysis 

of the 16S rRNA gene in all the membranes recovered 486,649 sequences and 3,082 

OTUs (Table 9). Our results showed that each membrane comprised 11 to 15 phyla 

with relative abundances above 0.25% in the three membranes (Figure 33). From 

2.87% to 4.30% of the total sequences were defined as unclassified bacteria. Phylum 

Proteobacteria dominated the BCC in all the membranes, followed by Bacteroidetes. 

These phyla accounted for 62.79% to 64.57% of the relative abundances in each 

membrane (Figure 33) and are common inhabitants of freshwater ecosystems. 

Specifically, Proteobacteria has been widely associated with the MC-producing genus 

Microcystis [253–255], which was also present in the BCC of the BWt-NF (FigureS9 in 

the Supplementary Material). Despite the cyanobacterial bloom occurring during the 

experiment, only a small fraction of cyanobacteria (<5%) was attached to the 

membranes, which can be explained by the limiting-light conditions in the rack-box. 

Hence, these results suggest that the darkness conditions offered by membrane 

modules impair cyanobacterial growth and possible toxin production in R-MBfRs.  

Table 9. Number of total sequences, total OTUs and the Shannon-Wiener Index (H’) obtained 
from the high-throughput sequencing of the 16S rRNA gene present in the BCC of the BWd, 
SWd and BWt-NF membranes.   

  Sequences OTUs H' 

BWd 157,186 963 2.4 

SWd 179,055 912 2.2 

BWt-NF 150,408 1,207 2.6 
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The BWt-NF membrane exhibited the highest diversity (H’= 2.5) and the most richness 

(OTUs=1.207) compared to the other membranes (Table 9). These results fall in line 

with the highest biomass observed in BWt-NF (Figure 31.), which suggests that its 

surface properties are more attractive for a larger number of different taxa than the 

other membranes. The PCA showed that at the order level, the BCCs of the 

untransformed discarded membranes (BWd and SWd) were more similar to one 

another than with the transformed type (BWtNF) (Figure 34). This also indicates that 

chemical modification by chlorine on the BWtNF surface influenced bacterial 

composition. The different bacterial diversities between membranes also agrees with 

other studies in which not all the bacteria successfully grew on certain membrane types 

[234]. Despite the highest bacterial diversity in BWt-NF compared to BWd and SWd, 

this membrane gave the lowest MC degradation rate, which supports the important role 

of BCC in MC removal.  

 

 

 

 

 

 

 

 

 

Figure 33. Taxonomic distribution of the BCC at the phylum level in relative abundance terms. 
Phyla that accounted for < 0.25% of the total sequences are shown as others. 

At the order level, the PCA indicated that most detected orders were similarly related to 

all the membranes (Figure 34). Despite this, Burkholderiales, the most abundant order 

in the three membranes, was more related to BWt-NF than to BWd and SWd, 

suggesting a possible relationship of this order in the lower MC degradation efficiency 

recorded in the BWt-NF membrane (Figure 34). This order  includes families with 

diverse nutrition modes, and some are related to the degradation of MC and other 

xenobiotic compounds [120,142,256]. The order Burkholderiales order was mostly 

represented herein by the family Comamonadaceae, which comprises denitrifying 

members capable of reducing nitrate and bromate in methane-based MBfRs [257]. The 
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following most abundant order in the membranes was Nitrospirales, represented only 

by the genus Nitrospira (family Nitrospiraceae) (Figure 6b and Figure S9 in the 

Supplementary Material), which is a ubiquitous nitrite-oxidising bacterium. This genus 

plays a key role in the formation and cohesion of the BCC given its recognised capacity 

to produce high concentrations of extracellular polymeric substances (EPS) [258]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Principal Component Analysis based on the bacterial community composition 
(BCC) observed in each membrane at the order level. The ordination plot includes: (1) 
Acidimicrobiales; (2) Actinomycetales; (3) Alteromonadales; (4) Anaerolineales; (5) Bacillales; 
(6) Bacteroidales; (7) Bdellovibrionales; (8) Bifidobacteriales; (9) Brocadiales; (10) 
Burkholderiales; (11) Caulobacterales; (12) Chromatiales; (13) Chroococcales; (14) 
Chthoniobacterales; (15) Clostridiales; (16) Desulfovibrionales; (17) Desulfuromonadales; (18) 
Flavobacteriales; (19) Gallionellales; (20) Gemmatales; (21) Gemmatimonadales; (22) 
Lactobacillales; (23) Methylacidiphilales; (24) Methylococcales; (25) Methylophilales; (26) 
Myxococcales; (27) Neisseriales; (28) Nitrospirales; (29) Nostocales; (30) Oceanospirillales; 
(31) Opitutales; (32) Pasteurellales; (33) Pedosphaerales; (34) Pelagicoccales; (35) 
Planctomycetales; (36) Pseudomonadales; (37) Rhizobiales; (38) Rhodobacterales; (39) 
Rhodocyclales; (40) Rhodospirillales; (41) Rickettsiales; (42) Solibacterales; (43) 
Sphingobacteriales; (44) Sphingomonadales; (45) Stigonematales; (46) Syntrophobacterales; 
(47) Verrucomicrobiales; (48) Xanthomonadales. 

 

 



Chapter VI 

 

147 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. High-throughput sequencing analyses of the bacterial biofilm formed on 
membranes BWd, SWd and BWt-NF. The graph represents (a) orders and (b) families. Each 
graph includes a colour bar to represent each respective phylum. Orders and families that 
accounted for <0.25% of the total sequences are shown as others. 
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The order Sphingobacteriales was also abundant in all membranes and showed highest 

relationship with BWd and SWd than to BWt-NF membranes (Figure 35(a)). This order 

has been involved in the degradation of organic pollutants and xenobiotics [256], thus 

it may place a role in MC degradation [142]. It has also been linked to chromate-

reducing biofilms of MBfRs by families such as Chitinophagaceae [259]. Likewise, 

orders Methylophilales and Rhodocyclales were also more related to the BWd 

membrane and the SWd membrane, respectively, where they were especially abundant 

(Figure 34 and 35). Members of these orders have been previously described as 

degraders of MC and other aromatic compounds [120,260], which highlights their 

likely role in MC removal. Therefore, our results showed that several of the most 

abundant members present in the BCC of the three membranes could be responsible 

for the MC degradation capacity, and can even be potentially useful for removing other 

common undesirable compounds in water sources. Nonetheless, it necessary to 

mention that order Clostridiales, which are pathogenic microorganisms for animals, 

were abundant in BWd and BWt-NF membranes. Hence, further evaluations are 

required to ensure optimal control and healthiness of water treated by R-MBfR on real 

scales.  

According to the families observed in the BCC, at least 57% have been previously 

associated with cyanobacterial harmful algae blooms (cyano-HABs) [120,211,261–

263]. Indeed the MC-producing gene mcyE was detected in the three membranes, 

which confirmed the potentially toxic character of the cyanobacterial bloom that 

occurred during the membrane exposure period at the reservoir. What this indicates is 

that the high diversity of the free-living bacteria commonly associated with toxic 

cyanobacterial blooms may have grown as biofilms on the recycled membranes used in 

this study. Moreover, the majority of the already known MC-degrading families from 

other studies [117] were also represented in the membranes with relative abundances 

above 0.25%, such as Bifidobacteriaceae, Bacillaceae, Sphingomonadaceae, 

Burkholderiaceae, Comamonadaceae, Methylophilaceae and Moraxellaceae (Figure 

35(b)). In particular, genera Novosphingobium, Burkholderia and Paucibacter, which 

belong to some of these families and were present in all the membranes (Figure S9 in 

the Supplementary Material), have been widely recognised as MC degraders 

[181,264,265]. Therefore, our results suggest that many already known MC-degrading 

bacteria have the affinity to form biofilms onto RO recycled membranes. Indeed, the 

possible implication in the MC degradation process of the abundant families 

Comamonadaceae and Methylophilaceae is consistent with the study performed by 

Mou et al., (2013) [120] in microcosms experiments, which observed that orders like 

Methylophilales and Burkholderiales could be more important for MC degradation 
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than the well-known MC-degrading Sphingomonadales. Our results also agree with 

Kohler et al., (2014) [142] and Lezcano et al., (2017) [211],  in whose works about 

biofilms developed on gravity-driven membranes and the living-free bacteria associated 

with a toxic cyanobacterial bloom, respectively, was highlighted a relevant role of other 

MC-degrading bacteria in the MC degradation capacity of the BCC.     

Certain bacteria from the aforementioned families are suggested to possess an 

alternative MC degradation pathway(s) (mlr‒) to the mlr route [120]. This pathway(s) 

for MC degradation has been reported as being slower than the mlr route [133,206], 

but remains uncharacterised. The presence of MC-degrading bacteria mlr+ was 

confirmed in the BCC in all the membranes as the mlrA and mlrB genes were detected 

(data not shown). The fact that genetic markers for the alternative MC degradation 

pathway were lacking did not allow us to detect MC-degrading bacteria mlr-. 

Nonetheless, when considering the higher relative abundance of certain bacterial 

orders in the recycled membranes, and the co-existence of bacteria mlr+ and mlr- 

during cyanobacterial blooms [200], possible variations in the bacterial genotypes 

mlr+/ mlr- ratio in the BCC could also explain the dissimilarities observed in the MC 

degradation rates.  

Finally, it is important to highlight that previous economic assessments of hypothetical 

R-MBfRs on a large scale showed membrane module bioactivation to be one of the 

most costly expenditures [222]. The present study demonstrates that MC-degrading 

bacterial communities inhabiting reservoirs are able to attach to three different 

recycled membranes and to develop a MC-degrading biofilm. This would reduce the 

costs involved in membrane bioactivation. Therefore, this work provides crucial 

findings to achieve a real sustainable low-cost alternative for MC removal during 

drinking water treatment by empowering R-MBfR technology for specific pollutant 

removal from water.  
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6.4. Supplementary material 

The supplementary material includes two figures corresponding to controls of 

the MC degradation test and the high-throughput sequencing analysis at genus level.    

 

 

 

 

 

 

 

 

Figure S 8. MC degradation test of the multi-specie biofilm formed on each membrane type 
(BWd, SWd and BWt-NF). The initial MC mixture concentration was 835 µg·L-1. MC 
degradation curves of each membrane control without bacteria. Error bars represent deviation 
of two technical replicates. 
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Figure S 9. High-throughput sequencing analyses of the bacterial biofilm formed on membranes BWd, 
SWd and BWt-NF. The graph represents genera. Each graph includes a colour bar to represents each 
respective phylum.  Genera that accounted for < 0.25% of the total sequences are shown as others. 
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ABSTRACT 

This work aims to investigate optimisation while running a Recycled-Membrane Biofilm Reactor 

as a sustainable biological treatment for microcystins (MC) removal from water, which may be 

potential for irrigation use. For this purpose, coupons from an end-of-life seawater RO 

membrane module were extracted and conditioned. The biofilm formation on this recycled 

membrane surface, using an MC-degrading bacterial strain (Sphingopyxis sp. strain IM-1), was 

carried out in a simulator cell on the laboratory scale to study the influence of air supply in this 

step. Biofilm formation with and without air supply was investigated by confocal laser scanning 

microscope (CLSM). The quantification of the attached biofilm showed a higher biomass, 

maximum thickness and lower roughness coefficient when air was applied. These results 

indicate that applying air enhances bacterial biofilm growth on the recycled membrane by 

increasing both bacterial attachment and reproduction on the surface. Finally, MC degradation 

tests were performed on the laboratory scale using two different types of polluted water: surface 

natural water (SNW) and synthetic reclaimed water (SRW). These results showed that efficient 

MC degradation can be achieved in both water types, especially in nutrient-rich water. 

Therefore, on the one hand, we address lack of sustainable technologies for treating MC-

polluted water that could be used for different applications and, on the other hand, we open up 

an alternative in sustainable solid waste management by avoiding part of the disposal process of 

discarded RO membranes in landfills, and by contributing to circular economy in membrane 

technology. 

mailto:jesus.moron@imdea.org
mailto:serena.molina@imdea.org
mailto:jesus.moron@imdea.org
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7. Chapter VII: R-MBfRs optimisation and future perspectives 

7.1. Brief introduction 

Water scarcity and agricultural expansion have led many countries to consider 

reclaimed water as a solution to face increasing water demands. Reclaimed wastewater 

is economically feasible and fertiliser-saving, which could make it appropriate for 

agricultural irrigation purposes from a circular economy perspective [266]. 

Nonetheless, the risk associated with the safety of its application should not be ignored 

as far as cyanobacterial harmful blooms are concerned [7]. To date, several studies 

have indicated that MC accumulates in crops when plants are exposed to MC-polluted 

water [267,268]. This aspect is especially relevant because the majority of irrigation 

water (both surface natural or treated wastewater) is not regularly subjected to any 

treatment or control for cyanobacterial cells or toxins before irrigation. For this reason, 

it is necessary to guarantee that both natural and reclaimed water are free of 

cyanotoxins.  

This chapter, on the one hand, attempts to advance in previous studies by evaluating 

the influence of air diffusion across recycled membranes in biofilm formation and 

biological activity onto the surface. To this end, the seawater discarded (SWd) TFC RO 

membrane is used as a core of R-MBfR on the laboratory scale as this membrane is 

highlighted as a promising surface for aerobic biofilm formations [222,244], although it 

is unable to be recycled into a second-hand pressure-driven membrane given its low 

competitiveness transmembrane flux [177]. On the other hand, this chapter also 

addresses future R-MBfR technology perspectives. Specifically, it assesses the capacity 

of R-MBfR on the laboratory scale to treat two different types of MC-polluted water, 

surface natural water (SNW) and synthetic reclaimed water (SRW), which both 

simulate hypothetical irrigation water. Therefore, this chapter provides crucial 

information to optimise the R-MBfR concept, and it also proposes potential 

applications to take this technology one step closer to real water treatment. 

 

7.2. Material and methods 

7.2.1. End-of-life membrane 

An end-of-life TFC RO membrane, which was originally designed for seawater 

desalination (model HSWC3 from Hydranautics), was used to test R-MBfR on the 

laboratory scale. Membrane coupons (216 cm2) were taken from 8-inch-diameter spiral 

wound modules. This TFC membrane has a three-layer configuration: a non-woven 

polyester support, an asymmetric porous PSF interlayer and a dense polyamide 

ultrathin top layer. The membrane was rinsed and conserved in milli-Q water until 
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used. Prior to use, the membrane coupon was cut into pieces that were at least 9 cm2 in 

size. Then the membrane flat sheet was washed and maintained in a solution of 50% 

ethanol for 2 h. Finally, the membrane was washed with Milli-Q water and sterilised 

with a UV lamp for 30 minutes.      

 

7.2.2. Bacterial biofilm formation 

The MC-degrading bacterial strain selected for this study was Sphingopyxis sp. strain 

IM-1, whose high MC removal capacity has already been demonstrated [133]. Biofilm 

formation on the recycled membrane was carried out in a simulator cell (R-MBfR 

simulator) on the laboratory scale according to our previous study [222]. This reactor 

simulates the hypothetical environment of the large-scale membrane module, based on 

previous designs [204]. The experiment run was by introducing continuous tangential 

feeding with R2A medium enriched with 0.01 M CaCl2 at a rate of 1.4 mL·min-1 at room 

temperature on the polyamide layer side, with a simultaneous air flow at 1 bar from the 

polyester support layer (whenever required). The biofilm was left to grow for 96 h. Two 

biological replicates of the biofilm formation experiment were performed.  

 

7.2.3. Confocal laser scanning microscopy (CLSM) and image analysis 

The biofilm attached to the recycled membrane was observed under a confocal laser 

scanning microscope (CLSM Leica SP5, Leica Microsystems). The membrane was cut 

into pieces and stained using different staining solutions following the manufacturer’s 

instructions. Firstly, a Live/Dead Baclight Bacterial Viability Kit (Molecular ProbesTM) 

was used to observe bacterial coverage. The extracellular polymeric substances (EPS) of 

the biofilm were observed by employing Concanavalin A conjugated with 

Tetramethylrhodamine (Molecular ProbesTM) and a Ruby biofilm matrix stain 

(FilmTracerTM SYPRO®) for labelling α-polysaccharides and the most of the classes for 

proteins, respectively. For each stained membrane piece, 10 different areas were 

analysed.    

 

The quantification of the biomass attached to the recycled membrane was analysed by 

the ImageJ software (Version 1.51n). ImageJ COMSTAT plugin (Version 2.1) was used 

to analyse biomass (μm3·μm−2), roughness coefficient (Ra) and maximum thickness 

(μm). The 3D projection images of the biomass were constructed by ImageJ 3D viewer 

plugin.  
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7.2.4. Composition of minimal salt medium solution (MSM), surface natural water 

(SNW) and synthetic reclaimed water (SRW) 

Firstly, a sterile minimal salt medium solution (MSM), pH 7.2, was used in the air/no 

air experiment (Section 7.2.5 (a)). This medium contained the following composition 

per litre [130]: 112 mg MgSO4·H2O, 5 mg ZnSO4·H2O, 2.5 mg Na2MoO4·2H2O, 340 mg 

KH2PO4, 670 mg Na2HPO4·7H2O, 14 mg CaCl2 and 0.13 mg FeCl3.  

 

Secondly, two different sterilised water types with MC were used to simulate irrigation 

water (Section 7.2.5 (b)). On the one hand, real surface natural water (SNW) was 

collected on 16 October 2017 from the San Juan reservoir, which lies northwest of the 

Spanish Autonomous Community of Madrid (Spain) (40° 22′ 44.10″ N and 4° 19′ 

40.95″ W). On the other hand, the synthetic reclaimed water (SRW) was prepared 

according to Martínez-Hernández et al., (2014) [269], whose stock solution 

composition was based on the empirical data collected from a wastewater treatment 

plant secondary effluent. Table 10 shows the physico-chemical composition of both the 

studied MC-polluted water types.  

 

Table 10. Characterisation of the physico-chemical parameters and ionic species concentration 
of surface natural water (SNW) and synthetic reclaimed water (SRW). 

 SNW SRW 

pH 8.75 7.68 

DOC (mg·L-1) 5.7 14.2 

DQO (mg·L-1) 12.1 30.5 

F- (mg·L-1) <0.1 <0.1 

Cl- (mg·L-1) 7.27 64.3 

NO2
- (mg·L-1) <0.1 <0.1 

NO3
- (mg·L-1) 0.55 0.6 

HPO4
2-(mg·L-1) <0.5 7.52 

SO4
2- (mg·L-1) 2.86 60 

Na+ (mg·L-1) 6.7 12.3 

NH4
+ (mg·L-1) <0.5 22.1 

K+ (mg·L-1) 1.41 9.66 

Ca2
+ (mg/L) 6.24 25.3 

Mg2
+ (mg·L-1) 1.4 14.1 

 

7.2.5. MC degradation test 

Prior to the MC degradation test, a fresh cyanobacterial scum was collected from the 

natural environment and the MC mixture was extracted by following all the steps 

previously reported in Lezcano et al., (2016) [133]. Then two different MC degradation 

tests were carried out: a) an experiment with and without air supply in minimal salt 
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medium (MSM); b) another experiment with air supply using two different water types 

(SNW and SRW). All the experiments were run at room temperature and at 1 bar of air 

pressure (whenever required). Approximately 400 mg·L-1 of the MC mixture were 

initially added to each experiment, whose sum of variants was 84.5% of –LR, 9.86% of -

RR and 5.64% -YR. The same MC concentration was added for the second toxin 

exposure 24 h after the first exposure. The solution containing the MC mixture was fed 

continuously with a tangential flow at 1.4 mL·min−1 and with recirculating by an 

external flask at the 71.42 min·cycle−1 rate following a closed-loop reactor 

configuration. Two technical replicates were collected for MC quantification purposes 

(MC-LR, -RR and -YR) every 1.5 h. Then each sample was filtered immediately through 

0.45-μm sterile filters (Econofltr PTFE 13 mm, Agilent Technologies) and stored at 

−20°C until analysed.  

 

MC quantification was performed in a HPLC-MS-TOF (Agilent 6230 accurate mass 

TOF Agilent Technology, Santa Clara, CA, USA) [206]. As the simulator cell was 

continuously fed following a closed-loop reactor configuration, the kinetics fitted a 

linear regression and, therefore, the slope was assumed to be the MC degradation 

constant. Based on the adjustments made by other authors [207], the lag phase was not 

taken into account for the degradation rate calculations.     

 

7.3. Results and discussion 

7.3.1. Biofilm formation 

In order to verify the influence of air supply during biofilm formation, membrane 

surfaces were investigated by CLSM after biofilm growth. The acquired images were 

analysed to obtain biomass (μm3·μm−2), roughness coefficient (Ra) and maximum 

thickness (μm). The result shows that the average of the observed biomass was almost 

3-fold higher when applying air, while the average of the achieved maximum thickness 

was about 2-fold higher (Figure 36.1). Similarly, the roughness coefficient (Ra) showed 

more homogeneous bacterial coverage with air diffusion, possibly as a result of a more 

oxygenated surface. This was also observed in the CLSM 3D visualisation of the biofilm 

in both tested situations (Figure 36.2). Therefore, these results indicate that the applied 

air enhanced bacterial biofilm growth by increasing the bacterial attachment and 

reproduction onto the recycled membrane surface.    
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Figure 36. Biofilm development on the recycled TFC RO membrane in scenarios with no air and air. (1) Biofilm characterisation; (2) 3D visualisation with 
(a) no air and (b) air supply. Bars show 50 µm.   
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Accordingly, these results suggest that recycled TFC RO membranes could work in 

oxygen-based MBfRs. As with such reactors, the air supply from the lumen of the 

intermembrane cavity produced a dissolved oxygen gradient across the porous and 

dense layer of the recycled membrane. This oxygen-enriched environment stimulated 

bacterial growth, by allowing a thicker biofilm on the outer dense layer of the tested 

membrane (Figure 37) [161].    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. Graphic representation of the Recycled membrane biofilm reactor based on oxygen-
based MBfRs for MC removal. The continuous line represents the oxygen gradient across the 
membrane on the biofilm. The dotted line denotes the biochemical oxygen demand (BOD) 
diffusion through the biofilm. Adapted from Martin et al. (2012)  [270]. 

Extracellular polymeric substances (EPS) were detected in the biofilm matrix, which 

indicates an irreversible attachment to the surface via aeration (Figure 38). Therefore, 

these results suggest that the air supply across the recycled membrane took place by 

diffusion without bubbles, which guarantees a more convenient biofilm development 

environment and a more cost-effective air supply. Indeed, the production of 

exopolysaccharides and extracellular proteins, which could also be influenced by 

calcium addition [212], could indicate the initial stable biofilm structure prior to the 

maturation phase [139]. Consequently, increasing biomass and greater thickness 

should be expected in future more long-time experiments on larger scales.  
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Figure 38. 3D visualisation of the extracellular polymeric substances (EPS) of the biofilm 
attached to the recycled desalination membrane with air supply. (a) Exopolysaccharides 
staining by Concanavalin A (in blue); (b) Protein staining by SYPRO ® Ruby (in red). Bars 
show 50 µm. Both images reveal different membrane areas. 

 

7.3.2. MC degradation in MSM with and without air supply 

The MC degradation capacity of the biofilm both with and without air supply was tested 

by an MC degradation assay using MSM in a simulator cell on the laboratory scale. For 

this experiment, the same air/no air conditions were maintained during biofilm growth 

and MC exposure. The biofilm was exposed twice to the toxin to know the MC 

degradation capacity with time. The results showed that MC removal was enhanced by 

diffusing air. Figure 39(a) shows that, during the first toxin exposure, the biofilm with 

air supply removed 100% MC concentration after 6 h, while only about 30% of the total 

MC was removed when air was not applied at that time. Although a lag phase was 

observed in both situations, the biofilm began to remove MC 3 h before with air than 

without air. These results agree with those studies in which a lag phase occurred during 

the first toxin exposure [188,194,195]. Some authors have indicated that this lag phase 

might be due to the time required to induce the enzymes responsible for degradation 

[271,272]. Accordingly, the shortest lag phase with applied air could be explained by a 

more active biofilm metabolism and/or more MC-degrading bacteria. Indeed, 

according to the obtained linear equations (data not shown), the biofilm removed 

92.93µg·L-1 MC·h-1 when air was applied, while the MC degradation rate with no air 

supply was 63.37 µg·L-1 MC·h-1. This means that in MC degradation terms, biological 

aerated biofilm activity was 1.46-fold higher than the no-aerated biofilm after the lag 

phase. 
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Figure 39. Total MC degradation (%) in MSM by the biofilm attached to the tested recycled 
membrane without and with air. (a) Represents the first toxin exposure and (b) the second one. 

No lag phase under any tested condition was detected after the second toxin exposure 

(Figure 39(b)). So these results fall in line with those authors who indicated that 

previous toxin exposure reduced the lag period and increased the MC degradation rate 

[116,126,206]. In the aerated biofilm, 100% MC concentration was removed in 4.5 h, 

which took 1.5 h more without aeration. This greater biological aerated biofilm activity 

became patent when observing the degradation rate, which was 89.67 µg·L-1 MC·h-1 and 

66.87 µg·L-1 MC·h-1 with and without an air supply, respectively. Therefore, our results 

evidence that an air supply across recycled TFC membranes may enhance the 

elimination of water pollutants, such as MC. Hence these membranes would be suitable 

for oxygen-based MBfRs. Furthermore, the MC degradation rate for the second toxin 

exposure was similar to the first one after the lag phase. This means it was 1.34-fold 

faster with air than without air. Therefore, it could be concluded that, once the biofilm 

begins to degrade the molecule, MC removal can be maintained with time as a result of 

conditioning the bacterial metabolism to the toxin.  

 

It was noteworthy that the system feed flow remained set throughout the experiment. 

Indeed, we could speculate that diminishing the system feed flow could enhance the 

MC degradation rates as a result of increasing the toxin-biofilm contact time, especially 

in the aerated biofilm, where the bacterial metabolism was stimulated by oxygen 

supply. Therefore, given the importance that feed flow may have on the system’s 

efficiency, this variable will be considered in future works.   

 

0%

20%

40%

60%

80%

100%

120%

0 1.5 3 4.5 6 7.5 9

R
e

s
id

u
a

l 
p

e
r

c
e

n
ta

g
e

 o
f 

M
C

Time (hours)

(a)

No Air Air

0%

20%

40%

60%

80%

100%

120%

0 1.5 3 4.5 6 7.5 9

R
e

s
id

u
a

l 
p

e
r

c
e

n
ta

g
e

 o
f 

M
C

Time (hours)

(b)

No Air Air



Chapter VII 

 

165 
 

7.3.3. MC degradation in surface natural water (SNW) and synthetic reclaimed water 

(SRW) with air supply 

To evaluate the hypothetical use of R-MBfR technology for removing MC from potential 

irrigation water, an MC degradation assay was carried out in a simulator cell with the 

aerated biofilm attached to the SWd membrane, using SNW and SRW with MC. As it 

was performed above, two different toxin exposure times were applied to know the MC 

degradation capacity with time. The obtained results showed a higher MC degradation 

rate for the biofilm when SRW was treated (Figure 40). During the first toxin exposure, 

100% MC concentration was removed after 7.5 h in SRW, while a continuous lag phase 

with only a slight change in MC concentration was detected in SNW (Figure 40(a)). 

This resulted in a MC degradation rate of 54.27 µg·L-1 MC·h-1 in SRW and one of 6.56 

µg·L-1 MC·h-1 in SNW, which meant 8.28-fold more MC degradation in SRW. These 

dissimilar results could be due to the different nutrient compositions of the tested 

waters, which could influence the biofilm’s MC degradation capacity. Accordingly, 

some studies have indicated that phosphorus is a stimulating factor in microbial MC 

degradation [184,206]. Nonetheless, no consensus has been reached about the role of 

nitrogen and carbon sources as stimulators [7,191,206] or repressors [147,273] of 

bacterial MC-degrading metabolism. In this case, the concentrations of these nutrients 

were higher in SRW than SNW (Table 10). Therefore, as far as our results show, we 

suggest that nutrient-rich water could stimulate the biofilm’s MC degradation 

efficiencies; hence R-MBfRs could efficiently remove MC from reclaimed wastewater 

for potential irrigation applications.  

 

 

 

 

 

 

 

 

 

 

Figure 40. Total MC degradation (%) in SNW and SRW by the biofilm attached to the tested 
recycled membrane with air supply. (a) Represents the first toxin exposure and (b) the second 
one. 

Faster MC degradation without a lag phase was achieved after the second toxin 

exposure in both water types (Figure 40(b)). The biofilm removed 72.95 µg·L-1 MC·h-1 
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in SRW and 62.52 µg·L-1 MC·h-1 in SNW, and consumed 100% MC concentration in 6 

and 7.5 h, respectively. As mentioned above, this MC degradation enhancement could 

be due to the metabolic adaptation of the biofilm after the first MC exposure. 

Accordingly, it could be concluded that the R-MBfR concept herein proposed could 

prove most efficient during water treatments continuously exposed to MC, even in real 

surface waters with lower nutrient loads. Nevertheless, experiments run on larger 

scales will be necessary to confirm these assumptions and to know the real potential of 

the R-MBfR concept as a sustainable cost-effective technology for removing water 

pollutants.   
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8. Chapter VIII: Conclusions 

 The compendium of studies addressed in this doctoral thesis reveals 

fundamental notions for removing MC using recycled desalination membranes in 

MBfRs. 

Our results indicate that the alternative pathway (mlr–) might be less efficient in 

degrading microcystin than the mlr+ route, regardless of the background environment. 

Addition of P, N and C sources, and previous exposure to MC, stimulate both MC 

degradation pathways (mlr+ and mlr-), while temperature does not appear to play an 

important role.  

In this way, from the tested MC-degrading bacteria, strain Sphigopyxis sp. IM-1, which 

possesses the mlr gene cluster, was the most promising bacteria for developing an 

advanced biofilm-based reactor. The high capacity of this strain to remove MC in the 

presence of other N and C sources highlights its usefulness for treating MC in waters 

with high nutrient loads.   

The discarded desalination RO membranes (BWd and SWd) proved to be appealing 

surfaces for strain IM-1. The membranes’ hydrophilicity and roughness were essential 

characteristics for initial bacterial attachment, while their previous fouling acted as a 

conditioning agent. Besides, after immobilising bacteria, the initial unispecies’ 

generated biofilm was capable of removing MC.  

The proof-of-concept performed by a laboratory-scale MBfR-simulator cell showed that 

the biofilm efficiently removed MC, and was able to eliminate 2,000-fold the guideline 

value allowed in drinking-water for MC-LR in 24 h. Consequently, as far as the 

preliminary economic assessment showed, the R-MBfR concept could be feasible and 

more competitive compared to other conventional physico-chemical treatments. 

New findings were obtained for membrane recycling when discarded membranes were 

exposed to chlorine attack. This transformation process proved beneficial for certain 

discarded membranes, as shown by the BWt-NF membrane as it removes previous 

fouling and enhances the attachment of the desired bacteria. This is most interesting 

because it renders membrane recycling completely independent of any previous fouling 

nature, which is important for establishing a hypothetical membrane recycling process 

for MBfR. 

The chlorination process of BWt-NF did not affect the MC degradation of the attached 

strain IM-1. Hence this chemical modification has no negative effect for later biological 

activity. Our results also demonstrated that the PA-TFC membranes originally 
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manufactured for desalination purposes were capable to allow gas fluxes at low 

pressures, which is an essential property of MBfRs. The most promising outcome was 

shown by the composite typology in BWt-NF as it displayed higher air permeabilities 

than other composite membranes reported in the literature, and also met the other 

properties for biofilm developments.  

Many free-living planktonic bacteria widely associated with toxic cyanobacterial 

blooms are able to grow as biofilms on BWd, SWd and BWt-NF membranes in real 

scenarios. Different biomasses and MC degradation rates were shown by the developed 

multispecies biofilm in each membrane and were lower than the unispecies MC-

degrading biofilms developed under laboratory conditions.  

Proteobacteria is the dominant phylum in the BCC of all the membranes, while a high 

diversity of bacteria could be candidates for removing MC and other undesirable 

compounds using MBfRs. The relative abundance of these MC-degrading candidates 

and the subsequent presence of their MC degradation routes (mlr+/mlr-) in each 

membrane could explain the different MC degradation efficiencies observed for BWd, 

SWd and BWt-NF. Therefore, the possible bioaugmentation with specific strains or 

more controlled conditions is required in future larger-scale reactors to improve the 

obtained results. 

This study concludes that the R-MBfR concept falls in line with oxygen-based MBfRs 

for developing MC-degrading biofilms. As far as our laboratory scale results showed, 

the air diffusion in an R-MBfR-simulator cell provides a high-performance system for 

removing MC-polluted water. For instance, R-MBfR technology could be particularly 

suitable for treating real surface water or rich-nutrient reclaimed wastewater, which 

might be potentially used for irrigation purposes.  

Finally and accordingly, the use of EoL membranes in these reactors could offer a 

sustainable solution by turning waste into a resource and by taking advantage of the 

optimal conditions offered by TFC membranes in MBfRs. Therefore, R-MBfR 

technology could be a promising option for biological auxiliary water treatment with 

different applications as a multibarrier approach. 
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