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The last decades, water, and then specifically sweet and potable water, turned to be 
one of Earths scarcest commodities, and is increasingly growing to be so. This scarcity 
is induced by different reasons such as climate and environmental change, soil 
salination, growing use and pollution of available water sources due to an increase in 
human population and consumption. 

Therefore, novel technologies need to be developed in order to slow down these 
trends. This can start with an appropriate treatment of produced urban wastewaters 
(UWWs) for its reuse as irrigation waters for crop irrigation in agriculture, and even 
for the production of potable water. 

 

Currently, multiple technologies for UWW treatment are proven to be effective when 
they are applied solely. However, most often many of these proven and researched 
technologies are not applied in real-life applications or integrated into conventional 
UWW treatment methods. Resulting that their advantages being missed out on, as 
well as potential synergetic effects when combined with other technologies. 

It is for these reasons that research into the combining and integration of these novel 
technologies is of the utmost importance. When thus applied, these combined 
technologies are also known and indicated as Advanced Integrated Technologies 
(AITs). 

 

In this PhD thesis, research work was conducted on the performance of a pilot scale 
nanofiltration (NF) plant, based on the effects of salinity on the retention of different 
ions and contaminants by a commercial spiral-wound polyamide NF membrane. This 
membrane treatment method for UWW, which is mainly based on (physical) size 
exclusion, was then followed by the application of other (chemical) treatment 
methods, in order to treat the produced concentrate and permeate streams. 

 

The degradation of microcontaminants (MCs) in UWW, or for example the 
concentrate and permeate streams produced after the application of NF membrane 
filtration, can be obtained by the application of Advanced Oxidation Processes (AOPs). 
These as the (solar) photo-Fenton process. This process makes use of the catalytic 
cycle of iron (Fe2+ and Fe3+), UV-vis light, along with an oxidizing agent, such as 
hydrogen peroxide (H2O2), or persulfate, producing the relatively slow and selective 
persulfate radicals (SO4

•) with the latter, and the highly reactive and non-selective 
hydroxyl radicals (•OH) with the former. 

One of the drawbacks of this (solar) photo-Fenton process is that it must be applied 
at acidic pH 3, in order to prevent iron precipitation. There are a variety of ways to 
prevent this, such as by applying chelating agents naming Ethylenediamine-tetra-
acetic acid (EDTA) and Ethylenediamine-N, N′-disuccinic acid (EDDS), of which EDDS is 
a biodegradable and non-toxic. 

 

A variety of target MCs were selected, based on their general presence in UWW, and 
their lack of degradation by conventional UWW treatment plants (UWWTPs). The 
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selected MCs in this research work are caffeine, which is a widely used psychoactive 
drug, imidacloprid and thiacloprid, two neonicotinoid pesticides commonly used in 
agriculture, carbamazepine, an anticonvulsant medication generally used in epilepsy 
and neuropathic pain, and diclofenac, an anti-inflammatory agent used both in 
professional healthcare and for domestic purposes. 

 

Neither increased salinity of natural water matrices with added NaCl, nor system 
pressure, showed negligible effects on the permeation order of the present ions in the 
natural water, nor the selectivity by the polyamide NF membrane during 
concentration. Whereas preconcentration is an essential step before applying AOPs 
as tertiary treatment of UWWTP effluents, as it significantly lowers the to be treated 
volume, and therefore the economic costs. 

Treating the concentrate stream from the NF by the solar photo-Fenton process 
showed to be effective for the removal of the aforementioned MCs when H2O2 was 
used as an oxidation agent. Opposite to that, the application of persulfate and its 
derived radicals showed lower degradation of the selected MC. 

Effective degradation of MCs in saline matrices at low concentrations, such as in the 
permeate streams, was also shown to be possible. 

Different concentrations and ratios of iron and EDDS, and oxidizing agent were tried 
to find the optimum technical and economic parameters. The optimum parameters 
when applying the solar photo-Fenton process for the treatment of (concentrated) 
UWWs were set to be 0.10 mM Fe:EDDS, at a ratio of [1:2], and a concentration of 
1.50 mM H2O2. Showing the highest degradation rates of the MCs, with the lowest 
residual amounts of iron and H2O2, both at pH 3 and circumneutral pH. For which a 
higher MC degradation is adhered to a directly proportional lower toxicity. 

 

Therefore, further research work in this PhD thesis covers UWWTP effluent 
valorization by the recovery of ammonium, with combined MC elimination by NF and 
different advanced AOPs, in order to produce permeate streams for direct crop 
fertilization and irrigation, also called ‘fertigation’. These AOP processes include the 
previously mentioned solar photo-Fenton, but was this time also combined with 
electrooxidation (EO) processes, such as anodic oxidation (AO), solar-assisted anodic 
oxidation (SAAO), electro-Fenton (EF), and solar photoelectro-Fenton. 

Solar photo-Fenton was most effective when treating NF concentrate streams at 
circumneutral pH, at MC concentration lower than 1 mg/L in order to obtain rapid MC 
degradation. High saline and highly concentrated NF concentrate streams are ideal to 
be treated by EO processes, as they possess high conductivity and require longer 
treatment times. Significant lower electric consumption was obtained by solar 
assistance, whereas solar-assisted electro-Fenton showed to be ineffective for UWW 
treatment due to higher consumable use, as compared to AO.  

MC retention efficiency by NF and toxicity after the AOP treatments was also assessed 
by determining the phytotoxicity of the different permeate streams when they would 
be applied as irrigation water for crop irrigation in agriculture. The results showed that 
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permeates used for the irrigation of crops such as Sorghum saccharatum, Sinapis alba, 
and Lepidium sativum lowered the germination of their seeds. In the contrary to that, 
it showed that irrigation with the produced permeates of the permeate streams 
generally promoted the root development, while the development of the shoots only 
thrived when using permeates which had concentration factors lower than 
concentration factor (CF), CF= 2. 

Continued toxicity research of the produced permeate streams by the NF pilot plant 
was performed to also determine the acute and chronic toxicity using Daphnia magna. 
These studies showed that permeates coming from the produced permeate streams 
which are to be used for crop irrigation should first be diluted with a minimum of 50%, 
in order to be suitable for direct crop irrigation in agriculture. 

 

More conducted research work included in this PhD thesis involves the assessment of 
a priorly developed photocatalytic TiO2-ZrO2 ceramic ultrafiltration (UF) membrane. 
The goal of this previous work was to develop an UF membrane that possesses 
photocatalytic self-cleaning properties when irradiated by sunlight, in order to extend 
its operation time by the prevention and reversal of fouling. 

When the novel developed ceramic UF membrane was utilized for the filtration of set 
volumes of UWWTP effluent in the dark, a decline in flux was observed over time. This 
phenomenon is something which can be assigned to the fouling of the membrane 
surface and the membrane pores of the ceramic UF membrane by substances present 
in the UWWTP effluent, such as bacteria, protozoa, and viruses as part of the 
microbiological load, as also the presence of other substances such as natural organic 
matter (NOM), and different suspended solids and colloids. 

It was shown that this decline of flux can be reversed when the ceramic UF membrane 
was irradiated by light in a solar simulator. This proves that the ceramic UF membrane 
is indeed self-cleaning and photocatalytic active. However, it was thereby found that 
the flux reversal of the photocatalytic ceramic UF membrane was not only induced by 
photocatalytic activity, but as well as by another phenomenon called photo-induced 
super-hydrophilicity.  

 

After spiking UWWTP effluent with the previously selected MCs, caffeine, 
imidacloprid, thiacloprid, carbamazepine, and diclofenac, at an initial concentration of 
100 µg/L each, the UWWTP effluent was then treated by UF membrane filtration. The 
resulting retentates and permeate streams were on their turn treated by the solar 
photo-Fenton process. The study showed that a reduction of permeate turbidity by 
the photocatalytic UF membrane significantly improved the efficiency of the solar 
photo-Fenton process, as scavenging of the •OH is reduced. 
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Finally, the microbiological retention of the UF membrane was determined by 
deploying a Gram-negative bacterial strain, Pseudomonas aeruginosa (P. Aeruginosa). 
With the study it was not only proven that the UF membrane is self-cleaning when 
irradiated by sunlight, but also that it was able to consistently retain P. Aeruginosa till 
an order of magnitude of 1 x 103-1 x 104 CFU/ml. 
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En las últimas décadas, el agua, y específicamente el agua dulce y potable, se ha 
convertido en uno de los recursos más escasos de la Tierra, e incrementándose esta 
escasez. Esta carestía es inducida por diferentes razones, como el cambio climático, la 
salinización del suelo, su uso creciente y la contaminación de las fuentes de agua 
disponibles, debido al aumento de la población humana y sus necesidades de 
consumo. 

Por lo tanto, es necesario desarrollar nuevas tecnologías para frenar esta tendencia. 
Esto puede paliarse con un tratamiento adecuado de las aguas residuales urbanas 
(ARU; inglés UWW) para su reutilización como agua de riego, e incluso para la 
producción de agua potable. 

 

Actualmente, múltiples tecnologías para el tratamiento de las ARUs han demostrado 
ser efectivas. Sin embargo, la mayoría de las veces, muchas de estas tecnologías 
avanzadas de eficiencia probada no se aplican en vida real ni se integran en los 
métodos de tratamiento convencionales de las ARUs. Como resultado, se están 
perdiendo sus ventajas, así como los posibles efectos sinérgicos cuando se combinan 
con las existentes. 

 

Es por estas razones que la investigación sobre la combinación e integración de estas 
nuevas tecnologías es de máxima importancia. Cuando se aplican de este modo, 
también se conocen como Tecnologías Integradas Avanzadas (TIA; inglés AIT). 

 

En esta tesis doctoral, se realizó un trabajo de investigación sobre el funcionamiento 
la nanofiltración (NF) a escala planta piloto, basado en los efectos de la salinidad en la 
retención de diferentes iones y contaminantes por una membrana de NF de poliamida 
comercial enrollada en espiral. Este método de tratamiento de membrana para las 
ARUs, que se basa principalmente en la exclusión por tamaño (físico), se combinó con 
otros métodos de tratamiento (químicos) en las corrientes de concentrado y 
permeado producidas. 

 

La degradación de microcontaminantes (MC) en las ARUs, o en las corrientes de 
concentrado y permeado producidas después de la NF, se puede conseguir mediante 
la aplicación de procesos de oxidación avanzada (inglés AOP), como el proceso (solar) 
foto-Fenton. Este proceso utiliza el hierro de forma catalítica (ciclo entre Fe2+ y Fe3+), 
la luz UV-vis, junto con un agente de oxidación, como el peróxido de hidrógeno (H2O2) 
o el persulfato. Se producen radicales sulfato (SO4

•), relativamente lentos y selectivos, 
con el segundo agente de oxidación, y radicales hidroxilo (•OH), altamente reactivos y 
no selectivos, con el primer agente de oxidación. 
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Una de las desventajas del proceso clásico (solar) foto-Fenton es que debe aplicarse a 
un pH cercano a pH 3, para evitar la precipitación del hierro. Hay una variedad de 
formas de prevenir esto y poder trabajar a pH circunneutro, entre ellas la aplicación 
de agentes quelantes como el ácido etilendiamino tetraacético (EDTA) y ácido 
etilendiamino-N, N'-disuccínico (EDDS), siendo el EDDS biodegradable y no tóxico. 

 

Se seleccionó una variedad de MCs objetivo, en función de su presencia general en las 
ARUs y su falta de degradación en las estaciones de depuración de aguas residuales 
(EDAR; inglés UWWTP). Los MCs seleccionados en este trabajo de investigación han 
sido la cafeína, que es un fármaco psicoactivo de amplio uso; el imidacloprid y el 
tiacloprid, dos pesticidas neonicotinoides de uso común en la agricultura; la 
carbamazepina, un medicamento anticonvulsivo generalmente utilizado en la 
epilepsia y el dolor neuropático; y el diclofenaco, un agente antiinflamatorio. 

 

Ni el aumento de la salinidad en las matrices de aguas naturales con NaCl añadido, ni 
la presión del sistema, mostraron efectos significantes sobre el orden de permeación 
de los iones presentes en el agua natural, ni la selectividad de la membrana de NF de 
poliamida. Se ha tenido en cuenta que la preconcentración del efluente es un paso 
imprescindible antes de aplicar los AOPs como tratamiento terciario de EDAR, ya que 
reduce significativamente el volumen a tratar, y por tanto los costes económicos. 

 

El tratamiento de la corriente de concentrado de NF, mediante el proceso solar foto-
Fenton, demostró ser efectivo para la eliminación de los MCs mencionados 
anteriormente cuando se utilizó H2O2 como agente de oxidación. Por el contrario, la 
aplicación de persulfato mostró una menor degradación de los MCs seleccionados. 

La degradación de los MCs a bajas concentraciones en matrices salinas, como en las 
corrientes de permeado, también se demostró posible. 

 

Se probaron diferentes concentraciones y proporciones de hierro y EDDS, y de los 
agentes de oxidación para encontrar los parámetros técnicos y económicos óptimos. 
Estos parámetros se establecieron en 0,10 mM de Fe:EDDS, en una proporción de [1:2] 
y una concentración de 1,50 mM de H2O2. Así se alcanzaron las mayores tasas de 
degradación de los MCs, con las menores cantidades residuales de hierro y H2O2 al 
final del tratamiento, tanto a pH 3 como a pH circunneutro. 

 

También se estudió la valorización de efluentes de EDAR mediante la recuperación de 
amonio, con la eliminación combinada de MCs por NF y diferentes AOPs avanzados, 
con el objetivo de producir corrientes de permeado para la fertilización e irrigación 
directa de cultivos, también llamado 'fertirrigación'. Estos procesos AOP incluyen el 
anteriormente mencionado solar foto-Fenton, pero esta vez combinado con procesos 
como electro oxidación (EO), oxidación anódica (OA), oxidación anódica asistida por 
energía solar (OAAS), electro-Fenton (EF) y solar-foto electro-Fenton. 
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El solar foto-Fenton fue más efectivo cuando se trataron corrientes de concentrado 
de NF a pH circunneutro, con una concentración de MCs inferior a 1 mg/L. Las 
corrientes de concentrado de NF altamente salino son ideales para ser tratadas 
mediante procesos de EO, ya que poseen una alta conductividad y requieren tiempos 
de tratamiento menos prolongados. Se obtuvo un consumo eléctrico 
significativamente menor cuando los procesos EO se combinaron con sol, mientras 
que EF asistido por energía solar demostró ser ineficaz para el tratamiento de las 
ARUs, con un mayor uso de reactivos, en comparación con la OA. 

 

También se evaluó la eficiencia de retención de los MCs por NF y la toxicidad después 
de los tratamientos con AOP mediante la determinación de la fitotoxicidad (con 
Sinapis alba, Sorghum saccharatum and Lepidium sativum) de las diferentes corrientes 
de permeado.  

Se realizaron pruebas de fitotoxicidad a dos diferentes relaciones de concentración de 
permeado (CF), CF = 2 y 4, para evaluar sus efectos sobre la germinación de semillas y 
el crecimiento de raíces y brotes. Los permeados redujeron ligeramente la 
germinación de S. saccharatum y S. alba. En S. saccharatum y S. alba el permeado 
CF=2 promovió el desarrollo de raíces, pero Lepidium sativum fue severamente 
afectado. La longitud de los brotes de S. saccharatum se redujo solo con CF=4. El 
crecimiento de brotes de S. alba y Lepidium sativum se redujo claramente con CF = 4. 
Por lo tanto, la aplicación directa de permeado de CF = 2 es adecuada para el riego de 
cultivos. 

 

Se llevó a cabo también una evaluación de la toxicidad de las corrientes de permeado 
producidas por la planta piloto de NF mediante la toxicidad aguda y crónica usando 
Daphnia magna. Estos estudios demostraron que los permeados provenientes de las 
corrientes de permeado deben diluirse primero al menos un 50%, para que sean 
adecuados para la irrigación en la agricultura. 

 

Otros trabajos de investigación realizados e incluidos en esta tesis doctoral implicaron 
la evaluación de una membrana de ultrafiltración (UF) basada en una cerámica foto 
catalítica de TiO2-ZrO2 desarrollada previamente. El objetivo de este trabajo fue 
desarrollar una membrana de UF que posea propiedades foto catalíticas de 
autolimpieza, cuando es irradiada por la luz solar, con el fin de extender su tiempo de 
operación, previniendo e incluso revirtiendo su ensuciamiento. 

 

Cuando se utilizó esta nueva membrana con efluentes de EDAR en la oscuridad, se 
observó una disminución en el flujo de permeado con el tiempo. Esto se puede atribuir 
al ensuciamiento de la superficie de la membrana y de los poros por sustancias y 
microorganismos presentes en el efluente de EDAR, como bacterias, protozoos y virus. 
La presencia de otras sustancias como materia orgánica natural, y diferentes sólidos 
en suspensión y coloides son también responsables del ensuciamiento. 
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Se demostró que esta disminución del flujo se puede revertir cuando la membrana se 
irradió con luz en un simulador solar. Esto prueba que la membrana de UF cerámica 
es auto limpiante y foto catalíticamente activa. Sin embargo, se encontró que la 
recuperación del flujo de la membrana no solo fue inducida por la actividad foto 
catalítica, sino también por otro fenómeno llamado ‘super-hidrofilia foto-inducida’. 

 

Después de añadir los MCs previamente seleccionados, la cafeína, el imidacloprid, el 
tiacloprid, la carbamazepina y el diclofenaco, a una concentración inicial de 100 µg/L 
cada uno al efluente de EDAR, éste se trató mediante filtración por membrana de UF. 
Los rechazos resultantes y las corrientes de permeado se trataron mediante el proceso 
solar foto-Fenton. El estudio mostró que una reducción de la turbidez del permeado 
por parte de la membrana de UF foto catalítica, mejoró significativamente la eficiencia 
del proceso solar foto-Fenton, disminuyendo el consumo de •OH. 

 

Finalmente, se determinó la retención microbiológica de la membrana de UF 
mediante una cepa bacteriana Gram negativa, Pseudomonas aeruginosa (P. 
aeruginosa). Con el estudio no solo se demostró que la membrana de UF es auto 
limpiante cuando es irradiada por la luz solar, sino que también es capaz de retener P. 
Aeruginosa de manera constante hasta un orden de magnitud de 1 x 103-1 x 104 
CFU/mL. 
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A les darreres dècades, l'aigua, i específicament l'aigua dolça i potable, s'ha convertit 

en un dels recursos més escassos de la Terra, i s'ha incrementat aquesta escassetat. 

Aquesta carestia és induïda per diferents raons, com el canvi climàtic, la salinització 

del sòl, el seu ús creixent i la contaminació de les fonts d'aigua disponibles a causa de 

l'augment de la població humana i les necessitats de consum. 

Per tant, cal desenvolupar noves tecnologies per frenar aquesta tendència. Això es pot 

pal·liar amb un tractament adequat de les aigües residuals urbanes (ARU; anglès 

UWW) per a la seva reutilització com a aigua de reg, i fins i tot per a la producció 

d'aigua potable. 

Actualment, múltiples tecnologies per al tractament de les ARU han demostrat ser 

efectives. Tot i això, la majoria de vegades moltes d'aquestes tecnologies avançades 

d'eficiència provada no s'apliquen en vida real ni s'integren en els mètodes de 

tractament convencionals de les ARUs. Com a resultat, se n'estan perdent els 

avantatges, així com els possibles efectes sinèrgics quan es combinen amb els 

existents. 

És per aquestes raons que la investigació sobre la combinació i la integració d'aquestes 

noves tecnologies és de màxima importància. Quan s'apliquen així, també es coneixen 

com a Tecnologies Integrades Avançades (TIA; anglès AIT). 

En aquesta tesi doctoral, es va realitzar un treball de recerca sobre el funcionament 

de la nanofiltració (NF) a escala planta pilot, basat en els efectes de la salinitat en la 

retenció de diferents ions i contaminants per una membrana de NF de poliamida 

comercial enrotllada en espiral. Aquest mètode de tractament de membrana per a les 

ARUs, que es basa principalment en l'exclusió per mesura (físic), es va combinar amb 

altres mètodes de tractament (químics) als corrents de concentrat i permeat produïts. 

La degradació de microcontaminants (MC) a les ARUs, o als corrents de concentrat i 

permeat produïts després de la NF, es pot aconseguir mitjançant l'aplicació de 

processos d'oxidació avançada (anglès AOP), com el procés (solar) foto-Fenton. 

Aquest procés utilitza el ferro de forma catalítica (cicle entre Fe2+ i Fe3+), la llum UV-

vis, juntament amb un agent d'oxidació, com ara el peròxid d'hidrogen (H2O2) o el 

persulfat. Es produeixen radicals sulfat (SO4
•),  relativament lents i selectius, amb el 

segon agent d'oxidació, i radicals hidroxil (•OH), altament reactius i no selectius, amb 

el primer agent d'oxidació. 

Un dels desavantatges del procés clàssic (solar) foto-Fenton és que s'ha d'aplicar a un 

pH proper a pH 3, per evitar la precipitació del ferro. Hi ha una varietat de maneres de 

prevenir això i poder treballar a pH circumneutre, entre elles l'aplicació d'agents 

quelants com l'àcid etilendiamino tetraacètic (EDTA) i àcid etilendiamino-N, N'-

disuccínic (EDDS), sent l'EDDS biodegradable i no tòxic. 

Es va seleccionar una varietat de MCs objectiu, en funció de la seva presència general 

a les ARUs i la seva manca de degradació a les estacions de depuració d'aigües 

residuals (EDAR; anglès UWWTP). Els MC seleccionats en aquest treball de recerca han 
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estat la cafeïna, que és un fàrmac psicoactiu d'ampli ús; l'imidacloprid i el tiacloprid, 

dues pesticides neonicotinoides d'ús comú a l'agricultura; la carbamazepina, un 

medicament anticonvulsiu generalment utilitzat a l'epilèpsia i el dolor neuropàtic; i el 

diclofenac, un agent antiinflamatori. 

Ni l'augment de la salinitat a les matrius d'aigües naturals amb NaCl afegit, ni la pressió 

del sistema, van mostrar efectes significants sobre l'ordre de permeació dels ions 

presents a l'aigua natural, ni la selectivitat de la membrana de NF de poliamida. S'ha 

tingut en compte que la preconcentració de l'efluent és un pas imprescindible abans 

d'aplicar els AOP com a tractament terciari d'EDAR, ja que redueix significativament el 

volum a tractar, i per tant els costos econòmics. 

El tractament del corrent de concentrat de NF, mitjançant el procés solar foto-Fenton, 

va demostrar ser efectiu per a l'eliminació dels MCs esmentats anteriorment quan es 

va utilitzar H2O2 com a agent d'oxidació. Per contra, l'aplicació de persulfat va mostrar 

una menor degradació dels MC seleccionats. 

La degradació dels MCs a baixes concentracions en matrius salines, com en els 

corrents de permeat, també es va demostrar posible. 

Es van provar diferents concentracions i proporcions de ferro i EDDS i dels agents 

d'oxidació per trobar els paràmetres tècnics i econòmics òptims. Aquests paràmetres 

es van establir en 0,10 mM de Fe:EDDS, en una proporció de [1:2] i una concentració 

de 1,50 mM de H2O2. Així es van assolir les majors taxes de degradació dels MCs, amb 

les menors quantitats residuals de ferro i H2O2 al final del tractament, tant a pH 3 com 

a pH circumneutre. 

També es va estudiar la valorització d'efluents d'EDAR mitjançant la recuperació 

d'amoni, amb l'eliminació combinada de MCs per NF i diferents AOPs avançats, amb 

l'objectiu de produir corrents de permeat per fertilització i irrigació directa de cultius, 

també anomenat 'fertirrigació'. Aquests processos AOP inclouen l'anteriorment 

esmentat solar foto-Fenton, però aquesta vegada combinat amb processos com 

electro-oxidació (EO), oxidació anòdica (OA), oxidació anòdica assistida per energia 

solar (OAAS), electro-Fenton (EF) i solar- foto electro-Fenton. 

El solar foto-Fenton va ser més efectiu quan es van tractar corrents de concentrat de 

NF a pH circumneutre, amb una concentració de MCs inferior a 1 mg/L. Els corrents 

de concentrat de NF altament salí són ideals per ser tractats mitjançant processos 

d'EO, ja que tenen una alta conductivitat i requereixen temps de tractament menys 

perllongats. Es va obtenir un consum elèctric significativament menor quan els 

processos EO es van combinar amb sol, mentre que EF assistit per energia solar va 

demostrar ser ineficaç per al tractament de les ARUs, amb un ús més gran de reactius, 

en comparació amb l'OA. 

També es va avaluar l'eficiència de retenció dels MC per NF i la toxicitat després dels 

tractaments amb AOP mitjançant la determinació de la fitotoxicitat (amb Sinapis alba, 

Sorghum saccharatum and Lepidium sativum) dels diferents corrents de permeat.  
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Es van realitzar proves de fitotoxicitat a dues diferents relacions de concentració de 

permeat (CF), CF = 2 i 4, per avaluar-ne els efectes sobre la germinació de llavors i el 

creixement d'arrels i brots. Els permeats van reduir lleugerament la germinació de S. 

saccharatum i S. alba. A S. saccharatum i S. alba el permeat CF=2 va promoure el 

desenvolupament d'arrels, però Lepidium sativum va ser severament afectat. La 

longitud dels brots de S. saccharatum es va reduir només amb CF=4. El creixement de 

brots de S. alba i Lepidium sativum es va reduir clarament amb CF=4. Per tant, 

l'aplicació directa de permeat de CF=2 és adequada per al reg de cultius. 

Es va dur a terme també una avaluació de la toxicitat dels corrents de permeat 

produïts per la planta pilot de NF mitjançant la toxicitat aguda i crònica usant Daphnia 

magna. Aquests estudis van demostrar que els permeats provinents dels corrents de 

permeat s'han de diluir primer almenys un 50%, perquè siguin adequats per a la 

irrigació a l'agricultura. 

Altres treballs de recerca realitzats i inclosos en aquesta tesi doctoral van implicar 

lavaluació duna membrana dultrafiltració (UF) basada en una ceràmica foto catalítica 

de TiO2-ZrO2 desenvolupada prèviament. L'objectiu d'aquest treball va ser 

desenvolupar una membrana d'UF que posseïsca propietats foto catalítiques 

d'autoneteja, quan és irradiada per la llum solar, per tal d'estendre el seu temps 

d'operació, prevenint i fins i tot revertint-ne l'embrutament. 

Quan es va utilitzar aquesta nova membrana amb efluents d'EDAR a la foscor, es va 

observar una disminució en el flux de permeat amb el temps. Això es pot atribuir a 

l'embrutament de la superfície de la membrana i dels porus per substàncies i 

microorganismes presents a l'efluent d'EDAR, com bacteris, protozous i virus. La 

presència d'altres substàncies com a matèria orgànica natural, i diferents sòlids en 

suspensió i col·loides són també responsables de l'embrutament. 

Es va demostrar que aquesta disminució del flux es pot revertir quan la membrana es 

va irradiar amb llum en un simulador solar. Això prova que la membrana de UF 

ceràmica és auto netejant i foto catalíticament activa. Tot i això, es va trobar que la 

recuperació del flux de la membrana no només va ser induïda per l'activitat foto 

catalítica, sinó també per un altre fenomen anomenat 'super-hidrofília foto-induïda'. 

Després d'afegir els MC prèviament seleccionats, la cafeïna, l'imidacloprid, el 

tiacloprid, la carbamazepina i el diclofenac, a una concentració inicial de 100 µg/L 

cadascun a l'efluent d'EDAR, aquest es va tractar mitjançant filtració per membrana 

d'UF. Els rebutjos resultants i els corrents de permeat es van tractar mitjançant el 

procés solar foto-Fenton. L'estudi va mostrar que una reducció de la terbolesa del 

permeat per part de la membrana d'UF foto catalítica, va millorar significativament 

l'eficiència del procés solar foto-Fenton, disminuint el consum d'•OH. 
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Finalment, es va determinar la retenció microbiològica de la membrana d'UF 

mitjançant un cep bacterià Gram negatiu, Pseudomones aeruginosa (P. aeruginosa). 

Amb l'estudi no només es va demostrar que la membrana d'UF és auto netejant quan 

és irradiada per la llum solar, sinó que també és capaç de retenir P. Aeruginosa de 

manera constant fins a un ordre de magnitud de 1 x 103-1 x 104 CFU /mL. 
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1. The Necessity for Water 

The demand for water is growing every day to astonishing heights. In the first place, it 
is directly consumed by humans and all other organisms on Earth, as it is the first life 
necessity. Thereby, water is used for hygienic purposes, from bathing to washing 
dishes and clothes, and it is for these reasons that most of life on Earth can be found 
in and around it many forms. Second to that, water is used for a range of recreative 
purposes, thinking about boating and other sports, swimming pools, up to whole 
theme parks. And third, it is used by humans for economic purposes, from irrigation 
in agriculture, shipping in transport, to the most basic and advanced industrial 
processes. [1–3] As only three percent of Earths water supply is sweet, this demand is 
not only growing locally, but also on a global level. This, especially on a local level, 
brings a lot of problems and conflicts to human life, resulting in an unfair distribution 
of the available supply, and related wealth. More and more areas are prone to soil 
desertification, salination and pollution, due to extensive agricultural and mining use, 
especially in lower developed countries, often countries with colonial pasts. The 
products produced in these areas are thereby oftentimes directly exported to richer 
countries. [2,4,5]  

 

Other than the unfair distribution of wealth, also climate change is subject to the 
constant growing demand for water. A growing number of heatwaves are registered, 
that are not only more severe, but also registered earlier or later than their normal 
time of the year. Resulting in extreme droughts, forest fires, extreme winds that dry 
out the soil even more and spread wildfires, in oxygen free ‘dead-zones’ in seas and 
oceans, and in the creation of similar areas on earth with 100% humidity and 
temperatures above 40 oC, making biological cooling mechanisms, such as sweating, 
impossible. [6–8]  

Opposite to that, shifting high and low atmospheric pressures, changes in hot and cold 
water and air streams, result in the sudden accumulation of atmospheric energy, 
water and cloud formations that burst out in destructive thunderstorms and local 
spring floods. Destroying age old vegetation and flooding and destroying urban areas, 
leaving behind a polluted sludge in the affected areas, as well as in other areas such 
as valleys, down-river flood plains, and river deltas. Threatening valuable agricultural 
lands and natural reserves. [6,9]  

 

Many of the regions on Earth affected the most by these threats, are often lacking 
regulation and legislation to prevent and protect the hardship coming with it. 
Unfortunately, also in the more developed countries a lack of legislation can be found 
in topics regarding to water. Resulting in the irresponsible use of the still available 
water resources, as well as pollution of rivers, lakes, seas, and oceans, with a wide 
spectrum of unpunished abuse. [10,11]  

The main global organization looking to discuss and implement regulation regarding 
global, regional, and local water management is the United Nations (UN). They 
recognized the access to water and sanitation to be a human right, using five 
definitions: Sufficient, Safe, Acceptable, Physically accessible, and Affordable. It 
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thereby aims to develop and implement several  different sustainable technical 
methodologies and nature-based solutions for the management and protection of 
water sources, and the general validation of the value of water. [12–14]  

 

Looking at a regional level, such as the European continent, the European Union (EU) 
aims to take and direct responsibilities regarding the management and protection of 
water sources and bodies. [15,16] The countries belonging to this union hosts around 
450 million inhabitants and is one of the most densely populated and developed areas 
on Earth. The climate properties of this continent are diverse, ranging from a polar 
climate in the north, home to numerous petrochemical-, fishing, steel, and wood 
processing industries. The more moderate sea and continental climates in its center, 
home to some of the world’s most industrialized areas for chemical production and 
the manufacturing of cars, machinery, and many other consumer products. As well as 
highly intensive agricultural activities, such as greenhouses and the dairy and meat 
industries. [17,18] The EU countries with a Mediterranean climate in the south, are 
keeping a high dependance on the agricultural industry to provide for the rest of the 
continent and beyond, on the fertile but semi-arid terrains, result in extremely high 
water pressures. [19,20] It is for these reasons that the EU in general, consumes one 
of the highest quantities of water per person in the world. 

 

To ensure the supply of food and water within the EU, its central and local 
governments tend to enforce a variety of policies regarding water, such as the EU 
Council Directive 2000/60/EC of the European Parliament and of the Council. By the 
establishment of a framework for the Community action in the field of water policy, 
the Water Framework Directive, it makes it member states commit to the 
achievement of good qualitative and quantitative status of all of their water bodies. 
Moreover, and even more important, it declares that water is not a commercial 
product like any other but, rather, a heritage which must be protected, defended and 
treated as such. [21]  

 

Also, the promotion and funding of research performed by the scientific community is 
part of this intent, looking e.g., at the Horizon 2020 and Horizon 2030 projects. The 
scientific community is entrusted to solve a part of the problems with water and 
environment related subjects, and more and more scientific focus is therefore 
directed to the production of food and the directly and indirectly related water topics. 
All to ensure a constant and reliable supply of good quality water now and for future 
generations, while promoting the synergy between the scientific community and 
industry at an international level, while keeping gender equality and an open access 
approach of results. [22,23]   

 

The quality of water can be determined in many different ways, depending on the 
point in the water cycle. For example, at its primary source, being it a glacier, aquifer, 
river, lake or groundwater, the quality of water can be measured by the 
physicochemical parameters of the water. This is however as complex as the infinite 
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high number of water sources, and the exact point and time of the initial sample taken. 
The most reliable and utilized determination is a standardization of the water quality 
and the quantities of the compounds in it, based on its final application, such as 
drinking water and irrigation water. This standardization can be implemented as 
legislation at, for example, a national level, and be streamlined between nations that 
share the same river, lake or sea, throughout regional governments such as the EU. 
[24], potentially decreasing the chance of conflict between these countries and 
guaranteeing a more effective environmental policy. A quantification for the quality 
of water based on the physical characteristics can mainly be determined by the 
temperature, pH value, hardness, turbidity, total dissolved solids, and total suspended 
solids (TSS). The chemical characteristics are mainly determined by the chemical 
oxygen demand (COD), biological oxygen demand over five days (BOD5), total nitrogen 
(TN), nitrates, phosphorus, chloride, and sulfur, as well as the toxicity of the 
wastewater and pathogens present. [25] 

 

As much as water is the first life necessity for humans and all other organisms on Earth, 
electricity, or energy in general, is the first life necessity for nowadays human society. 
Fossil fuels as a source for this energy is ever more accelerating the negative effects 
of its consumption on climate change, calling for a rapid change and implementation 
of sustainable energy sources. Most sustainable technologies, as well as some for the 
transport, heating, and other treatments of water, are based on the utilization of 
climate-depending sources, e.g., wind and tidal energy, biomass reactors and 
generators, and solar irradiation. As mentioned before, the climate within the EU and 
of course the rest of the world knows great variation. Therefore, the connection 
between water and energy demands it recognition. This can be found in the form of 
the ‘Water-Energy Nexus’. [26,27]  

Water, is used now for centuries in its gaseous phase to transfer thermal energy into 
mechanical and/or electrical energy in steam engines and turbines, plans for 
sustainable transport options aim to use hydrogen gas, produced from water from 
sustainable sources or as a rest of chemical processes, turned back into water after 
energy extraction in the fuel cell, and recently, the application of (sustainably 
produced) electricity for the treatment of polluted water. [28] Not only hydrogen, but 
also biogases such as methane can be utilized in this nexus, with potential 
(decentralized) applications at a local scale, or in otherwise desolated areas lacking 
the infrastructure. [29]  

 

This all shows the great importance of the development, combination, and integration 
of novel and existing technologies, for the creation of sustainable circular economies. 
To increase the efficiency of water and energy use, in every process of modern society, 
in an intend to preserve and provide for human and organic life on Earth. 

  



I. Introduction 
 

6 
 

2.1. Wastewaters 

Urban wastewaters 

There are a variety of classes of wastewaters of which urban wastewater (UWW) is 
one. Coming from urban areas, they mainly come from direct domestic water use, 
rainwater and water runoffs, agricultural water-use and as a rest product, as well as 
from some small/simple industrial processes. As also described in the EU Council 
Directive for UWW, 91/271/EEC, differentiating domestic wastewaters as wastewater 
from residential settlements and services which originates predominantly from the 
human metabolism and from household activities. [30] 

 

UWWs are treated in urban wastewater treatment plants (UWWTP). The different 
processes in the UWWTPs start with the mechanical separation of the big solids, 
ranging from sand, stones, wood,  materials for cosmetic and hygienic use such as 
cleaning wipes, up to car tires, from the liquid bulk. Followed by the removal of fats 
and greases, and an aeration step as a preparation for biological treatments for the 
removal of different organic chemical compounds. If the then so-called secondary 
effluent still contains persistent pollutants, tertiary treatments, such as ozonation, UV 
irradiation and filtration over activated carbon and membranes, can be applied to 
further treat and purify the water, including disinfection for irrigation purposes. [31]  

 

The size of UWWTPs and their specific treatment steps are determined by the size of 
the populations connected to them, the presence of hospitals, industrial areas, and 
agricultural zones. Apart from these dimensions, the UWWTP influent may thereby 
vary based on different seasonal and weather conditions, as rain may dilute the 
influent for short or temporal periods and tourism can significantly increase the 
population size for short periods, contributing to the level of organics present in the 
wastewater. In general, or based on the size of the UWWTP, analytics to monitor the 
different steps of the treatment process and the intermediate and final quality of the 
wastewater are performed on a weekly basis. The main indicators are the COD ranging 
between 250 and 1500 mg/L, BOD5 ranging between 50 and 750 mg/L, TN ranging 
between 10 and 150 mg/L, ammonia ranging between 4 and 80 mg/L, phosphorous 
ranging between 0.5 and 25 mg/L, and finally, the TSS ranging between 100 and 750 
mg/L, of which volatile solids ranging between 150 and 500 mg/L. [32–35]  

 

The efforts in the EU to apply wastewater treatment before its discharge have 
significantly increased over the past decades. When looking at the most recent 
member states of the EU, mainly former Soviet countries in Eastern Europe and the 
Balkans, comparisons are made between 1990, just before the fall of the USSR, and 
2014, when most of these countries joined the EU. [36]  

Especially in the last years the EU made its final efforts by warning through 
infringements, and later fining the countries not complying to the implementation of 
more wastewater treatment for UWW. [37] However, the political means of 
sanctioning already economically vulnerable countries, such as Greece and different 
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other (South-)Eastern European countries, may not always be the solution. When also 
looking at geographical and other practical aspects, a more technical and 
decentralized approach should be taken in the construction of wastewater treatment 
infrastructure. Something opposite to the maintenance and improvement of highly 
developed inland areas regarding the UWW treatment infrastructure. [38]  

 

Industrial wastewaters 

Wastewaters coming from a variety of industries offer both great challenges and 
potential. It is in the same EU Council Directive, 91/271/EEC, the EU describes their 
definition for industrial wastewater: any wastewater which is discharged from 
premises used for carrying on any trade or industry, other than domestic wastewater 
and run-off rainwater. [30] Characterized by the significant volumes of process waters, 
often with high loads of COD, pigments, and/or pollutants ranging from slightly 
environmentally disturbing to extremely persistent and dangerous to all life on Earth. 
It is the chemical industry that is responsible for the highest production percentage of 
these pollutants, often not produced for itself, but for other industries. This is 
significantly extending its range of pollution, especially considering that efficient 
treatment methods are often failing, or are simply not applied. The further from the 
initial production process, the more often this is the case, as initial concentrations are 
ever further diluted. This failure on its turn, demands complicated clean-up operations 
after longer times, ranging from years to possibly centuries, when ‘forgotten’ polluted 
areas are then needed for the expansion of urban areas, or traces of pollutants are 
found back in drinking water. Oppositely to this problem, the immediate treatment of 
industrial wastewaters at their source offers great potential, by the recovery and 
elimination of chemicals from wastewater. [39,40] 

 

Agricultural and aquaculture industries 

One category of industrial wastewater comes from the agricultural industry, which 
ranges from everything between greenhouses and (urban) mushroom farms, to field 
crop and livestock meat and dairy farms. Their wastewaters are often characterized 
by the presence of high concentrations of ammonia and phosphates, a wide variety of 
pesticides, natural and artificial fertilizers, petrochemical products and a high 
(micro)biological load. [15,41] As much as these wastewaters can be a danger for the 
surrounding environment, they offer great opportunities for the application of 
technologies that enable the direct reuse of them. [42]  

 

Aquaculture is the intensive breeding and growing of fish and other water animals and 
their wastewaters are often characterized by high COD values from feeding and 
excretion, contain high concentrations of medicine and pesticides, and when applied 
in open waters, are responsible for the excessive consumption of the naturally present 
smaller organisms, endangering the food supply of the naturally present sea life. The 
outbreak of deceases within this type of industry is despite their high (preventive) 
medicine use common, which brings more endangerment to the naturally present 
aqueous life, as well as species higher in the food chain. Recently, the introduction of 
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land-grown feed is also bringing disturbance in the biological balance of the areas in 
which aquaculture is practiced. Wastewater treatment in this industry is therefore of 
great importance to prevent these problems in the near and far future. [43,44]  

 

Chemical industry 

Wastewaters coming from the chemical industry are most often contaminated with 
high concentrations of contaminants. The chemicals are most often produced for 
other industries, thinking about softeners, fire retardants, and solvents for the 
polymer industry, heavy metals, anti-corrosion agents and high alkaline wastewaters 
for the metal industry, pigments and dyes for the textile and fiber industries, 
fertilizers, and pesticides for the agricultural industries, as well as the pharmaceutical 
and personal care industries. Their wastewaters are characterized by the presence of 
very artificial and persistent chemicals and their by-products and metabolites, 
moderate to extreme low and high pH values. [45–49]  

 

Food and beverage industry 

The agricultural product processing industry, thinking about the processing of 
sugarcane, potato and other root vegetables, the wine and beer producing industries, 
coffee, olive, and other vegetable oil industries, are all examples of food and beverage 
industries producing industrial wastewaters. Although the main priority is the 
processing of the actual agricultural product, the rest streams as also the wastewaters 
show great potential for the recovery of many valuable nutrients, which can be used 
for other products, or for example reused as fertilizer in the agricultural industry. Their 
wastewaters are mainly characterized by high COD (300-135,000 mg/L), high lipid and 
saline content and the presence of colorants and aromatic compounds. [50–54]  

 

Landfill leachates 

Basically, all the products mentioned in this chapter end up at the end of their lives in 
one of the following places, the atmosphere, or the landfill. Only a small percentage 
of all products produced in the world are being recycled or reused, all others are being 
dumped in landfills. The landfills are then becoming an infinite graveyard and mixing 
pot for all these products combined, creating gases leaking into the atmosphere, and 
after rains and floods from nearby surface waters, leachates. These leachates are a 
mix of highly complex and toxic chemical mixtures and heavy metals, almost always 
leaking into the soil without any regard or treatment. One of the most dangerous 
results is then not only the pollution of soil of the nearby area, but the transport by 
water sources to areas more distant to it. Their remediation is therefore a complicated 
and costly one. [55–57]   

 

Metal industry 

The metal industry starting with mining for its resources use and pollute huge amounts 
of water as well. Many environmental accidents and disasters occur during the mining, 
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quantities of alkaline, heavily polluted process waters leaking in to drinking water 
sources and rivers, killing all organisms and endangering water supplies. Process 
waters are mainly produced by the drilling, washing, sieving, and transporting of the 
raw products and ores. Thereby, especially so-called pit mines, destroy large parts of 
landscapes and so, natural habitats to flora and fauna, leaving deep empty spaces 
open to be filled with water, vulnerable to leaking into nearby water supplies. [58–60]  

From an ethical point of view, many minorities lose their lands as well to governments 
and multinationals, by punishment of disownment, expulsion, or worse. [61,62]  

The refinement process is furthermore energy extensive, using high quantities of 
water for e.g., cooling purposes, resulting in the leakage of the actual metals and the 
many by-products. This is not the last step for it to happen, as till the very last steps 
from the production of raw metal products, and the final product manufacturing and 
finishing, many pollutants end up as industrial wastewater by means of drilling oils, 
milling coolants, the painting and plating process, as well as the recycling of metals. 
[63–65]  

 

Textile industry 

Also the textile industry is an industry responsible for a high water pressure, the cotton 
production being one of the most water intensive agricultural processes, this 
continues with the dying and washing of fabrics, as well as the final product, clothes. 
[66] The industry is thereby highly susceptible to fashion, a definition that recently 
transformed to ‘fast fashion’ significantly shortening the lifetime of the products in 
this industry. Many of these clothing and textile products are exported to and ending 
up at economic weaker regions and countries without reaching their end of life state, 
or without even been used. Although efforts for the implementation of the circular 
economy principle are being made, many of these products finally end up in landfills, 
without proper processing. [67] Wastewaters from this industry are characterized by 
the presence of high pigment and chemical load, for e.g., bleaching and coloring, and 
it is estimated that the industry is good for 54% of the produced dye effluents in the 
World. Only 88% of this number is discharged in aquatic resources in an appropriate 
way. Further pollution from this industry can be found in the presence of fibers and 
microplastics coming from the laundry washing processes. [68–70]  

 

Paper and pulp industries 

Other water intensive industries are the paper and pulp industries. These industries 
consume huge amounts of water, starting already with their agricultural resources, 
the wood farming for the necessary pulp and fibers. Followed by the process waters, 
to produce the actual fibers and pulp from the bulk resources, necessary for the many 
applications, the many kinds of paper industrial wastewaters coming from these 
industries often contains a high variety of chemicals necessary for their process and 
finishing steps, think about lignin, resin, and tannin from wood extracts, but also dyes 
and heavy metals for coloring and printing. The industry is good for around 10% of 
produced dye effluents in the World. [68,71,72] A high microbial load is also a specific 
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problem due to the wet, warm, and nutrient-rich environments in the paper and pulp 
industries. [73]  

 

Pharmaceutical and personal care products industry  

Most wastewaters coming from the pharmaceutical industry contain large amounts of 
their production ingredients, as well as the actual drugs. Their discharge and presence 
in nature can result in a variety of problems such as bioaccumulation, birth and grow 
defects, and medicine resistance. [74]  

The personal care products industry produces a great variety of contaminants in 
water, from sodium in detergents and shampoos, to microplastics and fibers, synthetic 
colorants, aromas and perfumes, polymers, wetting agents, synthetic and natural oils, 
and a wide variety of salts. Their consumption in the EU and is expected to grow 
annually with around 6% between 2020 and 2027. [75] It has thereby been registered 
that their use has significantly increased since the start of the Covid-19 pandemic. [76] 

 

Petrochemical and transport industries 

The production of petroleum products by ‘onshore’ and ‘offshore’ means, consumes 
high amounts of water as well. This mainly comes from the ‘produced water’ (PW), 
water that comes up from the reservoir or well, together with the oil and gas that are 
produced. The total volume of PW differs per case but can account for up to 10-20 
times of the produced oil volume. Recently, it started to be common practice to 
reinject the PW back into the well, when possible. This, as a way to reuse it in the 
general oil and gas extraction operations. [77,78] Due to the constant threat of 
leakages from the oil, gas, and PW, which contain high concentrations of highly toxic 
and hazardous pollutants, that form significant danger to aquatic life, and the 
environment in general, the handling and discharge of PW created a public concern. 
Likewise for a relatively new process for the extraction of petrochemical products 
from soil, called ‘fracking’. Over 1000 chemicals are currently being identified by the 
Environmental Protection Agency (EPA), with 27 chemicals being carcinogenic, or 
identified as hazardous pollutants impacting drinking water. Continuous efforts are 
made to fortify the regulations for the extensive treatments of these PWs, whose 
annual treatment and disposal costs for the industry reach now over 40 billion Euros. 
[79]  

The main characteristics of these PWs are the presence of dissolved and dispersed oil 
compounds, dissolved formation of minerals, production chemicals, such as biocides, 
surfactants and corrosion inhibitors, production solids, such as formation solids, 
corrosion and scale products, bacteria, waxes and asphaltenes, as well as dissolved 
gases. [80,81]  

 

Later, for the transport of oil and gas, and the transport of almost all other export 
products from all over the world, ships produce on their turn also polluted cooling 
water from the engine room, ballast waters when loading and unloading, as well as 
waters coming from the cargo holds. Ballast waters especially show biological danger 



I. Introduction 

11 
 

in this form of wastewater, as they can be discharged in different regions of the world. 
Other common practice is the dumping of all kinds of ‘domestic’ and ‘industrial’ waste 
from daily life and maintenance on ships during their long journeys in international 
waters, to prevent costs for the proper waste disposal when at the harbor. 
Fortunately, naval transport companies are more and more forced to treat their 
wastewaters before discharge, for which companies are developing ever more 
compact and efficient modular designs. [82–84]  

 

These goods are then further transported inland by trucks, mainly powered by diesel 
oil, a transport mean relatively quick, as demanded more and more by shortening 
supply chains, but energy inefficient as compared by train or smaller ships. These 
trucks are thereby often leaking cooling liquids, oil, and grease along their way, 
produce dangerous exhaust fumes, and fine dust particles coming from their tires and 
other moving parts, polluting the air and water via clouds and rain. [85]  

 

Recycling industry 

At first instance, the recycling of rest materials, end-of-life products, and waste 
streams seems an environmentally friendly choice. However, many of these products, 
e.g., looking at metal and plastics recycling, are stored for longer time on plots of land 
till logistic and market prices are profitable for further processing. Furthermore, the 
recycling of paper waste is often paired with heavy metals and cancerogenic 
compounds from ink, whereas the stream for ‘green’ or biological waste, containing 
fruit, vegetable and garden material can contain plastics from tea bags and coffee 
pads, pesticides from e.g., banana and citrus peels, and non-recyclable plastic bags 
used for the initial collection in the kitchen container. [86]  

Specifically, the recycling of post-consumer plastics waste knows great bias. 
Depending on the legislation of the countries in the EU, producers of consumer 
plastics are obliged to ‘take back’ their products post-consumer use. This already 
shows complication and confusion at the collection of the nowadays famous yellow 
bags and containers. Collectors are instructed to take-out and leave behind all other 
products other than packaging products, as well as different kinds of plastics and 
product morphologies. Latter contributing the most to the bias, the consumer is 
oftentimes not aware of the existence of different kind of plastics and polymers, their 
several additives and material properties, as well as the challenges that come with 
these differences during the recycle process and polymer recyclate use. [87]  

The separation and recycling processes for this post-consumer plastics are therefore 
extremely complicated processes, as conventional separation techniques are mainly 
based on optics and light diffraction, specific density, and morphology. The former 
conventional separation technique is especially hard to apply when the cultural and 
fashion tendencies direct to the preference of food consumption with black colored 
plastic disposables. During its separation processes, the products need washing, 
wetting, heating, and pH correction of process waters. All contributing to the necessity 
of water and its treatment, as well of the removal of the chemical products added 
during the treatment. Glues used for labelling on plastic bottles severely damages the 
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polymer chain cohesion in the recyclate, something which can be easily prevented by 
gluing on the label itself, label shrinking, or even better, the lack of labelling as such. 
[88]  

Due to severe lack of legislation, thought of design, and civil knowledge and obedience 
in the packaging and recycling cycles, both polymeric and metallic material streams 
know a leaching similar to the ones at landfills when recycled or abandoned in nature, 
often not considered when being bought in stores, or even worse, promoted as 
‘greener’, or ‘good enough’ than the use of virgin material, the choice for other 
(natural) materials, such as heavier glass, and the use of ‘bio’ plastics, something 
which only contributes to the incompatibility of the plastic recyclate pool, and its 
reuse. [89]  

 

2.2. Modern concepts related with water and circular economy 

One of the main solutions to lower the water stress, is to reuse the earlier mentioned 
wastewaters. Herefore it is necessary to (pre)treat the water for further use. One of 
the main reasons for this necessity is the presence of a variety of pollutions in the 
wastewaters. [90] These can be present at high concentrations, such as in industrial 
wastewaters, as also in very low concentration, such as domestic wastewaters, even 
after the conventional wastewater treatment methods. When so, a term used for 
these persistent contaminants is ‘Contaminants of Emerging Concern’ (CECs). [91] An 
advantage of this necessity for (pre)treatment is the possibility of the integration of 
an additional, or parallel, treatment step for the recovery of valuable nutrients from 
these wastewaters. [92,93] A challenge to this solution is the overall readiness of the 
existing UWWTPs to deliver waters conforming the developing regulations for the 
minimum quality requirements. [94,95]  

 

Contaminants of Emerging Concern 

The term of CECs is given to unregulated microcontaminants (MCs) that are present 
in water in the range of ng/L to µg/L. Although still designated as ‘emerging’ their 
presence is known now for longer periods of time. They originate from the previously 
described UWWs, and their danger lies in acute and chronic toxicity, bioaccumulation, 
endocrine disruption and irreversible soil pollution and saturation. [96–98]  

Although UWWs are being treated in UWWTPs, a high percentage of these MCs is still 
passing the conventional primary and secondary wastewater treatments methods, 
demanding the integration of more advanced tertiary treatments. Something that is 
not self-evident, as many of these methods are still in development, and their actual 
application stays behind. [99,100] 

Also the lack of legislation for MC treatment is of great concern to many parties, 
though only one country till today, Switzerland, regulates that 80% of MCs present in 
urban wastewater treatment plant effluent are to be eliminated. [101] As for now, the 
most commonly practiced tertiary treatment methods for MCs in UWWTP effluents 
are ozonation, UV light irradiation, filtering over activated carbon, or a combination 
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thereof. Further promising treatment methods can be found in the application of 
‘Advanced Oxidation Processes’ (AOPs). [102,103]  

 

Recovery of valuable nutrients 

Recently, interest in the recovery of valuable nutrients from wastewater streams 
surged. The term ‘fertigation’ (the combination of the words ‘fertilization’ and 
‘irrigation’) emerged to describe irrigation water containing nitrogen compounds such 
as ammonium, as well as phosphorous compounds such as phosphates, different 
potassium, calcium, and magnesium compounds. Many of these valuable nutrients 
can be produced from urine rich wastewaters, but efficient systems and logistics for 
this production are still missing, or at best at very early state. [104,105] One of the 
main reasons to produce these nutrients by removing them from the wastewater 
streams is to decrease the production necessity from other artificial sources. These 
minerals are often only found in a few deposits around the world, bringing conflicts, 
unfair exploitation, and severe damage to natural habitats and the environment in 
general. [104] A part of these valuable resources can also be produced in a less 
centralized way, using chemical processes. However, these chemical processes for the 
production of the valuable nutrients consume huge amounts of energy, which 
significantly contribute to the emission of greenhouse gases, indirectly contributing to 
the aforementioned problems. Finding ways for the removal of valuable nutrients 
from wastewater streams, greatly improves the further decentralization of their 
production, and thereby prevents further problems in the natural surroundings when 
discharged. [7,106] A large variety of methods can be employed for the recovery of 
the valuable nutrients from  UWW and waste streams coming from the UWW 
treatment processes, ranging from minerals to fatty acids, thinking about biological 
methods by employing microorganisms such as bacteria and algae, and 
physicochemical ways when employing treatments with membranes. [107–110] 
Although each of these methods have their advantages, they most certainly also bring 
their challenges.  

 

2.  Advanced oxidation processes 

2.1. Photooxidation processes 

Among the variety of AOPs there is the group of photooxidation processes with photo 
catalysis as the main mechanism. The photo-Fenton process is one of the main 
examples. In this photo catalytic process, the production of hydroxyl radicals (•OH) is 
based on a catalytic cycle of iron (Fe3+ and Fe2+). The iron complexes during the 
different stages of the catalytic cycle have the further advantage of being able to 
absorb light, something which further increases •OH production. The •OH production 
cycle is also promoted by hydrogen peroxide and irradiation by UV-vis light and needs 
only simple chemicals. To make this process renewable, solar radiation can be applied 
to power the solar photo-Fenton (SPF) process using different types of reactors such 
as compound parabolic reactors (CPC) or open raceway reactors. [111] 
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Despite its many advantages, there are also several risks that come with the operation 
of the photo-Fenton process. These risks can be observed in the handling, the 
transportation, and the storing of the different reagents, as well as the necessity for 
further processing of the produced polluted iron sludge. This form of secondary 
pollution can rapidly account for 35 – 50% of the total operational costs. Further 
challenges can also be found in the dosing of the reagent, H2O2, and the iron, as well 
as their exact application ratios. These ratios have to be determined empirically and 
differ to specific MCs, operational parameters, as also the properties of the to be 
treated matrices. Imbalance in these ratios can result in radical scavenging, 
recombination of •OH, or other products of the catalytic cycle, and increased COD 
levels. [112]  

 

Another important disadvantage is that the classical photo-Fenton process must be 
applied at pH 3, in order to prevent the iron from precipitating. There are several 
solutions to this problem, such as the application of iron oxides, iron immobilization 
on solid surfaces, iron chelation, or completely replacing the iron with other metal 
species. One specific solution to the problem of pH induced iron precipitation used in 
wastewater treatment is to apply iron complexing agents, to maintain the iron in 
solution at higher pHs. Examples of these iron complexing agents are citric acid, oxalic 
acid, and nitrilotriacetic acid (NTA). The use of these agents have the further 
advantage that they have a wider UV-vis wavelength range as compared to other Fe3+- 
water complexes, something which promotes the reduction of ferric to ferrous ions, 
which results in higher regeneration of •OH. The agents also promote the activation 
of H2O2 and the generation of •OH, while improving the dissolution of iron at 
circumneutral pH. [113,114]  

 

Ethylenediamine tetra acetic acid (EDTA) is also such a complexing agent, and in the 
particular case for photo-Fenton in wastewater treatment, a commonly used one. A 
significant drawback for this chemical is that it is not biodegradable, and nowadays 
even classified as a persistent pollutant. [114,115]  

Another well proven complexing agent of iron for photo-Fenton is Ethylenediamine-
N, N’-disuccinic acid (EDDS), being effective at circumneutral pH, till even pH 9. It is 
thereby biodegradable and non-toxic, making it an environmentally friendly 
substance. Nowadays, it is even synthesized by biological methods, through 
fermentation and enzymatic synthesis. [116–118]  

 

2.2. Electrochemical oxidation processes 

A variety of electrochemical oxidation (EO) processes are applied in wastewater 
treatment, as they prove to be more efficient for the degradation of contaminants, 
produce less rest products, and consume less, as compared to chemical and other 
conventional treatment methods.  
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These methods can be applied solely or combined with the photooxidation processes. 
One of the most interesting characteristics of these processes is that it not only 
generates •OH, but many different oxidizing species on the anode surface, such as ClO- 
and SO4

-•, depending on the ionic composition and concentration of the matrix during 
the treatment. In certain cases, the electro cell contains a cathode, which surface 
produces H2O2, that when iron is added, further contributes to the Fenton process. 
The EO processes are, other than the photooxidation processes, thereby less sensitive 
to radical scavenging by e.g. bicarbonates. [119]  

 

Different EO processes are anodic oxidation, electro-Fenton (EF), and when applied 
with photooxidation processes, such as with solar irradiation of the matrix, also solar 
assisted anodic oxidation (SAAO) and solar photo electro-Fenton (SPEF). Looking at its 
principles, EO processes show to be especially efficient when treating high saline 
effluents, as the high concentration of ions in the matrix facilitate an electron flow 
from the anode to the cathode as a result of the reduction of ohmic resistance, which 
lowers the required energy for the elimination of MCs. [120] The application of solar 
irradiation has proven to significantly lower the electrical consumption of 
beforementioned EO processes and reduces thereby less residual free available 
chlorine and chlorates, and by helping to remove otherwise persistent photoactive 
intermediates. [121]  

 

2.2.1.  The anodic oxidation process 

Anodic oxidation (AO) is the application of EO processes using an anode. A current is 
applied, and an electron transfer occurs, resulting in the degradation of the 
contaminant in CO2 and H2O. The electrodes anodic activity is depending on the 
overpotential for oxygen evolution. This is the case with e.g. Pt and boron doped 
diamond (BDD) electrodes. Recently, the application of BDD anodes showed to be 
specifically efficient for the application of EO, as •OH production for the contaminant’s 
oxidation can take place on its surface, at significantly higher current densities, at 
minimal oxygen evolution side reaction. There are two MC degradation mechanisms 
when using AO, direct oxidation, and indirect oxidation. [120,122]  

 

The direct oxidation process on the surface of the anode 

During EO the adsorption of MCs on the surface of the anode results in their 
degradation. This goes through an electron transfer from the molecule of the MCs to 
the anode, without need for an intermediate. The degradation efficiency is relatively 
low, as the total volume that is in direct contact with the anode surface, is only a 
fraction. Further limiting factors of this mechanism is related to the electrocatalytic 
activity of the anode, which is related to the applied electrical potential, which is most 
of the time also relatively low during the application of EO. [123]  
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The indirect oxidation process through oxidants created at the anode surface 

Apart from the EO on the anode surface, there is the formation of oxidant species 
electrogenerated from precursor compounds. In this way, the degeneration of MCs 
does not occur directly on the surface, but in the matrix itself. The oxidant species 
have their origin in two sources, either through the •OH cycle of the Fenton process, 
or through the formation of  

Chlorine, hypochlorous acid and hypochlorite, Reaction I.1 – I.3. [119]  

 

2Cl− → Cl2 + 2e−     Reaction I.1 

 

Cl2 + H2O → HOCl + H+ +  Cl−   Reaction I.2 

 

HOCl → H+ + OCl−    Reaction I.3 

 

Wherefor at alkaline pH, hypochlorite is the dominant specie, and at acidic pH 
hypochlorous acid is the dominant species. [124] 

 

2.2.2.  The electro-Fenton and (solar) photoelectro-Fenton processes 

EF follows the same catalytic cycle as with the classic photo-Fenton process. Other 
than with the classical photo-Fenton process where the iron and H2O2 reagents are 
consumed for the formation of •OH, and so demanding a constant reagent dosage 
with a constant formation of Fe3+ sludge, both reagents can be (re)generated by 
electroreduction, Reaction I.4 and I.5. Making the classical photo-Fenton reaction 
unfavorable, as the Fe3+ sludge needs to be removed and treated after the application 
of the Fenton process, while its composition is thereby depending on the pH of the 
matrix. [125,126]  

 

H2O2  +  𝐹𝑒2+ → Fe3+ + OH− + 𝐻𝑂•  Reaction I.4 

 

𝐹𝑒3+ + 𝑒− → 𝐹𝑒2+    Reaction I.5 

 

The EF process is ideal for highly saline matrices, which are greatly promoting the 
conductivity, and that may contain high concentrations of contaminants as well, as 
their specific EO necessities can be easily controlled by changing the applied current, 
or the applied potential. Making the overall system for EF easy to automate and 
monitor. 
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When the consumed iron in this process is regenerated by a UV irradiation source, 
such as a UV lamp or the Sun, it is called photoelectro-Fenton (PEF) and SPEF, 
respectively. A further advantage when a cathode is applied during these processes, 
is the production of H2O2, through the reduction of O2 gas. The (re)generation of these 
consumables save on process costs and it thereby avoids risks during transport, 
storage, and dosage. Reaction I.6 and I.7. [127]  

 

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2    Reaction I.6 

 

[𝐹𝑒(𝑂𝐻)]2+ + ℎ𝜈 → 𝐹𝑒2+ + 𝐻𝑂•   Reaction I.7 

 

The cathode material, just as the anode material, is an important parameter for the 
electro generation of H2O2. The commonly used electrode materials are based on 
carbon, and selected for their high conductivity, low costs, are stable and non-toxic. 
Furthermore, they demonstrate a high overpotential for H2 evolution at low catalytic 
activity for H2O2. Examples for these materials are poly tetra fluor ethylene (PTFE) and 
graphene. [128]  

 

As can be seen in Reaction 2.6, to produce H2O2, it is important to have a high 
concentration of O2 present in the matrix. Therefore, an air chamber is commonly 
integrated in the EO cell, at the back of the cathode, for a forced O2 diffusion into the 
matrix. The name for this type of electrodes are so-called gas-diffusion electrodes 
(GDE). [129] 

 

There are relatively few studies concerning the application of EF and SPEF on a pilot 
plant scale, while most of these studies focus on the material science of the 
electrodes, using only small electrode surfaces and batch volumes. It is therefore, that 
this work focusses on the treatment of different saline batch volumes of matrices 
containing MCs, after their preconcentration by nanofiltration (NF), with a parallel 
recovery of nutrients. This is followed by a comparison between the photo-Fenton 
processes, based on their relative ionic and bicarbonate content, process parameters, 
and consumable and energy consumption. [130,131] 

 

3. Membranes for water treatment 

In the field of water treatment technologies, membrane filtration offers one of the 
most economic- and energy efficient and promising applications. This is due to a wide 
variety of controllable physicochemical properties and process parameters, and 
therefore their wide technical and economic applicability. 
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2.1. Membrane separation 

In membrane filtration the main separation mechanism is size exclusion, whereas the 
system parameters influencing this, and other separation mechanisms, are the system 
pressure, the trans membrane pressures (TMP), and the temperature. Therefore, 
being important parameters as well. Further functionality comes from 
physicochemical properties such as the Donnan-effect, solution-diffusion, as well as 
the molecular and surface charge, pore size and morphology, and pH. [132,133] 

 

Membranes come in many forms and sizes, such as (spiral-wound or rolled) sheet 
membranes, single or multi-channel tubular membranes, plate-and-frame 
membranes, and hollow-fiber membranes. These different morphologies of 
membranes are commonly selected based on a modular designed system, placing 
them in series and/or parallel to safe space. The specific membrane material built-up 
on its turn can be either symmetrical or anisotropic. Symmetrical membranes can be 
subdivided into isotropic microporous membranes, nonporous dense membranes, or 
electrically charged membranes. Anisotropic membranes can be divided in Loeb-
Sourirajan anisotropic membranes, thin-film composite anisotropic membranes, and 
supported liquid membranes. The characterization and classification of membranes 
are mainly performed by determining the molecular weight cut-off (MWCO) and the 
bubble point porosimetry to determine pore size, morphology, and distribution. 
[133,134]  

 

The separation processes for membranes driven by the difference in pressure in the 
liquid-liquid phase are mainly based on the type of compounds that are to be retained. 
The most common application range for membranes lies between 0.1 nm and 100 µm. 
For this reason, a pretreatment of the following processes can significantly improve 
the total process costs. The cost price of these relatively simple but efficient water 
treatment processes is mainly calculated per unit of surface separation and volume, 
expressed as m3 m−2 h−1. The filtration process principles can by either dead-end, or 
the more common crossflow. With the former, the to be treated volume is forced 
against a membrane wall, forcing the permeate to flow until the rejected matter forms 
a cake and permeation is no longer possible. The process of this cake formation is 
called fouling, and once permeation is no longer possible, the cake needs to be 
removed before further operation is possible. [135] 

 

2.2. Membrane systems 

One of the oldest and most applied pressure driven filtration methods is 
microfiltration (MF). It has the largest pore size of the different membrane systems 
with a working range between 0.1 and 10 µm and is good to retain bacteria, 
suspended solids, fine solids, and yeast cells, therefore reducing the COD and the total 
organic carbon (TOC). The membranes are relatively inexpensive and easy to apply, 
replace and maintain, and fouling can easily be reversed by back washing. MF 
membranes are produced from both polymeric, ceramic, and composite materials, 
whereas polymeric and ceramic MF membranes are generally used in UWW 
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treatment. As the main pore size of MF is larger than ultrafiltration (UF) and other 
membrane systems, the permeate flux is therefore also higher, and works with 0.2 - 5 
bar at lower TMPs, though significantly reducing of fouling in the membrane systems 
having smaller pore sizes is obtained. [133,136,137] 

UF is a membrane system with a working range of 0.01 µm till 0.1 µm in pore size and 
offers better selectivity than MF. Its TMP is operated between 1 – 10 bar, and 
depending on the pore size, these membranes are able to retain most bacteria and 
viruses, emulsions, suspended solids, colloids, natural organic matter (NOM), a 
selection of metal ions, and some of the larger MCs. UF finds its application mainly in 
the beverage processing, diary, pharmaceutical industries, and is extensively used in 
the production of potable water and the treatment of UWW. [133,138,139] 

 

From all classes of filtration based on pore size, NF is the most efficient for the 
treatment of potable water, as it retains almost everything up from pharmaceuticals, 
disinfection by-products, biological compounds such as sugars and polyphenols, 
inorganics, surfactants and solvents, dyes, up to a large variety of salts and the larger 
ions. Its working range is between 0.001 µm and 0.010 µm, at a TMP of 5 – 10 bar, and 
compared with reverse osmosis (RO) and forward osmosis (FO), has significantly lower 
operating and maintenance costs and is thereby less sensitive to fouling.[133,140,141]  

 

Two of the most efficient water filtration processes regarding purity are the RO and 
FO membrane systems. Their working range starts already from 0.0001 µm, with TMPs 
between 15 – 27 bar during brackish water desalination, and 50 – 80 bar during 
seawater desalination. These processes are able to retain minerals, salts, and metal 
ions. RO is the process of forcing liquid through a semipermeable membrane at very 
high pressures. FO is basically the same process, but this time directed towards the 
membrane as a dead end, producing clean water till severe fouling of the membrane 
prohibits the migration of the water molecules through the membrane. One of the 
problems of FO is the regeneration of the draw solution, which can be solved by 
combining it into a hybrid system with membrane distillation (MD). Other hybrid 
systems for treating the concentrates of RO and FO, and pretreatments with UF and 
NF, greatly enhance the process to circular economies and urban sustainability. [142–
145] 

 

Both osmosis filtration processes are extremely energy demanding as they work at 
very high pressures, and are thereby very sensitive to fouling, creating the necessity 
for already relatively clean influents or pretreatments. Apart from that, in the 
application of potable water production and irrigation activities, the addition of 
minerals after the treatment is necessary, as a lack of ions come along with a lack of 
taste and results in osmotic pressure on crops. In extreme cases, overconsumption of 
osmosis produced water without sufficient minerals can potentially drain these from 
the human body resulting in medical problems. [143,146,147] 
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MD is a membrane system that utilizes heat for vapor permeation through a 
hydrophobic membrane, which is based on the principle of the vapor pressure 
between its surfaces. MD uses a low pressure and has relatively low fouling rates when 
compared to the beforementioned high pressure membrane systems. Challenges to 
solve for this membrane system are mainly membrane wetting and fouling, both 
organic and inorganic. [148,149] 

The hybridization of MD and the membrane bioreactor (MBR) makes it possible to 
deplete the concentrate of the anaerobic digester in order to produce a precipitation 
product, which can be utilized as a biofertilizer. Another product that can be produced 
in this way from UWW is struvite. [150]  

 

2.3. Membrane materials 

There are three main membrane materials used, polymeric, ceramic, and composite 
materials. Each having their outstanding advantages and disadvantages. [151] 

 

Polymeric membranes, are characterized by their low costs and ease of application. 
The production of polymeric membranes can be performed by either stretching or as 
expanded film, melt extrusion, solution casting, phase precipitation, or also called 
phase inversion, template leaching, or sintering and annealing, in the case of isotropic 
membranes. Phase inversion is the most utilized method for the described membrane 
separation processes using polymeric membranes, especially considering anisotropic 
are the commonly used polymeric membranes. Anisotropic membranes are produced 
by means of template leaching or phase inversion by using different mechanisms 
controlling water and solvent concentrations, using cooling and heating for the 
precipitation mechanisms during the different production steps, as well as different 
chemical treatment steps. Further production methods are also dynamic formation, 
plasma polymerization, and selective reactive surface treatment. The anti-fouling 
treatments of polymeric membranes is mainly performed by backwashing and limited 
chemical treatment. Due to their low price, they are often simply replaced instead of 
applying extensive or frequent antifouling treatments. [152] 

 

Ceramic membranes, are mainly used in the chemical industry, industrial wastewaters 
such as in the petrol, food, and metal industries. Although more expensive, ceramic 
membranes offer higher durability, have more temperature and pressure resistance, 
and have thereby also a wider pH application range. The production cost of these 
ceramic membranes is three to five times higher than polymeric membranes, as their 
production method consist out of multiple, energetically extensive steps. The different 
production methods consist out of the compounding of different ceramic materials, 
usually metal oxides, based on composition and size, most often with polymeric 
additives for binding and viscosity, to form a slip. This slip is than pressed, cast or 
extruded, and air dried to so called ‘greens’, before further thermal treatments are 
applied. These thermal treatments include pyrolysis of the greens and sintering of dip-
coat layers. Other production methods also include anodic oxidation, chemical vapor 
deposition, hydrothermal treatment, and sol-gel synthesis. The fouling of ceramic 
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membranes can be reversed by backwashing, chemical treatment using strong acidic 
or basic chemicals, or by incineration of the fouling layer in an oven or furnace. The 
fouling of ceramic membranes can be reversed by backwashing, chemical treatment 
using strong acidic or basic chemicals, or by incineration of the fouling layer in an oven 
or furnace. [153,154] 

 

The third membrane material is a combination of the former two, consisting out of 
two or more materials and layers, and are called composite membranes. The 
difference in material characteristics can provide a very specific solution to the 
treatment problem as related to the process parameters. An example of composite 
membranes can be a tubular ceramic membrane, or support, covert by so called dip-
coating with a second ceramic membrane layer, that on its turn supports a polymeric 
membrane produced with the sol-gel method. Another example is the Layer-by-layer 
assembly of NF composite polymeric membranes. Backwashing and chemical 
treatments are mainly used for the removal of fouling in composite membranes. 
[155,156] 

 

The use of engineered nanomaterials in UWW treatment is considered safe, as 
exposure to the human body is considered minimal. A vast growing number of 
research laboratories have analytical techniques available to quantify the presence of 
these nanomaterials in water and other systems. The different engineered 
nanomaterials of polymeric or ceramic origin greatly enhance the production 
possibilities of membranes in the nanofiltration range, when used solely or as 
composite. These nanomaterials possess thereby excellent (photo-)catalytic 
properties. [157] 

 

2.4. Membrane fouling 

The process of fouling of the membrane surface has many definitions. There are a 
wide variety of fouling mechanisms in membrane filtration processes that can be 
characterized by reversible and irreversible fouling, physical fouling in the form of a 
‘cake’ formation consisting out of the retained particles and solids, chemical fouling 
by the deposition of salts, also called scaling, and other chemical compounds on the 
membrane surface from the matrix as function of time, supersaturation, or pH  value. 
Another fouling mechanism is biological fouling, where bacteria form an extra-cellular 
polymeric substance (EPS) layer between themselves on the membrane surface, 
eventually blocking the pores of the membrane. [158,159] 

 

There are two main processes for the anti-fouling treatment of membranes, 
backwashing, and chemical treatment. Backwashing is the process of reversing the 
flow direction of the permeate and concentrate through the membrane, to remove 
the build-up of particles and solids on the membrane surface. The small and highly 
polluted volume is then often disposed of, and the flow direction restored to continue 
the filtration process. The effectiveness of this anti-fouling treatment gets less 
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effective over time, as the irreversible fouling increases as well, which on its turn 
promotes the reversible fouling. The second process is a chemical anti-fouling 
treatment. During this treatment, the pH value is drastically changed to strongly acidic 
and basic. Commonly, first an acidic pH is applied on the membrane followed by 
neutralization. After this neutralization, a basic pH is applied, with another 
neutralization. The frequency of this cycle, as well as its sequence is highly dependent 
on the membrane’s resistance to the extremes of this pH treatment. For polymeric 
membranes pH ranges lies between pH 3 – 10, with maximums of pH 2 – 11. Ceramic 
membranes have a wider pH range, often from pH 1- 14, due to their relatively inert 
nature, regarding this anti-fouling treatment. Once the chemical anti-fouling 
treatment also offers insufficient recovery of the flux, a third thermal treatment can 
be applied, before the necessity of replacing the membrane. This third option, only for 
ceramic and a selection of ceramic composite membranes, depending on their 
respective thermal expansion coefficient and degradation point, is incineration. Here 
the membranes are removed from the system and placed in an oven or furnace to 
burn away the fouling material on the membrane surface, as well as in the pores. 
[152,153,160] 

Recently, the merging of a fourth type of anti-fouling treatment can be found in so 
called self-cleaning membrane surfaces. These membrane surfaces contain a thermo- 
or photocatalytic layer, creating radicals that prevent or reverse fouling to a certain 
extend. [161,162] 

 

2.5. Prevention of fouling 

Different fouling reversal mechanisms have to be applied during the membrane 
operation to guarantee the practical and economic viability of membranes. So-called 
‘back-wash’ cycles are the main fouling reversal mechanism and is a process where 
the flow direction is reversed for a pre-determined period of time. Treatments using 
an acidic and/or basic medium for fouling prevention and reversal are often limited, 
as is foremost the case with polymeric membranes, which are known to be sensitive 
to extreme pH values by compromising their structural and chemical integrity. The 
application of this acid/base treatment is thereby only effective against reversible 
fouling, while membrane operation must be interrupted, and costs for the chemicals 
are to be considered. Ceramic membranes have the advantage that fouling can be 
reversed by the application of high temperature to incinerate the fouling layer. 
[158,163]  

 

The emerging of novel fouling mechanisms can be found in systems utilizing super-
hydrophilic and super-hydrophobic membrane surfaces, membrane pore design and 
development, as well as the pore morphology and density, sometimes even in the 
form of biomimicry and bioinspiration. [164–166]  

An example of this are Janus membranes, after the two-faced Roman god, which are 
based on the application of subsequent membrane layers possessing opposite 
properties, such as hydrophilicity and hydrophobicity, chemical activity, pore size 
and/or structure, electrical and/or thermal conductivity, and wettability. Such 
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opposing properties offer a good preselection of compounds already on the 
membrane surface and thereby significantly increases the membrane separation 
efficiency. [167,168]  

2.6. AOPs application as fouling prevention 

Different AOPs can be utilized as a means to prevent fouling on membranes, and this 
combination of technologies can also be called Advanced Integrated Technology (AIT). 
Commonly used in wastewater treatment, ozonation can be applied both as pre- and 
post-treatment, and even in-situ. Hybrid systems using ozonation combined with 
polymeric membranes are not advised, as the majority of commercial polymeric 
membranes are degraded by the generated radicals. This is not a problem when 
combined with activated carbon or ceramic membranes and is therefore commonly 
used in UWW treatment. [169]  

 

Photocatalytic membranes are a direct combination of AOP application with the 
membrane material, where membrane materials such as TiO2, ZnO, and ZrO2 on the 
membrane surface are producing radicals. As these materials are part of the 
membrane surface, and therefore immobilized photocatalytic material, they show to 
have a substantial lower number of active sites in comparison with suspended 
photocatalytic particles. Nonetheless, extended operation times are obtained when 
photocatalytic materials are applied in membranes to prevent fouling. TiO2 for 
example, is not only photocatalytic active, but it also possesses photo-induced super-
hydrophilicity (PSH) under light irradiation. [170–172]  

 

Other novel applications can be found in complex membrane systems that use 
photocatalytic membranes with aeration and oscillation. These systems are however 
still to be tested in real-life practical applications. [173]  

 

4. Advanced integrated technologies and nutrient recovery in UWW treatment 

Although many of the beforementioned technologies provide economically viable 
results and promising practical applications on their own, the combination of the 
different available technologies show even higher economic and practical efficiencies. 
Process efficiencies can be raised by applying different pretreatment methods, which 
include preconcentration of MCs while in parallel valuable nutrients are recovered in 
a direct way from the treated wastewater streams. [174] Great examples for this are 
the so-called membrane-based hybrid technologies, which utilize the combination of 
the different membrane systems with various AOPs as polishing treatments, along 
with nutrient recovery systems. [175,176] 

 

A treatment train of different membrane systems to reach the full crystallization of 
brines, concentrates, such as reverse osmosis concentrates (ROC), industrial waters, 
and saline waters through the application of electrodialysis (ED), electrodialysis 
reversal (EDR), MD, membrane crystallization (MCr) are the base of the minimum-
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liquid discharge (MLD) and zero-liquid discharge (ZLD) principles. The crystals coming 
from these processes can then be refined and processed into sustainable sourced 
nutrients, acids and bases, metals, minerals, and other salt compounds. These AITs 
are therefore greatly contributing to the circular economy and significantly reducing 
waste production. [177–179]  

 

Different popular AITs combining membranes with  in UWW treatment are for 
example the anaerobic membrane bioreactor (AnMBR), as well as the aerobic 
membrane bioreactor (aMBR), which are often combined. [180] The advantage of this 
system is that it produces biogases, such as CO, CO2, CH4 and H2, which on its turn can 
be utilized for energy production, and so, not only removing nutrients from the 
UWWs, but can also lower its necessary energy consumption. Recently, significant 
interest into the P-to-X principle grew due to the current geo-political situation, for 
which this biogas is essential. [181–183] 

 

Another microbiological AIT example is the application of algae, which include 
cyanobacteria, microalgae, and macroalgae, for the recovery of nutrients from 
wastewaters, and is called phycoremediation. [184] Algae contain a wide variety of 
biochemical compounds, such as enzymes, minerals, pigments, proteins  

 

The process is characterized by the continuous feed of secondary UWW effluent into 
a high rate algal pond (HRAP), a raceway like reactor with a partition wall in the middle 
and a paddle wheel to create a current and turbulence to guarantee sufficient mixing 
of the algae. This is important in order to have repeated light irradiation, prevents 
sedimentation of the algae, the formation of algal/bacterial flocs, and nutrient 
diffusion. Parameters that are important in this system are the organic nutrient 
loading rate, the hydraulic retention time (HRT), flow rate, the pond depth, CO2 supply, 
and pH value. Further importance should be given to the length to width ratio and 
optimized flow rate in order to prevent dead zones, as well dark zones next to the 
side- and partition walls. Once the HRT is obtained, the algae are harvested by 
concentrating the effluent stream through a DAF, and could be further concentrated 
by disc stack separator, or similar principles. The cultivated microalgae can later  be 
processed from which biofuels, feeds, pigment, and biochar can be produced. [185] 

 

The microalgae produced in the HRAP form a symbiosis with bacteria which produce 
CO2 necessary for the growth of the microalgae that produce O2, necessary for the 
bacteria. Other symbioses are related to the reduction in NH4

+-N stress which 
promotes both microalgal lipid accumulation and growth, and the ability of 
bioflocculation by EPS production. These microalgal-bacterial symbiotic (MBS) 
systems can be divided in three categories based on the living state of the microalgae 
and bacteria: attached microalgal-bacterial (AMB), bioflocculated microalgal-bacterial 
(BMB) and free microalgal-bacterial (FMB) systems. Whereas the AMB system is 
preferred for UWW treatment. This technology can thereby be utilized after the 
AnMBR for even higher treatment and process efficiency. [50,186] 
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New developments can also be found in the previously mentioned HRAPs, this time 
not used for microalgae growth, but as a regular raceway pond reactor (RPR)  for the 
tertiary treatment application of UWWTP effluents by SPF for disinfection and MC 
degradation. [187] The goal of the combination of these technologies is to improve 
the economic feasibility of the SPF AOP by decreasing the costs that the CPC reactors 
bring with it. Having thereby the advantage that the liquid depth can be changed 
during operation, as function of the natural solar irradiation and/or the turbidity, 
guaranteeing the availability of sufficient photons on the bottom of the pond. 
Something that cannot be done with the diameter of the CPC tubes. [188] The latest 
successful example of such AITs consisting out of the combined application of RPRs 
and AOPs can be found in a solar electrochemical raceway pond reactor (SEC-RPR), 
where an electrochemical filter press-cell is combined with an RPR, for the on-site 
electro generation of H2O2. Something that is advantage to transport and storage 
safety of latter, as well as the economic costs. The AIT shows the synergetic effects of 
the solar irradiation with the electro, improved dispersion of the on-site generated 
H2O2 into the systems by combining them. [189] Challenges in RPR technologies lie in 
the necessary space, sensitivity of weather influences such as rain and evaporation, 
and the exposure of the matrix, which can contain harmful compounds, to the direct 
environment.  

 

Further integrated technologies for the recovery of nutrients that use membrane 
separation processes are those that aim to produce fertilizers. [190]  

One of the main sources for phosphorus can be found in urine, both from human and 
agricultural sources. Developing efficient systems in this promising technology can be 
an inexpensive and sustainable source. The actual recovery of this compound can be 
found through the way of struvite formation and harvesting. [191]  

 

Despite the fact that the adaptation of AOPs and the number of AITs are growing, the 
real-life application of combined integrated technologies is lagging behind and is still 
considered to be a challenge, making the world miss out on their synergetic effects. 

 

5. Future perspectives related to the main goal of this Ph.D. 

To obtain the goal of MC removal from UWWs by beforementioned technologies such 
as NF and its implementation into conventional UWW treatment systems, a 
contribution will have to be made by the mapping of the influence of several 
physicochemical properties of the selected MCs, such as the salinity of the matrix, the 
membrane surface and ionic composition. This, especially at pH values that are 
circumneutral, as this is the range of the majority of UWWs and with NF retentates at 
realistic concentration factors and MC concentrations. Different operational 
parameters within AOPs, such as SPF, will have to be compared in order to map the 
degradation mechanisms of the MCs, such as oxidation agent selectivity, as also the 
influence of different ratios and concentrations of the iron:EDDS complex. 
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The complex ionic compositions of UWWs are a great potential source for the recovery 
of valuable resources, and selective ion retention by NF, can therefor create MC free, 
ion enriched matrices for combined irrigation and fertilization, or fertigation. Thereby, 
to increase the applicability of SPF processes, combination with AOPs such as EO is 
relatively unknown and therefore to be researched. Due to the highly saline nature of 
NF concentrates, EO processes are good options for their treatment and have already 
shown great potential. However, relatively little is known about their individual 
efficiency differences on MC degradation when treating UWWs, or the effects when 
combined with SPF. An important parameter to the success of these combined AOPs 
into AITs, is their final toxicity. The toxicity determination of the treated matrices are 
key to their application of irrigation waters. 

 

The development and application of low-cost, easy to apply, and self-cleaning 
membranes, such as ceramic UF membranes, can greatly contribute to 
(drinking)water safety and water security in areas with lower developed infrastructure 
for the treatment of UWW. The combination of AOPs combined with this novel type 
of membranes could strongly increase its synergetic effects, by prolonging operation 
times and anti-bacterial properties, while significantly lowering turbidity and bacterial 
load, all than not, prior to SPF treatment.   
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1. Objectives 

This PhD thesis has the application of the combination of different Advanced 
Integrated Technologies (AITs), such as membranes, solar photooxidation and 
electrooxidation processes, to remove MCs from UWWs, as general objective. Prior to 
this removal, preconcentration of the components of a variety of water matrices by 
UF and NF was performed, partly with the parallel recovery of valuable nutrients from 
saline matrices for direct crop irrigation purposes. Furthermore, the development and 
assessment of novel photocatalytic self-cleaning membranes was also intended. 

 

This general objective was subdivided in several proposed targets, that were 
developed in the scientific papers that compound this PhD thesis, for successful 
achievement: 

 

Target 1. Determination of optimal operational parameters, concentration factors and 
retention mechanisms of MCs, for the preconcentration of saline waters by NF 
treatment, utilizing a pilot plant based on NF membranes. Followed by the assessment 
of oxidizing agents’ effectiveness, iron concentration and EDDS complex ratios during 
solar photo-Fenton treatment of the different concentrate and permeate volumes, at 
different pHs. 

 

Target 2. Recovery of valuable nutrients such as ammonium from saline waters during 
their preconcentration for the retention of MCs, with the aim to produce enriched 
crop irrigation waters for direct use. Followed by the application and assessment of 
different AOPs treatment methods for MC removal from the concentrate volumes, 
and a toxicity assessment of the permeate volumes. 

 

Target 3. Development of novel self-cleaning photocatalytic membranes. The 
assessment of the fouling and self-cleaning capabilities by the registration of flux 
restoration during the filtration of real urban wastewaters, followed by membranes 
material evaluation, before and after solar irradiation. The quantification and effects 
of water turbidity reduction for the application of subsequent treatments were 
assessed. Quantification of the bacterial present in water retention by the newly 
developed photocatalytic membrane. 
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2. Experimental plan 

The following tasks were assigned and completed based on the previously described 
target propositions, to guarantee their successful achievement. 

 

Task 1. MC retention determination by commercial polyamide NF membranes in a 

pilot plant, based on differences in operational parameters such as pressure, flow 

and physicochemical properties of MC and matrices for solar photo-Fenton tertiary 

treatment. 

 

1.1. MC selection from lists of CECs and the development of a UPLC method 

Representative MCs from different classes such as pharmaceuticals, technical 
chemicals, pesticides, and psycho-active drugs were chosen from lists of CECs coming 
from the EU and the AQUAlity project consortium (H2020-MSCA-ITN-2017. European 
Innovative Training Network “Interdisciplinary cross-sectoral approach to effectively 
address the removal of contaminants of emerging concern from water”, Grant 
number 765860.), based on their persistence, danger to natural life, production and 
consumption quantities, and treatability by conventional wastewater treatment 
methods. A UPLC method was developed for the individual compound identification, 
guaranteeing their quantification till very low concentrations (5 µg/L) in complex 
saline composed matrices at a wide range of pH values. 

 

1.2. Mapping of the effects of the initial salinity concentration and the effects of 
ionic composition in demineralized and natural water on the operational 
parameters 

Matrix preparation by using demineralized and natural water at different ratios, 
attaining an initial concentration of 3, 5 or 7 g/L of NaCl and 100 µg/L of each MC 
(caffeine (CAF), imidacloprid (IMI), thiacloprid (THI), carbamazepine (CAR) and 
diclofenac (DIC)), while operating the system at pressures of 5, 7 and 10 bars. Decision 
making based on the MC retention, flow, TMP and probability of real-life applications. 

 

1.3. Optimization of the solar photo-Fenton process parameters for the 
concentrate and permeate streams 

After mapping and evaluating the effects of salinity and physicochemical properties of 
MCs towards retention of MCs in NF treatment, the different concentrate and 
permeate streams were treated by the solar photo-Fenton process on a lab scale. This, 
to determine the optimal process parameters for the specific salinity and ionic matrix 
composition, such as iron concentration at both pH 3 and circumneutral pH, as well as 
the influence of the iron:EDDS complex ratio at circumneutral pH. Furthermore, the 
sensitivity of the selected MCs towards different radical species, and the effects of 
radical scavengers were determined and evaluated, by comparing S2O8

2- and H2O2 
oxidizing agents. Once completed, the solar photo-Fenton process was then upscaled 
to the larger CPC reactors pilot plant  and compared with the labs scale results. 
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Task 2. Recovery of valuable nutrients from saline water matrices and 

determination of different toxicity parameters of different enriched permeate 

volumes after ammonium recovery by the NF treatment of saline matrices. 

 

2.1. Determination of the optimal parameters, such as pH, initial concentration, 
and salt concentration, for the recovery of ammonium from saline matrices 
by NF 

Experiments were performed at pH 4, 7 and 9, with initial concentrations of NH4
+ of 

250 and 500 mg/L in demineralized and natural water, utilizing the commercial 
polyamide membranes of the NF pilot plant at the PSA. Filtration experiments were 
performed till concentration factor (CF)= 2 and 4. A continuation was made with the 
addition of the previously selected MCs at a concentration of 100 µg/L of each (CAF, 
IMI, THI, CAR and DIC), to determine the effects of the MCs on the NH4

+
 permeation 

and vice versa. Next step was evaluation of the conductivity as a parameter of the 
permeation of NH4

+, here an addition of 5 and 10 g/L NaCl was applied to obtain 
increased conductivity.  

 

2.2. Performance of phytotoxicity, acute and chronic toxicity tests 

Phytotoxicity tests were performed by applying the enriched permeate streams to the 
seeds of three different plant species, Sinapis alba, Sorghum saccharatum and 
Lepidium sativum, following the instructions of the test kits. The rate of germination, 
sprouting and rooting provided a quantitative overview of toxicity for the specific 
plant species, of the specific permeate. 

 

 

Task 3. Comparison of solar photo-Fenton treatment at lab and pilot plant scale of 

concentrate streams obtained after the application of NF treatment, at a low and a 

high concentration factor. 

 

The solar photo-Fenton process was applied on the different concentrate and 
permeate streams at a lab scale, applying the previously determined optimal process 
parameters for different saline matrices. A viability evaluation of the solar photo-
Fenton process, mainly related to the stability of the iron:EDDS complex was 
necessary. Parallel to this, the effects of NH4

+ on radical formation, scavenging and 
stability was assessed by comparing S2O8

2- and H2O2 as oxidizing agents. A scale up to 
pilot plant level was executed in a CPC reactor, using natural solar irradiation. Results 
between the lab and pilot plant scale were then evaluated. 
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Task 4. Assessment of the combined application of different electrooxidation and 

photooxidation treatments on highly saline NF concentrates after ammonium 

recovery.  

 

4.1. Determination of efficacy of the individual EO processes using the iron:EDDS 
complex 

A set of experiments was performed using a BDD anode, to perform AO and EF. 
Further observations of the synergy of combined EO and solar irradiation were 
performed. The effects of the different parameters were then evaluated and 
compared with solar photo-Fenton process. 

 

 

Task 5. Comparison of self-cleaning capabilities of novel photo catalytic UF 

membrane. 

 

5.1. Manufacturing of the novel self-cleaning photocatalytic TiO2-ZrO2 UF 
membrane using a TiO2 wash coat 

The addition of a TiO2 photocatalytic layer to a ZrO2 membrane developed in previous 
work in collaboration with University of Turin, LiqTech Ceramics A/S and Aalborg 
University (partners of AQUAlity project) and not included in this thesis (Development 
of a photocatalytic zirconia-titania ultrafiltration membrane with anti-fouling and self-
cleaning properties. J.  Environ. Chem. Eng., 9, 106671, 2021) was investigated. The 
application of the TiO2 layer was performed by the use of so-called wash coats. These 
wash coats consisted out of TiO2 nanoparticles in suspension in a chemical liquid 
mixture. 

 

5.2. Assessment of the self-cleaning capabilities of the UF membrane when using 
high volumes of UWW 

The developed TiO2-ZrO2 UF membrane was used to filter high volumes of UWWTP 
effluents from the EDAR ‘El Bobar’ in Almería, Spain, to induce severe fouling. A 
reversal of this fouling was then assessed by applying solar irradiation. Further 
determination of the optimal solar irradiation cleaning cycle was then investigated by 
irradiating the fouled membranes for different quantities of time, as function of the 
restored flux. 

 

5.3. SEM and EDX analysis of the membrane surface before and after severe 
fouling 

To confirm the reversal of the fouling after solar irradiation, scanning electron 
microscopy (SEM) images were taken, along with Energy-dispersive X-ray 
spectroscopy (EDX) analyses, to confirm the removal of the fouling layer.  
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5.4. Assessment of solar photo-Fenton treatment at lab scale of the concentrate 
and permeate volumes  

Produced concentrate and permeate volumes were treated with the solar photo-
Fenton process, using the previously determined optimal parameters, in the solar 
simulator at lab scale. 

 

5.5. Assessment of bacteria retention of the developed novel photocatalytic 
membrane 

To determine the applicability of the UF membrane in disinfection, an assessment of 
the retention of the bacteria P. Aeruginosa was performed. The batch reactor set-up 
was prepared with natural water (Tabernas, Spain), and an initial concentration of  
1·106 CFU/ml of P. Aeruginosa.  
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III. Materials and Methods 

 

1. Chemicals 

Throughout this work a selection of chemicals, reagents, and microorganisms have 
been used to conduct a wide variety of experiments. This selection on its turn was 
monitored by different advanced analysis methods mainly developed for water 
analysis of complex matrices, all taking place at the research facility of the ‘Solar 
Treatment of Water’ (Spanish language: TSA) unit of the Centro de Investigaciones 
Energéticas, Medioambientales y Tecnológicas – Plataforma Solar de Almería 
(CIEMAT - PSA; English language: Center for Energy-, Environmental-, and Technology 
Research - Solar Platform of Almería) located at Tabernas, Andalusia, Spain. The 
chemicals were delivered by Merck- Sigma Aldrich, Germany, unless otherwise 
designated. 

 

2.1. Organic microcontaminants 

In this study a selected variety of MCs were applied as target compounds based on 
their wide and global use, are characterized by poor biodegradability, and thereby 
possess a high biotoxicity. These target compounds, namely caffeine (CAF), 
Imidacloprid (IMI), Thiacloprid (THI), Carbamazepine (CAR), and Diclofenac (DIC), have 
been selected as a representative member of their chemical group. They thereby 
come from a list of preselected MCs selected by the AQUAlity project [192], which is 
based on a European database of CECs. 

The selection of MCs chosen for this work is commonly found in UWWTP effluents in 
concentrations ranging from ng till µg/L, which make them particularly fit as target 
compounds. 

 

In the used water matrixes for this work, different concentrations of these 
compounds have been spiked. An overview of some physicochemical parameters of 
these MCs can be found in Table III.1. 
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Table III.1: Characteristics of selected microcontaminants 

 

Caffeine 

 

IUPAC ID 1,3,7-Trimethylpurine-2,6-dione 

CAS number 58-08-2 

Linear formula C8H10N4O2 

Molecular weight [g/mol] 194.2 

Solubility in water [mg/L] 21,700.0 

Class Psycho-active drug 
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Imidacloprid 

 

IUPAC ID N-{1-[(6-Chloro-3-pyridyl)methyl]-4,5-
dihydroimidazol-2-yl}nitramide 

CAS number 138261-41-3 

Linear formula C9H10ClN5O2 

Molecular weight [g/mol] 259.7 

Solubility in water [mg/L] 610.0 

Class Insecticide 
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Thiacloprid 

 

UPAC ID [(2Z)-3-[(6-Chloropyridin-3-yl)methyl]-1,3-
thiazolidin-2-ylidene}cyanamide 

CAS number 111988-49-9 

Linear formula C10H9ClN4S 

Molecular weight [g/mol] 252.7 

Solubility in water [mg/L] 125.0 

Class Pesticide 
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Carbamazepine  

 

IUPAC ID  5H-dibenzo[b,f]azepine-5-carboxamide 

CAS number 98-46-4 

Linear formula C15H12N2O 

Molecular weight [g/mol] 236.27 

Solubility in water [mg/L] 17,7 

Class Anti-convulsant drug 
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Diclofenac 

 

IUPAC ID 2-[2-(2,6-dichloroanilino)phenyl]acetic acid 

CAS number 15307-86-5 

Linear formula C14H11Cl2NO2 

Molecular weight [g/mol] 318.1 

Solubility in water [mg/L] 2.4 

Class Non-steroidal anti-inflammatory drug 

 

Prior to every series of experiments, a mixture of the previously mentioned MCs was 
prepared by predissolving them in the form of a so-called ‘mother solution’ (2.5 g/L 
each MC). This was performed by adding 250 mg of each MC into a 100 mL volumetric 
flask and filling it off with methanol. This method of predissolving the MCs in this 
specific type of solvent ensures a high solubility, while at the same time a low 
concentration of TOC is maintained. As it is otherwise impossible to dissolve MCs with 
low solubility efficiently and rapidly in water, through this method 100% dissolving is 
attained. Previous tests indicated also that it was not possible to dissolve several MCs 
in methanol at a concentration of >2.5 g/L of each MC. In any case, final TOC attained 
in treated water was always within the usual TOC found in UWWTP effluents.  

 

2.2. Reagents 

The main used reagents in this work were dissolvents and oxidizing agents. 
Acetonitrile was used as a solvent to dissolve the different organic 
microcontaminants, and in the case of the UPLC, acetonitrile was thereby also used 
as the mobile phase. The acetonitrile came from Sigma Aldrich, Germany, and was of 
analytical grade. Furthermore, ammonium sulfate was also used as a solvent, mainly 
for the UPLC as a mobile phase. The ammonium sulfate came from Sigma Aldrich, 
Germany and was also of analytical grade. The EDDS, the biodegradable complexing 
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agent used in this work, was provided by Sigma Aldrich, Germany, and was used as 
provided. Another UPLC mobile phase, formic acid, was of analytical grade and 
provided by Sigma Aldrich, Germany.  hydrogen peroxide (oxidizing agent), methanol 
(solvent). The alternative oxidizing agent used in this work, came as the precursor 
agent in the form of sodium persulfate, and was provided by Sigma Aldrich, Germany. 

 

2.3. Water matrices 

A variety of water matrices has been used during the different experiments, ranging 
from ultrapure water, demineralized water, natural water and UWWTP effluents, 
depending on the specific experimental parameters and matrix properties.  

 

Ultrapure water 

The ultrapure water used in this work was produced by utilizing an ultrapure water 
system from Milli-Q (Merck Millipore), fed by demineralized water. The conductivity 
of this water was below 0.054 µS/cm and a COD of <0.3 mg/L. 

 

Demineralized water 

At the PSA, an industrial plant (based on reverse osmosis and electrodialysis, in series) 
designated for the supply of demineralized water to the whole installation produces 
demineralized water with a conductivity <1 µS/cm, a concentration of chlorides 0.7–
0.8 mg/L, nitrates 0.5 mg/L and <0.5 mg/L of organic carbon. Conductivity was usually 
higher (<10 µS/cm), due to storage and transport before use in the experiments.   

 

Natural water 

On the terrain of the PSA, a well supplies natural water. The water characteristics 
show high hardness and ionic concentrations. An overview of the characteristics of 
this water is given in Table III.2. 

 

Table III.2: Overview of the natural water characteristics at the PSA 

 

Natural water (Tabernas, Spain) 

Cations [mg/L] Anions [mg/L] 

Ca2+ 83.5 SO4
2+ 237.7 

Mg2+ 66.5 Cl- 376.7 

K+ 8.0 NO3
- 20.7 
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Na+ 433.0  

Conductivity [mS/cm] 2.7 

pH 7.5 

TC [mg/L] 3.8 

 

UWWTP effluent 

The UWWTP effluent utilized in this work came from the EDAR ‘El Bobar’, Almería, 
Spain. This conventional medium sized UWWTP was designed to process UWW with 
a population equivalent (PE) of around 300.000 PE, while on average serving around 
250.000 PE. The UWWTP effluent is built up by a pretreatment step, a primary-, and 
a secondary treatment step. The collected stream from this UWWTP came from the 
secondary bio-treatment step. An overview of representative characteristics are given 
in Table III.3. 

 

Table III.3: Overview of the representative average secondary 
UWWTP effluent characteristics collected from the UWWTP EDAR 
‘El Bobar’, Almería, Spain. 

 

UWWTP effluent (EDAR ‘El Bobar’ Almería, 
Spain) 

Cations [mg/L] Anions [mg/L] 

Ca2+ 81 SO4
2+ 148 

Mg2+ 48 Cl- 489 

K+ 30 NO3
- 5 

Na+ 314  

Conductivity [mS/cm] 2.7 

pH 8.0 

TC [mg/L] 30.0 

TSS [mg/L] 60.0 



III. Materials and Methods 

45 
 

2. Microorganisms 

During this work a specific class of microorganisms has been used, naming the 
bacterium Pseudomonas aeruginosa (P. aeruginosa) for experiments related to 
bacteria elimination. This Gram-negative bacterium is characterized by its 
opportunistic behavior, as it is able to colonize a wide range of hosts due to its large 
genome, while it shows very high virulence and antibiotic resistance to commonly 
used antibiotics through its evolution in natural ecosystems. The bacterium is present 
in every healthcare location such as hospitals and clinics and is estimated to be 
present at any other sites where humans are or were present. These specifically 
include biocide polluted waters and sewage systems. Its survival strength and 
widespread presence is possible due to its clonal epidemic population structure. [193] 

 

In order to utilize this bacterium for experimental work, 20 hours before the 
experiments an inoculum was prepared at a concentration of 1·106  CFU/mL. For 
which the used materials to do so were Type CM0067 Nutrient Broth No. 2, supplied 
by OXCID LTD., England, and P. Aeruginosa supplied by the Spanish Culture Collection 
(CECT). This concentration is commonly used as a standard inoculum concentration 
for experiments that involve bacterial inactivation. [194,195]  

For the quantifications of the P. Aeruginosa, sampling was performed by preparing a 
number of petri dishes containing Pseudomonas Chromogenic Agar bovine agar, 
supplied by Condalab, Spain, followed by the application of a 10-fold serial dilution at 
a sample size of 500 µL when quantifying for the permeate volumes, and 50 µL for the 
concentrate volumes. A swab was used for collecting samples from the membrane 
surfaces, every time prior to the experiments followed by sample collection after 90 
minutes. The swabs were applied to the agar after sample collection for further 
cultivation. Samples taken from the experimental reactor, or concentrate volume, 
were taken at times 0, 30, 60, and 90 minutes. Samples taken from the permeate 
stream were taken at 30, 60, and 90 minutes. The filtration experiments were 
performed in double. The incubation of the p. aeruginosa in the Petri dishes took 
place by storing them in a Series BD type standard incubator at 36 ˚C for a time of 48 
hours. 
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3. Analyses 

3.1 Physicochemical parameters 

3.1.1.  Electrical conductivity and pH measurements 

The electrical conductivity of the water matrices was measured using a CRISON GLP31 
conductometer, Figure III.1.  

 

 

Figure III.1: Conductivity meter used in the TSA lab of the PSA. 

 

During the experiments, the pH values of the matrices were measured by using a 
portable pH meter of the type LAQUAact PH110, from HORIBA Advanced Techno Co., 
Ltd.       

  

 

Figure III.2: The mobile pH meter used in the TSA lab at the PSA. 
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3.1.2. Turbidity measurement 

The turbidity of the various matrices in this work was determined by utilizing a HACH 
2100N Turbidimeter, as seen in Figure III.3. Samples with a turbidity between 0.1 and 
4000 NTU could be measured, which was done by adding the samples to compatible 
glass vials, which were then cleaned, checked for cleanness, and then directly placed 
in the turbidimeter. Turbidity measurements consisted out of both forward- and 
scattered light detection, as well as transmitted light detection. The calibration was 
performed regularly using standards supplied by the manufacturer. 

 

 

Figure III.3: Turbidity meter used in the TSA lab at the PSA, of the type HACH 
2100N. 

 

3.1.3.  UV-visible light spectrophotometry 

For the determination of the concentration of a variety of chemical compounds 
present in the samples taken from the different water matrices and streams, a UV-
visible light spectrophotometer was used, which was delivered by Thermo-Scientific, 
shown in Figure III.4. 
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Figure III.4: UV-vis set up used in the TSA lab at the PSA with on the right 
the UV-visible light spectrophotometer and on the right the computer 
connected to it with the compatible software. 

 

3.1.4.  Chemical oxygen Demand determination 

The chemical oxygen demand (COD) of samples taken during the experimental work 
performed in this thesis was determined by using special COD determination kits 
delivered by HACH, in the ranges of 0-150 and 150-1000 mg/L O2 

An estimation of the COD present in the sample was made, and when applicable, 
further analysis was performed in a more specific range sample kit. Samples were 
taken and added to the testing vial at its indicated volume, shaken, and continued by 
a reaction time of two hours at a temperature of 148 ̊ C. After this time, the vials were 
let to cool down to ambient temperature and analyzed at their specific wavelength as 
designated by the method. 

 

3.1.5.  Free Available Chlorine measurement 

During the experiments where EO was involved, the free available chlorine (FAC) was 
monitored by sampling the matrices and adding them to a vial containing N, N-diethyl-
p-phenylenediamine (DPD) powder pillows provided by HACH. After the sample 
addition at given volumes based on the concentration and the given reaction time 
following the HACH DPD Method 10069, the samples were measured in the Evolution 
220 UV-visible light Spectrophotometer of Thermo Scientific at a specific wavelength 
of 530 nm.  

In Figure III.5, an example is given of a vial containing the buffer liquid that reacted 
with a sample coming from the EO pilot plant, with its characteristic faint pink color. 
A higher concentration of FAC resulted in a stronger color. 
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Figure III.5: Vial with a sample containing free available chlorine as 
indicated by the faint pink color. 

 

3.1.6.  Iron concentration determination 

Determination of iron concentration during the different Fenton processes was 
performed following the ISO 6332 standard. The principle of the measurement comes 
from the complex formed between ferrous iron (Fe2+) and 1,10-phenantroline, taking 
place in an acetate/acetic acid buffer. The peak absorbance of this complex lies at 510 
nm and is directly proportional to the ferrous iron concentration. The complex is 
characterized by a blue color, wherefore the intensity of the color increases 
proportional to the iron concentration, in visible light.  Furthermore, when reducing 
the ferric iron (Fe3+) present in the sample by the addition of ascorbic acid, the total 
iron present in the sample can be measured. Meaning that the ferric iron 
concentration can be calculated by deducting the ferrous iron from the total iron.  

A solution of 1,10-phenantroline was made at a concentration of 1 g/L, followed by a 
buffer solution containing 62.5 g of ammonium acetate and 175 mL acetic acid, which 
was then filled up to 250 mL.  

Two series of samples were prepared, filtered and unfiltered, by adding 4 mL of 
sample into a testing tube, followed by adding 1 mL of the 1,10-phenantroline 
solution, 1 mL of the acetic acid/acetate buffer, and tip of a spatula of ascorbic acid.  

Prepared samples were then added to a quartz cuvette for the UV-visible 
spectrophotometer and measured in the spectrophotometer at a wavelength of 510 
nm. The concentration of iron that could be measured with this method lies between 
0.25 and 10 mg/L, with the possibility to dilute samples with demineralized water, as 
long as the sample size was kept at 4 mL. The reference sample was demineralized 
water. 
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3.1.7. Hydrogen peroxide measurement 

Directly after sampling, H2O2 was determined using titanium (IV) oxysulfate following 
DIN 38402H15. Herefore, 5 mL of sample was added to a volume of 0.5 mL of the 
titanium (IV) oxysulfate, mixed and then added to a quartz vial for the measurement 
in the UV-visible light spectrophotometer. The samples were yellow of color with an 
intensity depending on the height of the H2O2 concentration and measured at a 
bandwidth of 410 nm, taking demineralized water as the reference sample. 

 

3.1.8.  Persulfate measurement 

A spectrophotometric method was adapted from Liang et all [196], to determine the 
concentration of the persulfate present in the matrix, based on the oxidation of the 
iodide ion, which is characterized by a maximum absorption at 352 nm. The equations 
III.1 and III.2 show the chemical process that takes place: 

 

𝑆2𝑂8
2− + 2𝐼− → 2𝑆𝑂4

2− + 𝐼2   Equation III.1 

 

2𝑆2𝑂3
2− + 𝐼2 → 𝑆4𝑂6

2− + 2𝐼−   Equation III.2 

 

The presence of NaHCO3 prevents the premature oxidation of the iodide ion in the 
presence of oxygen. The time necessary for the spectrophotometric determination 
once the chemicals are combined lies around 15 minutes, so that even with a surplus 
of iodide complete oxidation is guaranteed. 

In order to succeed with a complete and controlled oxidation two solutions were 
prepared, NaHCO3 at a concentration of 50 g/L, and KI at a concentration of 71.4 g/L. 
The sample preparation took place by combining 1 mL of sample, with 0.5 mL of the 
NaHCO3 solution, and 3.5 mL of the KI solution. This mixture was then stirred for 15 
minutes to enable the oxidation reaction to take place, till a faint yellow color could 
be observed. The prepared sample was then measured in a compatible quartz cuvette 
in the UV-visible light spectrophotometer at a wavelength of 352 nm. The method 
was calibrated to be used for concentrations of S2O8

2- between 0.01-0.75 mM. 
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3.2 Dissolved organic carbon 

A Shimadzu TOC-VCN analyzer was used to measure dissolved organic carbon (TOC), 
total carbon (TC), and inorganic carbon (IC). In order to measure the samples, 
compatible glass vials were filled with a sample volume of 25 mL and placed in the 
sample carrousel.   

 

 

Figure III.6: Total Organic Carbon analyzer used at the TSA lab of the 
PSA, with on the right the analysis device and on the left the sample 
carrousel and autosampler. 

 

The TOC concentration of the wide variety of water samples containing high 
concentration of carbonate was determined by adding eight drops of pure H2SO4 to 
samples with a volume of 25 mL, in order to lower the concentration of inorganic 
carbon to below 1 mg/L for a proper evaluation of TOC, as it is calculated from the 
difference between TC and IC. Once the pure acid was added, the samples were 
vigorously stirred to create a vortex on a magnetic stirrer plate, for at least four hours. 
Samples were filtered over an 0.45 µm Nylon syringe filter to prevent any damage or 
clotting inside the catalytic reactor of the analyzer. Once the carbonates were 
removed and the sample volume was filtered, parafilm was used to cover the glass 
vials till further use and place them in the sample carrousel. DOC named the content 
of TOC in filtered samples. The system determined IC by IR analyses of CO2 production 
after acidification of the sample and TC by CO2 production after combustion in a 
catalytic reactor at 680 ˚C.  
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3.3 Ionic chromatography 

To determine the ionic composition of the matrices, samples were diluted with 
demineralized water at ratios of 1:20, 1:40, and 1:100, v/v; filtered over a 0.45 µm 
Nylon filter in compatible glass vials of 15 mL, and analyzed by utilizing an ionic 
chromatograph from Metrohm, type 850 Professional. Dilution was necessary as the 
concentration of the main anions and cations was much higher than the quantification 
limit of the equipment. Dilution ratio was selected to quantify ions as close as possible 
to the center of the available calibration curves, which have a linear behavior 
(r2>0.999) between concentration and signal in the selected range (0,1 to 20 mg/L). 

The used column for the determination of the anions was a Metrosep A Supp 7 
150/40, which was thermoregulated at 45˚C with 3.6 mM sodium carbonate as eluent, 
at a rate of 0.7 mL/min. The column for the determination of the cations was a 
Metrosep C6 150/4.0, with 1.7 mM dipicolinic acid at a rate of 1.2 mL/min. Figure III.7 
shows a picture of the set-up. 

 

 

 

Figure III.7: The ionic chromatograph available at the PSA of the type 
Metrohm 850 Professional IC, with on the right the columns and the 
solvent tray, the autosampler in the middle, and the computer on the 
left. 
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3.4 Ultra-performance liquid chromatography 

Ultra-performance liquid chromatography (UPLC) was used to determine the 
concentration of the selected MCs in the matrices. Figure III.8 shows the UPLC 
available at the PSA from Agilent Technologies, type 1200 series, which consisted of 
a UV-DAD detector and a Poroshell 120 EC-C18 column with a dimension of 3 x 50 
mm. Initial eluent conditions were 95% water with 25 mM formic acid, designated as 
mobile phase A, and 5% acetonitrile (ACN), designated as mobile phase B, at a flow 
rate of 1 mL/min for 5 minutes. This was continued with a linear gradient for a time 
of ten minutes, till the ACN concentration was 68%, which was then maintained for 
two minutes. The injected sample volume was set at 100 µL at a temperature of 30˚C. 
Preparation of samples was performed by adding ACN to the samples at a ratio of 1:9, 
vigorously mixing and filtering over a hydrophobic PTFE 0.2 syringe filter from 
Millipore Millex-FG into 2 mL HPLC vials. The different specific parameters, the 
retention time tR, the Limit of Quantification (LOQ), and the absorption λ, for this UPLC 
method are shown in Table III.4. 

 

 

 

Figure III.8: UPLC used at the TSA lab of the PSA. With 1) Diode Array 
Detection (DAD), 2) column compartment with temperature control, 3) 
autosampler, 4) mobile phase pumps, 5) degasser, and 6) mobile phase tray. 
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Table III.4: Retention time, LOQ and maximum absorption of each contaminant. 

 

Name tR 

[min] 
LOQ [µg/L] Absorption λ [nm] 

CAF 3.2 5 273 

IMI 7.7 5 273 

THI 9.4 5 213 

CAR 10.7 5 267 

DIC 13.8 5 285 

 

3.5 Solar radiation measurement 

Measurements of solar irradiation were performed by using a CUV 5 pyranometer by 
Kipp & Zonen, which registered the global UV radiation at an interval of 1 minute, in 
the wavelength range of <400 nm.  

 

The UV radiation data was used to perform kinetic calculations for MC degradation 
and the formula used for these kinetic calculations is shown in Equation III.3, based 
on the work of Malato et al. [197] 

 

𝑄𝑈𝑉,𝑛 = 𝑄𝑈𝑉𝑛−1 + (𝑡𝑛 − 𝑡𝑛−1) ∗ 𝑈𝑉𝐺,𝑛 ∗ 𝐴𝑖/𝑉𝑡  Equation III.3 

 

Equation III.3 describes the accumulated UV energy per unit of volume 𝑄𝑈𝑉,𝑛 [kJ/L], 

with the average solar ultraviolet radiation  𝑈𝑉̅̅ ̅̅
𝐺,𝑛

̅̅ ̅̅ ̅̅ ̅ [W/m2] in the range of <400 [nm] 
which is measured in a specific period of time, between 𝑡𝑛 and 𝑡𝑛−1, where for n is 
the number of samples, the irradiated reactor surface 𝐴𝑖 and the total treated volume 
𝑉𝑡. 

 

3.6 Phytotoxicity, acute- and chronic toxicity determination 

Performed toxicity tests were performed by utilizing commercial kits supplied by 
MicroBioTests Inc., Belgium. The phytotoxicity determination was according to the 
ISO 18763 standard, using the PHYTOTOXKIT for Liquid Samples. This kit assesses the 
direct effects of the chemicals on seed germination and early growth of plants.  
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The tested permeate stream water samples were both kept at their natural pH of 9 
and normalized prior to the phytotoxicity experiments by bringing them to a pH of 7 
using a sulfuric acid solution. Three different test series were prepared, a control with 
demineralized water and two from the permeation streams produced at CF= 2 and 
CF= 4, for three different plant species, naming Sinapis alba (mustard), Sorghum 
saccharatum (sorgho), and Lepidium sativum (garden cress). These plant species are 
characterized by fast seed germination and root growth. A special black colored foam 
pad in a translucent cassette was soaked with the prepared volumes, after which the 
seeds were laid in a horizontal line and the cassettes closed. The cassettes were then 
placed in a special incubator to guarantee equal light and humidity conditions for 
three days. After this time, germination, shoot, and root length was determined, 
Figure III.9. 

 

 

 

Figure III.9: The translucent plastic cassettes containing the black 
colored foam pad and the germinated seeds of the three plant species 
Sorghum saccharatum (left), Sinapis alba (middle), and Lepidium 
sativum (right). 

 

The DAPHTOXKIT F was used to evaluate the acute and chronic toxicity of the 
permeate streams and was quantified by the number of immobilized individuals of 
the freshwater crustacean species Daphnia magna. The specific period of exposure 
time of 24 and 48 hours were used to determine the acute toxicity, and 72 hours of 
exposure time was used to determine the chronic toxicity. 

Dormant eggs of the Daphnia  magna, or ephippia, were hatched on a petri dish in a 
Standard Freshwater solution following ISO 6341, which were placed in an incubator 
at 20-22 ˚C for 72 hours, while continuously being irradiated by a lamp of 6000 lux.  
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Figure III.10: Ephippia of Daphnia magna in the hatching process by 

placing them on a petri dish filled with Standard Freshwater solution, 

and algae to feed them. 

Once the Daphnia magna hatched, they were transferred to a multiwell testing plate. 

First in a well for rinsing, followed by relocating them to four other wells, with five 

individuals per well. The well series contained a dilution row of 100, 50, 25, and 12.5% 

of the to be tested volume. 

 

4 Experimental set-ups and methodology 

4.2 Fe:EDDS complex preparation 

In order to be able to apply the photo-Fenton process at circumneutral pH, and even 
up to a pH of almost 10, a complexing agent was used. The main used complexing 
agent to keep the Fe(III) in solution was the biodegradable EDDS. 

 

The preparation of the Fe3+-EDDS complex was performed by taking (Fe2(SO4)3 xH2O 
salt as a precursor agent. In order to prepare sufficient complex for 1 L of reactor 
volume, 26.3 mg of Fe(III) sulfate was dissolved in 40 mL water of MilliQ quality, and 
two drops of concentrated H2SO4, followed by stirring for at least 30 minutes. Once 
the salt was fully dissolved, aluminum foil was wrapped around the beaker glass to 
ensure no light was able to enter, which could later degrade the complex. An EDDS 
volume of 201.6 µL was added to the wrapped beaker glass and left to homogenize 
for at least 15 minutes, until a faint yellow color could be observed. It is of the utmost 
importance that the complex was kept in the dark till further. 
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4.3 Sand filtration system 

UWWTP effluents was pretreated for further experimental work in this PhD thesis by 
the filtration system shown in Figure III.11. 

 

 

 

Figure III.11: UWWTP effluent pretreatment filtration system available at 
the PSA. Consisting out of a feed tank for UWWTP effluent, a sand filter 
(75 µm) and two cartridge filters (25 µm and 5 µm) in series, and a storage 
tank (1 m3) for the filtered UWWTP effluent. The systems flow is powered 
by two centrifugal pumps. 

 

The system was operated by filling the 1 m3 black polypropylene feed tank with fresh 
UWWTP effluent collected from the EDAR, water is then pumped at a flow rate of 1 
m3/h by two ESPA Techno 15 5 M centrifugal pumps to the sand filter containing 75 
µm SETA 16x44 (PEVASA) material. Further filtration is performed by pumping the 
UWWTP effluent through the 25 µm and then the 5 µm  AMETEK string wound filter 
cartridges. Finally, the fully filtered UWWTP effluent is then stored in the second 1 m3 
black polypropylene storage tank. 

The system is equipped with an automated operation and washing system of the sand 
filter, which is furthermore equipped with a flow meter and two WIKA 232.50 
manometers at the inlet and outlet, ranging from 0 to 6 bars for fitness monitoring. 
The fitness of both cartridge filters is monitored by two WIKA 232.50 manometers at 
their relative outlets. A pressure difference between both filters higher than 0.7 bars 
indicates the necessity of filter replacement. 
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4.4 Nanofiltration pilot plant 

The utilized NF pilot plant, Figure III.12, for this work available at the PSA consisted of 
a 500 L batch tank in which the desired matrix was prepared. The batch tank had its 
own recirculation pump and a lit to prevented evaporation. From the batch tank, the 
matrix was led through a tube to a multistage pump which fed the NF rolled sheet 
membranes. The pilot plant had three different membrane slots available, which gave 
the possibility to operate different membranes at the same time, or easily change 
between different membranes based on type, age, or preference. 

 

 

 

Figure III.12: The pilot plant for NF available at the PSA 

 

The working pressure of the system was measured by pressure meters after 
the pump, as well as before and after the membrane to monitor the trans 
membrane pressure (TMP) and was controlled by the speed of the pump. 
Three flowmeters, after the pump, and one for each the concentrate and the 
permeate stream, enabled to monitor the flow throughout the system. A 
bypass was built around the pump to be able to control the system flow, an 
important parameter as it determines the crossflow velocity of the membrane. 
Furthermore, three conductivity meters placed after the previously mentioned 
flowmeters enabled to monitor the conductivity of the different stream in the 
pilot plant. 

The NF pilot plant was digitally controlled by a computer with compatible 
software in the form of a SCADA interface, which also digitally monitored the 
flow and conductivity, while providing to save this data. Figure III.13. 
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Figure III.13: Screenshot of the SCADA control software of the pilot 
plant. 

 

The permeate stream coming from the membrane was collected through a 
tube placed in an external container, whereas the concentrate stream was led 
back into the feed tank when operating in batch mode. The maximum 
operating pressure of the system was 10 bars. The used NF membranes for this 
work were commercial grade polyamide thin-film composite membranes of 
the type NF90-2540 FILMTECTM Membranes delivered by DOW, characterized 
by an active area of 2.6 m2, a maximum operating temperature of 45˚C, a 
maximum operating pressure of 41 bars, within a pH range during continuous 
operation between pH 2-11.  

 

The membranes were chemically cleaned in order to reverse fouling by 
preparing an acidic solution in the feed tank of demineralized water and HCl at 
pH 1.7. After operating this solution for one hour, leading both the concentrate 
and permeate streams back into the feed tank, the acidic solution was 
discharged, and the system was rinsed three times with demineralized water. 
This was also performed with a basic solution by dissolving NaOH in 
demineralized water till a pH was reached of pH 11. 

In the case the pilot plant was not used for long times, a biocide was used to 
prevent an outbreak of microbiological growth, as the pilot plant system, and 
especially the NF membranes needs to be wet at all times. 
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Table III.5: Predetermined concentrations of biocide needed for set periods of time. 

Period Concentration of the Biocide 

< 2 days 180 mg/L 

1 – 7 days 360 mg/L 

1 – 4 weeks 540 mg/L 

1 – 6 months 900 mg/L 

 

Irreversible fouling, and the degree thereof, was monitored by preparing a 
standard NaCl solution in the feed tank, and operating the system at a relatively 
low pressure, while both the concentrate stream and the permeate stream was 
led back to the feed tank. The system pressure was then gradually increased, 
while the TMP increase and the permeate flow decrease was monitored. The 
difference between the produced curves for a new membrane, and a 
membrane used for a certain amount of time, gave a quantitative insight of the 
degree of irreversible fouling.   

 

4.5 Solar photoelectro-Fenton pilot plant 

The EO pilot plant available at the PSA for SPEF experiments was build up from four 
commercial Electro MP-Cell plate-and-frame cells, which was delivered by ElectroCell 
A/S, Denmark, Figure III.14. The anode of every cell was a BDD thin film which was 
deposited on a Nb mesh and the cathode was a carbon-polytetrafluorethylen GDE, 
characterized by an effective area of 100 cm2 for both the anode and the cathode, 
which was connected to a feed tank containing an experimental volume of 100 L. The 
feed tank was connected to a 2 m2 CPC photoreactor having a total irradiated volume 
of 23 L, Figure III.15. The cell was set to maintain a constant current density (j) o 74 
mA/cm2. A constant flow of air was led into the cell at a pressure of 0.7 bar and a flow 
rate of 10 L/min, something fundamental for the prevention of water flowing into the 
air circuit, as the treated water was led to the cell at a pressure of 0.5 bar and a flow 
rate of 4 L/min, Figure III.16. The electrochemical system had an experimental volume 
of 30 L, with a total volume of 75 L when combined with the CPC photoreactor. A 
schematic overview of the set-up is shown in Figure III.17. An automated cooling 
system set at 25-30 ˚C was used for cooling the pilot plant set-up when needed. 
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Figure III.14Error! No bookmark name given.: Photo of the system wall 
containing four cells for EO treatment of water. 

 

 

Figure III.15: Photo of the CPC reactor connected to the EO cell system as 
part of the EO pilot plant. 

 



III. Materials and Methods 

62 
 

 

Figure III.16: The EO cell set-up, with 1) the air-inlet and pressure meter, 2) 
the EO cell, 3) the water-inlet and pressure meter.   

 

 

Figure III.17: Schematic overview of the SPEF pilot plant available at 

the PSA, consisting out of 1) the feed tank, 2) the feed tank pump, 3) 

the compressor, 4) the EO cell set-up, 5) CPC-feed tank circulation 

pump, and 6) the CPC reactor.  
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The experimental procedure was: 

- Filling of the 30 L feed tank with the experimental batch volume. When 
connected to the CPC, the total system volume is 75 L. The batch volume was 
homogenized for a duration of 30 minutes by continuous pumping. 

- Temperature control by an external heat exchange system to keep the 
temperature of the batch volume at a temperature of 25 oC. 

- The pH value was measured and corrected when needed, using H2SO4 for 
acidification and NaOH for alkalinization.  

- Addition of the Fe: EDDS complex, followed by homogenization for 30 
minutes, with a covered CPC reactor. 

- Adjustment of the operational parameters, such as the batch volume flow, air 
flow, and pre-setting the current at the PSU. 

- Taking the initial sample, followed by switching on the PSU, along with the 
immediate uncovering of the CPC reactor when SAAO and SPEF experiments 
are performed. 

- Sampling at short intervals in the first 30 minutes, then extended to an interval 
of 30 and 60 minutes. 

 

At the end of the experiments the system was emptied and cleaned with 
demineralized water, sequentially with an acidic solution of pH 3, by adding HCl to the 
demineralized water, for a total amount of three times. 
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4.6 Solar simulator 

Performed experiments in this work included ones solely, or prior to further 
experiments in pilot plants, small scale batches in a solar simulator, Figure III.18. The 
solar simulator available at the PSA is the Atlas-SunTest XLS+, which has a daylight 
filter and a xenon lamp placed on the ceiling of the irradiation chamber ceiling. The 
solar simulator was programmed to produce a total irradiation potential of 365 W/m2 
in the wavelength range of 300-800 nm, along with temperature control venting 
system set at 25 ˚C. UV irradiation was 30 W/m2 in the range of 300-400 nm. 

 

 

 

Figure III.18: The Atlas-SunTest XLS+ available at the PSA, equipped with a 
xenon lamp and a daylight filter. 
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A 1 L cylindrical container was placed in the middle of the solar simulator platform 
and was magnetically stirred, which had a diameter of 18.5 cm and a depth of 4.0 
cm, as shown in Figure III.19. 

 

Figure III.19: The 1 L cylindrical glass container placed in the solar 
simulator on a magnetic stirrer plate, a tube for sampling, and on the side 
a solar irradiation meter. The perpendicular holes on both sides belong 
to the venting system that control the air temperature. 
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Target 1. Determination of optimal operational parameters, concentration 

factors and retention mechanisms of MCs, for the preconcentration of saline 

waters by NF treatment, utilizing a pilot plant containing NF membranes. 

Followed by the assessment of oxidizing agents’ effectiveness, iron 

concentration and EDDS complex ratios during solar photo-Fenton treatment of 

the different concentrate and permeate volumes, at different pHs. 
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1. The Effects of salinity on NF membranes 

The influence of the water matrices, salinity, and system pressure on the performance 
of the NF pilot plant was investigated. Two water matrices were chosen, 
demineralized water and natural water from Tabernas, Spain. The different system 
pressures were set at 5,7, and 10 bars, at salinity levels of 3,5, and 7 g/L of NaCl. The 
NF experiments started by spiking the prepared water matrices with the previously 
chosen target MCs from the stock solution prepared as described in Chapter III – 2.3, 
till a tank concentration of 100 µg/L of each MC. 

 

For the experiments using the demineralized water, the total experimental time was 
set at 360 minutes to reach a maximum CF of CF= 4. The permeability of the three 
MCs, THI, CAF, and CAR, was detected after 180 minutes of operation of the NF pilot 
plant, something indicating the membrane surface saturation point time. The 
permeability order of the MCs was THI, CAF, and CAR, while only very low 
concentrations of DIC were detected.  

In all experiments, the MC permeability order was the following: THI, CAF, and CAR, 
sometimes with very low concentrations of DIC. This permeation order can be 
attributed to the specific molecular morphology, flexibility, and weight (252.7, 194.2, 
and 236.3 g/mol, respectively) of the first three MCs, as compared to DIC (318.1 
g/mol), and the MWCO of the NF membrane, which lies around 250 g/mol. 
Furthermore, positively charged molecules also enhance the MC membrane 
permeability, as the membrane surface is negatively charged.  

The MC concentration increase over time in the concentrate stream showed to be 
inversely related to the CF. Meaning that operating at higher system pressures, the NF 
pilot plant obtained higher CFs, as was expected. 

 

During experiments where 3 g/L of NaCl was added to the matrix, the same conditions 
were observed regarding the pressure as compared to the previous experiments. The 
MC permeability order stayed the same as without the addition of NaCl, with THI, CAF, 
and CAR as the most permeable MCs. Not in any case was DIC observed in the 
permeate stream.  

The total time required to reach a concentration of 10 µg/L per MC in the permeate 
stream is shown in Table IV.1. CFs of 2, 3, and 4 were obtained at 120, 180, and 300 
minutes, respectively, at a system pressure of 10 bars. Operating at lower system 
pressures resulted in longer times to reach the desired CF. Over time, the salinity 
increased with a factor 2 in the feed tank at 180, 150, and 90 minutes for 5, 7, and 10 
bars, respectively. 
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Table IV.1: Overview of the times necessary to reach a concentration 
of 10 µg/L of each MC in the permeate stream, while operating with 
demineralized water as the matrix and an addition of 3 g/L NaCl. 

 

Pressure, 
bars 

5 7 10  

THI 180 150 120 min. 

CAF 420 300 210 min. 

CAR - - 300 min. 

DIC - - - min. 

 

The maximum applied system pressure was set at 10 bars, which is the maximum 
system pressure of the NF pilot plant. However, for further commercial applications 
higher operation pressures are expected to be utilized, especially for water matrices 
possessing higher saline conditions than with the addition of 5,7, and 10 g/L of NaCl 
to the water matrix. Unfortunately, this lower pressure prohibited obtaining the 
desired CF= 4 within the previously determined experimental time of 360 minutes, for 
which the data is not shown. As an example, when 5 g/L of NaCl was added to 
demineralized water, and the NF pilot plant was operated at 10 bars, the CF only 
reached CF= 2 and CF= 3 at 210 and 360 minutes, respectively. 

In order to further investigate the effect of salinity on the NF membrane, the 
complexity of the water matrix was increased by using natural water from Tabernas, 
Spain. The composition of this matrix can be found in Table III.2. 

 

Additionally, IMI, a neonicotinoid pesticide comparable to THI, was added as selected 
MC with the other MCs in order to extend the variability of the NF permeability and 
retention, as also enriching the results. Just as THI, IMI is well known for its persistence 
in the environment and its potential negative effects on bees worldwide. [198,199]  

 

The use of natural water as the matrix increased the salinity as compared to the 
demineralized water due to the presence of NaCl and other salts, while no 
differentiation in MC membrane permeability order was observed after the addition 
of 3, 5, or 7 g/L NaCl. The total matrix salinity after the addition of NaCl was 8,200, 
11,100, and 14,500 µS/cm, respectively. 

 

In Figure IV.1 the changes in the total MC concentration in both the permeate and 
concentrate (inset) streams are shown throughout the 360 minutes of experiment 
time. The final MC concentration increment over time in the permeate stream was 
25.7, 3.2, and 3.8 times higher as compared to the experiments with demineralized 
water, and in the concentrate stream 2.3, 1.7, and 1.4 times higher with the addition 
of 3, 5, and 7 g/L of NaCl, respectively. 
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Figure IV.1: The concentration of the sum of MCs, and the evolution 

thereof, in the permeate stream and the concentrate stream (inset). The 

natural water matrix had 3, 5, and 7 g/L NaCl added to it.  

 

After the addition of 3 g/L of NaCl, the initial conductivities of the permeate and the 
concentrate streams at t= 0 minutes were 430 and 10500 µS/cm, respectively, which 
then increased to 2400 and 20200 µS/cm after the total experiment time of t= 360 
minutes. Thus, the increment in salinity in the permeate stream was a factor of 5.7, 
while in the tank and concentrate stream, it had an increment factor of 2.3 and 1.9, 
respectively. The CF obtained after this time was CF= 3.3. 

 

Secondly, after the addition of 5 g/L of NaCl, the initial conductivities of the permeate 
and the concentrate streams at t= 0 minutes were 650 and 13700 µS/cm, respectively. 
At the end of the total experiment time, t= 360 minutes, the conductivities were 4300 
and 21400 µS/CM. The salinity in the permeate stream had increased by a factor of 
6.5, while in the tank and the concentrate stream, the increment factors were 1.8 and 
1.6, respectively. The CF obtained after this time was CF= 2.4. 

 

As last, after the addition of 7 g/L of NaCl, the permeate and concentrate stream had 
initial conductivities of 1400 and 17900 µS/cm, respectively. At a total experiment 
time of t= 360 minutes, their relative conductivities increased to 4600 and 22700 
µS/cm. The salinity in the permeate stream increased with a factor of 3.2, whereas in 
the tank and concentrate stream, the increment factors were 1.5 and 1.3 respectively. 
The obtained CF after 360 minutes of experiment time was CF= 1.6, indicating that a 
significant decrease in the concentration capacity of the NF system utilized in this 
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work. An CF of CF= 4 was only obtained with the addition of 3 g/L NaCl to the natural 
water, which had already an initial conductivity of 2300 µS/cm.  

 

During all experiments, the MC membrane permeability order was IMI, THI, CAF, and 
CAR. DIC was not detected in the permeate stream, which could be assigned to its 
molecular weight and charge, as mentioned before. An increasing CF and salinity were 
observed with increasing MC permeation, in particular with the increased permeation 
of THI and IMI, which showed a disproportionate increase in the permeate stream. 
This is suggesting that a higher salinity leads to reduced membrane efficiency and MC 
retention. 

 

The most unfavorable operating conditions for the NF pilot plant were determined 
and simulated based on this conclusion, resulting in performing the following 
experiments with an addition of 7 g/L of NaCl at a system pressure of 10 bars. Under 
these conditions, at an experiment time of t= 360 minutes, the total MC concentration 
in both the permeate and the concentrate streams were 104 μg/L (IMI: 30 μg/L, THI: 
39 μg/L, CAF: 19 μg/L, CAR: 11 μg/L, and DIC: 5 μg/L) and 659 μg/L (IMI: 130 μg/L, THI: 
129 μg/L, CAF: 156 μg/L, CAR: 162 μg/L, and DIC: 82 μg/L), respectively. The final MC 
concentration in the feed tank was 659 μg/L.  

 

Based on these results, multiple batches were produced at an isobaric pressure of 10 
bars in order to generate sufficient concentrate and permeate volume to perform 
further tertiary treatment using the solar photo-Fenton process. As the matrix, the 
natural water from Tabernas, Spain was chosen and 7 g/L of NaCl was added, as it 
resulted in the highest salinity and ionic variation coming closest to highly saline 
effluents coming from UWW, which is the main objective of this work. While 
additionally, the NF pilot plant was operated at more challenging conditions in order 
to obtain more conservative results rather than optimistic ones. 

 

Starting with batch P1 with a volume of v0= 400 L and operating for 180 minutes, as 
the permeability of the four MCs, IMI, THI, CAF, and CAR, was detected within this 
timeframe. After 180 minutes, a total volume of vP1= 100 L was produced. The NF pilot 
plant was still being operated with the residual 300 L for an addition of 660 minutes, 
which resulted in batches P2 and C1, having an equal volume of VP2 = VC1 = 150 L. The 
operation time of 660 minutes for these batches was chosen to obtain a final batch 
volume ratio close to 4. 

 

The produced batches P1 and P2, each with different MC concentrations, low and 
high, and batch C1 with very high MC concentrations, were prepared for subsequent 
treatment by the solar photo-Fenton process under a variety of operating conditions. 
The main objective of all the different treatments applied to both permeate streams 
and the concentrate stream was to achieve a total degradation of 90% of the sum of 
the MCs. An ambitious objective and something which comes only close to the 
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regulation in Switzerland, where current requirements dictate 80% of CECs are to be 
removed from raw wastewater in UWWTP effluents. [101] 

 

2 Solar photo-Fenton as tertiary treatment 

2.2 Treatment with the conventional solar photo-Fenton process at a pH of 3 

In order to minimize the economic and environmental impacts of the treatment with 
the solar photo-Fenton process, a set of initial conditions were chosen to still obtain a 
high efficiency in the removal of a wide range of MCs, based on previous findings. 
[200,201] 

 

In Figure IV.2, the results of the treatment by solar photo-Fenton at a pH of 3 are 
shown, using mild experimental parameters (0.10 Fe(II) and 1.50 mM H2O2). These 
results demonstrate that in volume C1, the MCs CAF, CAR, and DIC were eliminated 
till under the LOQ in less than five minutes. IMI and THI showed more persistence, for 
which only 70% elimination was obtained after 30 minutes of treatment time. The 
H2O2 consumption at the end of the experiment was determined at 0.70 mM, which is 
around half of the initial amount. Derived from these results the first-order kinetic 
constants (r= kC) were calculated, being 0.770 min-1, 0.042 min-1, 0.041 min-1, 0.793 
min-1, 0.737 min-1 for the selected MCs CAF, IMI, THI, CAR, and DIC, respectively. 

 

 

Figure IV.2: Solar photo-Fenton treatment applied on concentrate volume 

C1, at a pH of 3. The treatment applied on permeate streams P1 and P2 

are shown in the insets.  
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Also in volumes P1 and P2, CAF, CAR, and DIC were rapidly eliminated to the LOQ 
within the first five minutes of treatment. Remarkably, DIC was already eliminated by 
the Fenton process even before illumination (t<0), in the dark. The more persistent 
IMI and THI showed to be harder to eliminate as compared to the other MCs, as only 
90% elimination was obtained in volumes P1 and P2 after 25 and 30 minutes of 
treatment, respectively. The first-order kinetic constants for volume P1 were 0.133 
min-1, 0.060 min-1, and 0.071 min-1 for CAF, IMI, and THI, respectively. For volume P2, 
the values of the first-order kinetic constants were 0.350 min-1, 0.083 min-1, and 0.074 
min-1 for CAF, IMI, and THI, respectively. 

 

The H2O2 consumption after 30 minutes of treatment time was 0.50 mM and 0.80 mM 
for volumes P1 and P2, respectively. Therefore, H2O2 consumption was not mainly 
determined by MC concentration, which was comparable in volumes P1, P2, and C1. 
Although the treatment of the volumes was slower, they were still successful, reaching 
a MC elimination of over 90% of the total MCs after 20 minutes of treatment and kept 
consistently above 70% for individual MCs after 30 minutes of treatment time with 
the solar photo-Fenton process as tertiary treatment. 

 

2.3 The application of EDDS for the solar photo-Fenton process at natural pH 

The results of the treatment of the volumes P1, P2, and C1, with the solar photo-
Fenton process under mild conditions at a natural pH (0.10 mM Fe(III):EDDS; [1:2] and 
1.50 mM H2O2) are shown in Figure IV.3. These initial operational parameters for the 
solar photo-Fenton process were chosen based on previous work also applying low 
initial concentrations of Fe(II) and H2O2. [202] 

 

For volume C1, an elimination of CAF, CAR, and DIC to the LOQ was reached in less 
than five minutes. An elimination of 90% was obtained for the more persistent IMI 
and THI in a treatment time less than 15 minutes. The degradation of the Fe(III):EDDS 
complex paralleled to the evolution of the dissolved Fe, which is consistent with the 
finding from other studies that extensively evaluated the complex. [203,204] The iron 
precipitation, an indicator for the degradation of the Fe(III):EDDS complex, was first 
observed at just under 20 minutes, which resulted in a total loss of 0.03 mm of 
dissolved iron after 30 minutes. The H2O2 consumption was approximately 1.20 mM 
after 30 minutes reaching a MC degradation of 90%, while only 0.80 mM was 
consumed after fifteen minutes of treatment. The calculated first-order kinetics were 
0.768 min-1, 0.150 min-1, 0.126 min-1, 0.792 min-1, and 0.732 min-1 for CAF, IMI, THI, 
CAR, and DIC, respectively. 
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Figure IV.3: Evolution of dissolved iron and MC concentration decline by 

solar photo-Fenton  treatment of concentrate volume C1, applied at a 

natural pH of 7, using Fe(III):EDDS at a ratio of [1:2], with the insets 

showing the results of the treatment applied to permeate volumes P1 and 

P2.  

 

In Figure IV.3, the rapid elimination till the LOQ of all MCs in volumes P1 and P2 is 
shown. Within the first five minutes of treatment time, 90% of all MCs was obtained. 
Iron precipitation due to EDDS degradation started after ten minutes and was 
completed after 30 minutes of treatment. The H2O2 consumption was not affected by 
the MC concentration but decomposed naturally over the treatment time. The 
calculated first-order kinetic constants for volume P1 were 0.137 min-1, 0.266 min-1, 
and 0.304 min-1 for CAF, IMI, and THI, respectively. For volume P2, the corresponding 
values were 0.386 min-1, 0.269 min-1, and 0.192 min-1 for CAF, IMI, and THI, 
respectively. The Fe(III):EDDS complex at circumneutral pH demonstrated the ability 
to rapidly eliminate the selected MCs in the volumes treated by NF, or at least being 
as effective as compared to the classic photo-Fenton process at acidic pH, or 
potentially even more so, looking at the first-order kinetic constants of the different 
MCs. IMI and THI were the most persistent MCs in both treatments. 

 

The solar photo-Fenton experiments were applied to waters containing high chloride 
concentrations, without any significant adverse effects regarding the photo 
degradation of the selected MCs. The effects of different AOPs due to the main 
compounds present in wastewater, including the previously mentioned chloride ions, 
were reviewed by Lado Ribeiro et al. (2019). [205] Furthermore, it was reported that 
the high chloride concentrations had no effect of a slight improvement in the reaction 
rate due to the involvement of chloride radicals in MC degradation. [206]  
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2.4 The NF operating parameter effect on the solar photo-Fenton process as 

tertiary treatment at a pH of 3 

Previous studies indicate that sulfate can reduce the efficiency of treatment by the 
photo-Fenton process by scavenging hydroxyl and other radicals. [207–209] The 
experiments in this work, where the pH was lowered to a pH of 3 by the addition of 
sulfuric acid, the sulfate concentration was nearly four times higher as compared to a 
pH of 7. The higher reaction rates observed by utilizing Fe(III):EDDS at a natural pH, as 
compared to the photo-Fenton process at a pH of 3, could therefore be assigned to 
the scavenging of hydroxyl radicals by sulfate. 

 

In order to counter the negative effects of the scavenging sulfate, an additional 0.60 
mM of H2O2 was added to the reactor after 15 minutes at pH 3. As the MCs CAF, CAR, 
and DIC reached the LOQ in less than five minutes, the more recalcitrant IMI and THI 
had not yet reached 90% of elimination after 30 minutes. However, the second H2O2 
addition did not show to have a positive effect on the MC elimination, especially 
considering an equal amount (0.70 mM) of H2O2 was consumed as compared to the 
experimental results shown in Figure IV.2. 

 

Similar to this, further experimental work to enhance the solar photo-Fenton at a pH 
of 3, the iron concentration was doubled to a concentration of 0.2 mM. Figure IV.4, 
illustrates the elimination of the MCs CAF, CAR, and DIC to the LOQ within the first five 
minutes. 
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Figure IV.4: The solar photo-Fenton treatment applied at a pH of 3, with 

0.20 mM of Fe(II) and 1.50 mM of H2O2 on concentrate volume C1, 

showing the degrading concentrations of the MCs. When persulfate is 

used as an alternative oxidizing agent, the MC concentration decline is 

shown in the inset.    

 

After 30 minutes of treatment, an IMI and THI elimination of 85 and 80%, respectively, 
was obtained. However, the increased iron concentration showed to have a minimal 
positive effect when comparing the first-order kinetic constants as calculated from the 
results in Figure IV.3. The H2O2 consumption of 0.95 mM after 30 minutes was 20% 
higher than the basic experimental parameters (Fe 0.10 mM and 1.50 mM H2O2). 
Additionally to this, after a treatment time of five minutes, the H2O2 consumption was 
0.36 mM, which is over two times that of 0.1 mM of Fe(II). It is therefore, that the 
observed higher reaction rate with Fe(III):EDDS at natural pH at a pH of 3 cannot be 
assigned to the lack of oxidizing radicals caused by a low iron concentration. Instead, 
the high reaction rate could be assigned to the high sulfate concentration in volume 
C1, which scavenged hydroxyl and other radicals, or could be related to the different 
photoreactivity of the formed iron species formed with Fe(III):EDDS at a natural pH or 
a pH of 3. 

 

Finally, persulfate was utilized as an alternative to H2O2 as an oxidizing agent in order 
to find out if any improvement can be obtained when utilizing the traditional solar 
photo-Fenton process for the elimination of the selected MCs present in volume C1 at 
a pH of 3. Using persulfate as an oxidizing agent in the photo-Fenton process was 
previously described. [210,211]  
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The mechanism behind the persulfate lies in its activation by a combination of factors 
such as an increase in temperature, radiation by UV-light, or through transition metals 
such as Fe(II) and Fe(III):EDDS (reactions (13-14); Figure IV.4 and Figure IV.5), which 
can all lead to the generation of highly oxidizing sulfate radicals (SO4

●-), as is shown 
following reactions (1-12). [209]  

𝑆2𝑂8
2− + ℎ𝜗 → 2𝑆𝑂4

2− (1) 

𝑆𝑂4
•− + 𝑅𝐻2 → 𝑆𝑂4

2− + 𝐻+ + 𝑅𝐻• 

 

𝑅𝐻• + 𝑆2𝑂8
2− → 𝑅 + 𝑆𝑂4

2− + 𝐻+ + 𝑆𝑂4
•− 

 

𝑆𝑂4
•− + 𝑅𝐻 → 𝑅• + 𝑆𝑂4

2− + 𝐻+ 

 

2𝑅• → 𝑅𝑅 (𝑑𝑖𝑚𝑒𝑟) 

 

𝑆𝑂4
•− + 𝐻2𝑂 → 𝐻𝑆𝑂4

− + 𝑂 

 

𝐻𝑆𝑂4
− → 𝐻+ + 𝑆𝑂4

2− 

 

𝑂𝐻• + 𝑆2𝑂8
2− → 𝐻𝑆𝑂4

− + 𝑆𝑂4
•− +

1

2
𝑂2 

 

𝑆𝑂4
•− + 𝑂𝐻• → 𝐻𝑆𝑂4

− +
1

2
𝑂2 

 

𝑂2𝐻• → 𝐻2𝑂2 

 

𝑂𝐻• + 𝐻2𝑂2 → 𝐻2𝑂 + 𝑂2𝐻•  

 

𝑆2𝑂8
2− + 𝐻2𝑂2 → 2𝐻+ + 2𝑆𝑂4

2− + 𝑂2 

 

𝐹𝑒(𝐼𝐼𝐼): 𝐸𝐷𝐷𝑆 + ℎ𝜗 → 𝐹𝑒2+ + 𝐸𝐷𝐷𝑆𝑜𝑥 

 

𝐹𝑒2+ + 𝑆2𝑂8
2− → 𝑆𝑂4

•− + 𝑆𝑂4
2− + 𝐹𝑒3+ 
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These radicals possess a high redox potential, which is similar to the redox potential 
of ●OH, and rather than a direct reaction, react with the MCs through an electron 
transfer. This preference for an electron transfer provides a synergistic effect for the 
elimination of the MCs and thereby strengthens the Fenton process by reducing the 
pH of the water through the generation of sulfuric acid, as shown in Reaction (12). 
[212,213] Consequently, this approach delivers a promising alternative to the 
treatment with the conventional photo-Fenton process at a pH of 3, as it combines 
the presence of both ●OH and sulfate radicals, potentially with higher reaction rates 
as a result. However, in this work no clear improvement in the elimination of the 
selected MCs was observed when using persulfate as an oxidizing agent at a pH of 3, 
as shown in Figure IV.4.  

 

 

Figure IV.5: Dissolved iron evolution and MC concentration decline when 

applying the solar photo-Fenton treatment at a natural pH on concentrate 

volume C1, utilizing 0.20 mM of Fe(III): EDDS [1:1], and 1.50 mM of H2O2. 

The results when 0.10 mM of Fe(III):EDDS and the same ratio with 

persulfate (1.50 mM) as an alternative oxidizing agent are shown in the 

insets. 

 

The MCs CAF, CAR, and DIC were eliminated to the LOQ of 5 μg/L in less than five 
minutes. Generally, the first-order kinetic constants were lower when using persulfate 
as compared to the treatment with the classic photo-Fenton process using H2O2 at a 
pH of 3. The values for CAF, IMI, THI, CAR, and DIC were 0.753 min-1, 0.021 min-1, 0.028 
min-1, 0.774 min-1, 0.706 min-1, respectively. The total persulfate consumption 
accounted for only 10% of the initial amount. Whereby, after 30 minutes of treatment, 
only 90% of IMI and THI were eliminated, at similar elimination rates as when using 
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H2O2. However, IMI exhibited greater persistence when persulfate was used as the 
oxidizing agent. 

 

2.5 The Solar photo-Fenton process as tertiary treatment 

Different operating parameters and their effects on the solar photo-Fenton method 
as a tertiary treatment at natural pH were investigated. Different factors, such as the 
concentration and ratio of Fe(III):EDDS (0.20 mM iron or half EDDS, 0.10 mM) and the 
use of an alternative oxidizing agent, persulfate instead of H2O2, was examined. 

 

Starting with the first variety of the different operating parameters, Figure IV.5, where 
the concentration of the iron was doubled (0.20 mM, Fe:EDDS [1:1]), the MCs CAF, 
CAR, and DIC reached the LOQ by UPLC determination of 5 μg/L in less than five 
minutes. After 30 minutes, approximately 80% of IMI and 70% of THI was eliminated. 
The first-order kinetic constants were determined for all of the MCs, CAF, IMI, THI, 
CAR, and DIC, being 0.732 min-1, 0.061 min-1, 0.048 min-1, 0.776 min-1, and 0.732 min-

1, respectively. During this time no iron precipitation was observed, while H2O2 
consumption was determined to be 1.35 mM. However, the increased iron 
concentration of 0.20 mM showed to result in negative effects regarding the 
elimination of IMI and THI at natural pH, which could be assigned to an excess of ●OH, 
leading to its recombination into H2O2. A competition between EDDS and the MCs for 
the ●OH seemed unlikely, as no iron precipitation was observed, which indicated 
stability of the Fe(III):EDDS complex during the experiment time. 

 

In the case only half of the base concentration of EDDS was utilized (0.10mM), the 
MCs CAF, CAR, and DIC were eliminated to a concentration under the LOQ in less than 
five minutes. In total, over 90% of the total concentration of MCs were already 
eliminated after 15 minutes, having consumed 0.70 mM of H2O2, which totaled to 1.00 
mM after 30 minutes of experiment time. The first-order kinetic constants for CAF, 
IMI, THI, CAR and DIC were calculated to be 0.737 min-1, 0.189 min-1, 0.241 min-1, 0.772 
min-1, and 0.731 min-1, respectively. In comparison with the basic experimental 
parameters, slightly better MC elimination rates were obtained at lower H2O2 

consumption. Iron precipitation was however observed at an earlier time, resulting in 
a loss of iron during the solar photo-Fenton process. By reducing the DOC and 
minimizing the competition for the oxidants with the selected MCs, the lower EDDS 
concentration had a positive effect on the MC elimination at a natural pH. 

 

When persulfate was used as an oxidizing agent at natural pH, the MCs CAF, CAR, and 
DIC were eliminated till under the LOQ in less than five minutes. A maximum 
elimination of 60% of the more recalcitrant IMI and THI was obtained after 30 minutes. 
The elimination rates were similar to those observed when using H2O2 at neutral pH. 
Although, the persulfate consumption was significantly higher as compared to the 
experiment performed at a pH of 3. Overall, a substantial improvement in MC 
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degradation was not observed as compared to H2O2 as an oxidizing agent at a neutral 
pH. 

 

The reduction of toxicity of the treated water and effluents containing the selected 
MCs through treatment with the solar photo-Fenton process was extensively studied 
in recent research. [188,214,215] Given the existing abundance of information 
regarding the evolution of toxicity during the treatment with the solar photo-Fenton 
process, this aspect was chosen to be outside of the scope of Target 1. However, the 
toxicity reduction was confirmed by various bioanalytical tools, as is more extensively 
described in Target 2. 

 

This Chapter IV – Target 1 corresponds to article: 

Dennis Deemter, Isabel Oller, Ana M. Amat, Sixto Malato, Effect of salinity on 
preconcentration of contaminants of emerging concern by nanofiltration: 
Application of solar photo-Fenton as a tertiary treatment, Science of The Total 
Environment, Volume 756, 2021, 143593, ISSN 0048-9697, Available at: 
https://doi.org/10.1016/j.scitotenv.2020.143593. It is included as part of Annex B. 
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Target 2. Recovery of valuable nutrients such as ammonium from saline waters 

during their preconcentration for the retention of MCs, with the aim to produce 

enriched crop irrigation waters for direct use. Followed by the application and 

assessment of different AOPs treatment methods for MC removal from the 

concentrate volumes, and a toxicity assessment of the permeate volumes. 
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3 Applying Nanofiltration for ammonium recovery 

The NH4
+ permeation through commercial NF membranes was investigated by utilizing 

demineralized water. In Figure IV.6 can be seen that the NH4
+ permeation was minimal 

at a pH of 4 and 7. At a pH of 9 however, there was a notable increase in permeation, 
especially when the feed tank had an initial concentration of 250 mg/L and 500 mg/L 
NH4

+.  

The permeation rate further increased as the CF reached CF= 4. This behavior can be 
assigned to the speciation of ammonia at different pH levels, while as the ammonia 
molecules dominate at a high pH value, the ammonium ions prevail at an acidic to 
neutral pH value. In effect, the non-charged ammonia species was rejected to a 
greater extent at a lower pH value as compared to the charged ammonium ions. The 
increment of the permeation volume over time, and so the CF, was influenced by the 
concentration polarization, which is the phenomenon where the concentration 
gradient across the membrane surface is affected by the transport of solutes. 

The necessary NH4
+ concentration in the permeate stream, which can be used as a 

water for irrigation, could be decided based on various factors such as the crop type, 
the soil pH value, the soil composition, and the availability and preference for other 
nitrogen sources such as NO3

-. Considering the specific requirements and 
characteristics of the crops being grown is therefore important.  

 

  



IV. Results and Discussion 

85 
 

 

Figure IV.6: The concentration of NH4
+

 in mg/L present in the permeate 

stream at different pH values and feed tank concentrations. The different 

experiments were performed till CF= 4 was reached. 

 

One of the potential drawbacks of NH4
+ is that when the plant absorbs it, the H+ ions 

are released, which leads to soil acidification. In certain cases, the NH4
+ fertilization 

can even be associated with toxicity, making it application somewhat contradictory. 
Nonetheless, it is essential to evaluate the potential negative effects of the soil 
acidification and toxicity against the provided benefits of this renewable and 
sustainable source of nitrogen in irrigation water, particularly in regions that are 
(semi-)arid where NF permeates have often a high pH value and the soil types been 
typically alkaline. The overall impact of NH4

+ rich irrigation water on the pH of the soil 
and the plant health must be carefully considered, while considering factors such as 
the nutrient availability, the necessity of the crop, and sustainability of the agricultural 
practices. [216–218]  

Experiments were performed to investigate if the presence of the selected MCs at an 
initial concentration of 100 µg/L each has an influence on the permeation of the NH4

+. 
The experiments were performed at a pH of 9 with a concentration of 500 mg/L NH4

+. 
The results showed that the permeation of NH4

+ was similar to that shown in Figure 
IV.6, which indicates that the presence of the MCs in the wastewater did not 
significantly influence the NH4

+ permeation. In addition to this, when the experiments 
were repeated with an increased water conductivity, obtained by adding 5 g/L NaCl, 
the permeation volume of the NH4

+ stood the same. 
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Furthermore, the NH4
+ recovery was found to be highest at a CF= 4, despite the higher 

MC permeation seen at this CF. This suggests that if the permeate is supposed to be 
utilized directly as a revalorized irrigation water, a CF= 2 is preferred. This, while at 
this CF the concentration of the recovered NH4

+ is high, while the MC permeation is 
relatively low, suggesting better suitability for irrigation purposes. 

 

4 Treatment of the Nanofiltration concentrate stream by the solar photo-

Fenton process at lab and pilot scale 

Chosen experimental parameters for the treatment of the NF concentrate, in order to 
eliminate the present MCs, were based on previous results achieved with similar saline 
NF concentrates. [219] The goal was to minimize the concentration of consumables, 
such as the Fe(III):EDDS complex and the H2O2 oxidizing agent, to keep the 
environmental and economic impacts low, while maintaining a high elimination 
efficiency.  

The concentrate streams were created by operating the NF plant till 150 L of 
permeate, designated P1. After this, the NF was further operated till a permeate 
volume of 50 L was obtained and was designated as P2. The final result, a concentrate 
volume of around 200 L (CF= 2), was labelled C1. Another batch was created by directly 
permeating the starting volume of 400 L, till 100 L of concentrate was left. This 
concentrate was then designated as C2 (CF= 4). 

For the treatment of sample C2, which had a CF= 4, on a lab scale level in a solar 
simulator with solar photo-Fenton, a concentration of 0.10 mM Fe(III):EDDS [1:1] and 
1.50 mM H2O2 at pH 9 were used. 

As high concentrations fo bicarbonates can be found in natural water at a pH of 9 (450 
mg/L), the reaction rates for the solar photo-Fenton were very slow. Also when 
utilizing persulfate as an oxidizing agent at a concentration of 1.50 mM did not yield 
satisfactory results. The reason for this is that bicarbonates are known scavengers of 
●OH and other radicals and can lower the performance of the solar photo-Fenton 
process, as was also reported in previous studies. [205] In order to address this issue, 
further experiments were performed at a circumneutral pH (between pH 6.5 and 7.9) 
by adding H2SO4 and air stripping to lower the bicarbonate concentration to under 75 
mg/L. 

 

In Figure IV.7 the elimination of CAR and DIC to the Limit of Quantification (LOQ) (5 
µg/L) in respectively 15 and 10 minutes can be seen. CAF, IMI, and THI had lower 
elimination rates, with only 82, 54 and 55% of degradation in the first 15 minutes, and 
a bare minimum of degradation between 15 and 30 minutes. The reason for this was 
the low concentration of iron in solution available as the Fe(III):EDDS complex 
decomposed. [203,214] As the iron precipitated directly, a strong decline was 
observed foremost between 5 and 10 minutes while completely precipitated at 20 
minutes. After 30 minutes the H2O2 consumption was 0.95 mM with the highest 
consumption during the first 5 minutes.  
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In order to determine the degradation by photolysis, blank experiments were 
performed where CAF, IMI, THI, CAR and DIC did not show significant degradation 
after illumination by simulated sunlight for 30 minutes.  

 

When using persulfate as the oxidizing agent at circumneutral pH, lower elimination 
rates for the MCs were observed. The LOQ was reached for both CAR and DIC, which 
were both degraded in under 5 minutes, while CAF was degraded in 15 minutes. 
Nonetheless, IMI and THI showed more persistence, with only 24 and 20% of 
degradation, respectively. The iron concentration declined gradually from the start of 
the treatment, with only 10% remaining after 30 minutes. The persulfate consumption 
during the first 5 minutes of the treatment was 0.87 mM. Normally, sulfate radicals 
show slower reaction rates than ●OH, while strongly depending on the target MCs, the 
initial iron concentration, and the EDDS concentration, as was also reported in 
previous studies. [220,221]  

 

 

Figure IV.7: The evolution of the dissolved iron and MC concentration during 

the treatment of concentrate volume C2 with photo-Fenton, with an initial 

concentration of Fe(III):EDDS of 0.10 mM [1:1], applying H2O2 and persulfate 

at a concentration of 1.50 mM in the solar simulator at a circumneutral pH. 

 

Figure IV.8 shows the solar photo-Fenton treatment applied on concentrate volume 
C2 at pilot scale in an 80 L CPC photoreactor, with solar accumulated UV energy 
(Equation III.3) measured in the photoreactor after 30 minutes. As only DIC was 
degraded to the LOQ after 30 minutes, and 93% degradation of CAR. CAF, IMI, and 
THI, showed once again similar results as in the solar simulator with only 70, 49 and 
39% of degradation, respectively, at 30 minutes. The total MC degradation reached 
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76% with only 1.6 kJ/L of accumulated UV energy. During the 30 minutes over 90% of 
the Fe(III):EDDS complex was degraded, which confirms the inefficiency of the MC 
elimination at circumneutral pH after the degradation of the complex. At the end of 
the experiment, H2O2 consumption accounted for a total of 0.83 mM. 

 

 

Figure IV.8: The evolution of the dissolved iron and MC concentration during 

the treatment of concentrate volume C2 with solar photo-Fenton at a 

circumneutral pH, performed in the pilot plant. 

 

5 Treatment of the concentrate stream volumes by electrooxidation 

In a solar photoelectron-Fenton (SPEF) pilot plant electrooxidation (EO) experiments 
were conducted using the experimental parameters previously given in Chapter III – 
4.5. First, the EO experiments were applied on concentrate volume C2 (CF=4), as it is 
the most concentrated stream. This will make it a viable comparison with following 
EO  treatments. It is noteworthy that however, that higher concentrations of ions, 
carbonates, and MCs could result in increased radical scavenging effects, which was 
also mentioned before. 

 

In Figure IV.9 the results can be seen when treating concentrate volume C1, containing 
its natural concentration of carbonates and pH, with AO, SAAO, EF, and SPEF oxidation 
treatment methods. In the case AO was applied, the degradation of MCs till the LOQ 
was achieved at different times for the different compounds. CAF, THI, CAR, and DIC, 
were degraded in less than 150, 180, 45, and 150 minutes, respectively. IMI showed 
to be more persistent reaching only 67% of degradation, still leading to a total MC 
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degradation of 88%. When applying solar assisted anodic oxidation (SAAO), CAR and 
DIC were the only two MCs that were degraded to the LOQ, at 180 and 45 minutes 
respectively, while CAF showed degradation to 84%. Once again IMI, and this time also 
THI, showed themselves to be more persistent with 44 and 57%, respectively, resulting 
in a total MC degradation of 78%. Lastly, when applying SPEF, CAR and DIC were 
degraded to the LOQ, in less than 180 and 45 minutes, respectively. The MCs CAF, IMI, 
THI were once again more persistent, showing only 82, 44, and 78%, respectively, with 
a total MC degradation of 80%. 

 

Looking at the results of the treatment of concentrate volume C1, the target of a 
degradation of 80% was not reached by EF, not even after a treatment time of 240 
minutes. In addition to this, more consumables, such as the complexing agent EDDS 
were consumed, which in its turn significantly increases the DOC in the matrix, making 
it compete with the MCs for the radicals.  Also, EF consumed over 50% more electric 
energy than AO, while producing more free available chlorine. Noting that its chlorate 
production was 15% lower. For these reasons, EF was considered unsuitable for the 
treatment of this type of water, which was also reported in previous work. [222]  

 

When applying the AO treatment the target of 80% MC degradation was obtained 
after a treatment time of 120 minutes. The electric energy consumption for the 
treatment of 30 L was 6.1 kWh/m3. The final concentration of produced free available 
chlorine (FAC) was 3.4 mg/L, while the chlorate production was registered after 10 
minutes of treatment time from 20.4 mg/L progressing linearly to 70.0 mg/L after 240 
minutes of treatment time. 

 

The beforementioned compounds FAC and chlorate are by products of the EO process. 
The formation of these compounds proceed from the high concentrations of free 
dissolved ions, in particular chloride ions, present in the water matrix. Active chlorine, 
a compound generated from free dissolved chloride ions, is commonly used in 
wastewater treatment. Active chlorine species (ACS) are created by the adsorption of 
free dissolved ions from the water matrix on the surface of the anode, which leads to 
the formation of radical or other oxidizing species related to the specific ions. The 
formation of indirect ACSs are taking place when these oxidizing species, which were 
generated previously, act as intermediates in the degradation reactions of the MCs in 
the bulk of the treated water matrices, furthest from the anode. [223] The ACSs which 
usually play a crucial role in the MC degradation is also known as electrochlorination, 
which offers certain advantages over the conventional water treatment methods that 
involve only chlorine. These include improved performance and the absence of 
dangerous chlorine transport and storage. [224,225] In the case a BDD anode is used 
for the treatment of wastewater, chlorates are formed through the reaction of an ACS 
with an ●OH. [226]  
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When applying the SAAO treatment on concentrate volume C1, the MC degradation 
target of 80% was just not reached with a total degradation of 78% after 240 minutes. 
The electric energy consumption was in total 3.8 kWh/m3, which is 62% as compared 
to AO. The required UV energy consumption (QUV) was 13.3 kJ for a total volume of 75 
L. The final FAC concentration was 4.2 g/L, while the chlorate concentration was 33.3 
mg/L, good for an increase of 23% in FAC and 52% in chlorate, as compared to AO. 

 

SPEF treatment was able to obtain an 80% degradation of MCs in less than 240 
minutes of treatment time. To reach this, 4.2 kWh/m3 of electric energy was 
consumed and 14.2 kJ/L for a total volume of 75 L, being 11 and 7 % higher, 
respectively, when comparing to SAAO. The enhancement of the process by Fe:EDDS 
showed no significant improvement on the degradation of the MCs, as also the DOC 
is increased by this addition. The concentration of FAC at the end of the experiment 
was in total 2.1 mg/L, while chlorate was only 16.4 mg/L, 50% lower than with the 
SAAO treatment. This can be assigned to the reaction between H2O2 and ACS. 

 

 

Figure IV.9: The evolution of the MC concentration in concentrate volume C1 

(CF= 2) during the treatment with AO, SAAO, and SPEF, at its natural pH. 

 

The initial reaction rate (r0) was calculated in order to make a comparison between 
the different EO treatment methods by utilizing the MC mass instead of the MC 
concentration as a function of the experimental volume, as described in Equation IV.1. 

 

𝑟0 =
(𝑚𝑛+1−𝑚𝑛)

(𝑡𝑛+1−𝑡𝑛)
  Equation IV.1 
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For which mn is the cumulative mass of MCs at a designated time in mg, as calculated 
for the concentration of MCs and the water volume that is treated, which were 30 L 
for AO and 75 L for both SAAO and SPEF, and tn the time interval in minutes for yielding 
r0 in mg/min. For the treatment methods AO, SAAO and SPEF r0= -0.337 mg/min; -
0.0696 mg/min; and -1.305 mg/min, respectively. 

 

Figure IV.10 shows the results of the treatment of concentrate volume C1 with SPEF, 
this time with lower concentrations of bicarbonates (76.3 g/L). The goal of this 
experiment was to discover if high concentrations of carbonates are as 
disadvantageous as during treatment with the photo-Fenton process. [219] Only CAR 
and DIC were degraded to the LOQ in 150 and 60 minutes, respectively, whereas CAF 
and THI were both degraded with 82%, while IMI persisted with only 49% of 
degradation. The total MC degradation was just over the target of 80% with 82%. This 
demonstrates that the influence of carbonates on the SPEF treatment is negligible, 
and that the oxidation of MCs mainly occurred through oxidants other than ●OH. 
Therefore, the analysis of the chlorinated byproducts would be crucial for a 
comprehensive assessment of the system and for the design of the most applicable 
treatment. 

 

Performed at low concentrations of carbonates, the SPEF treatment obtained the 
target degradation of 80% in less than 220 minutes, while consuming 4.3 kWh/m3 and 
a QUV of 11.6 kJ/L. The FAC production was the highest of all treatment methods with 
a final concentration of 5.7 mg/L, whereas the final chlorate concentration was 18.2 
mg/L, which is similar to the treatment with a high carbonate concentration. In 
addition to this, the SPEF treatment at low carbonate concentrations had a reaction 
rate of -1.155 mg/min, which was 11% lower than that observed at high carbonate 
concentrations.  
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Figure IV.10: The evolution of the MC concentrations in concentrate volume 

C1 (CF= 2) at its natural pH during the treatment with SPEF at pilot scale, 

performed at low concentrations of carbonate.  

 

6 Determination of acute and chronic toxicity of the Nanofiltration streams 

One of the principal objectives of this work was to recover and reuse the NH4
+ present 

in the NF permeate stream obtained from the preconcentration of the UWWTP 
effluent for crop irrigation. In order to assess the impact of the produced permeate 
volumes on the seed germination, root and shoot growth, phytotoxicity tests were 
performed on the permeate volumes at a concentration of CF= 2 and CF= 4. The 
toxicity of the permeate volumes were tested at pH 7. Both the permeates of CF= 2 
and CF= 4 showed a minor impact on the germination of  Sorghum saccharatum, by 
causing a reduction of 10%. In addition to this, the permeate volume with CF= 2 also 
caused a reduction of 10% in germination of Sinapis alba. 

 

The root development of Sorghum saccharatum was positively affected by the 
permeate volume at CF= 2, which increased it by 45% as compared to the reference 
sample for which demineralized water was used. A similar case was observed for 
Sinapis alba which showed a 17% increase in root development with the same CF= 2. 
For Lepidium sativum, a significant decrease was observed in its root development, 
showing a decrease of 27% and 46% for CF= 2 and CF= 4, respectively. 
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When observing the shoot length, permeate volume CF= 4 caused a 40% reduction in 
Sorghum saccharatum, while permeate volume CF= 2 led to a 13% increase. Sinapis 
alba showed a 9% reduction in its shoot growth when applying CF= 2 and even a 39% 
reduction with permeate volume CF= 4. Also this time Lepidium sativum showed 
different results, whereas its shoot growth was positively affected by permeate 
volume CF= 2, increasing it by 11%, and for permeate volume CF= 4 an increase of 17% 
was observed. 

 

Evaluating these results, it can be concluded that in the case of direct use of the 
permeate stream for crop irrigation of CF= 2 is suitable, looking at the root and shoot 
growth. However, the application of the permeate volume with CF= 4 cannot be 
advised due to its relatively high MC concentration and salt content. 

 

Further testing was performed by using the DAPHTOXKIT F in order to determine the 
acute toxicity at 24 and 48 hours and its chronic toxicity at 72 hours, by observing the 
immobilization of Daphnia magna in the permeate volumes and comparing them to 
standard freshwater samples. The results of these tests can be seen in Figure IV.11. 
After 24 hours, no immobilization of the  Daphnia magna was observed at dilutions of 
12.5%, 25%, and 50% of permeate volume CF= 2. In the case of a concentration of 
pure (100 %) CF= 2, only one organism showed movement. Similar results were 
observed for permeate volume CF= 4, excluding the 100% sample, where 
immobilization of all Daphnia magna was observed. After a time of 48 hours, the 
dilutions of 12.5%, 25%, and 50% of permeate volume CF= 2 showed 0, 2, and 3 out of 
5 immobilized organisms, respectively. Once again with the 100% sample, all Daphnia 
magna  were immobilized, showing similar results for the permeate volume with CF= 
4. After 72 hours, immobilization was observed for 3 out of 5 Daphnia magna in the 
control sample. In the case of the permeate volume with CF= 2, looking at the dilutions 
with a concentration of 12.5%, 25%, and 50%, 2, 3, and 4 organisms were immobilized, 
which was comparable with the permeate sample with CF= 4. It was therefore 
concluded that both permeate volumes should be diluted with at least 50% in order 
to prevent osmotic stress and acute toxicity. Thereby, it was notable that at a 25% 
dilution, only the permeate volume of CF= 2 showed chronic toxicity results similar to 
the standard freshwater conditions. 

  

 



IV. Results and Discussion 
 

94 
 

 

Figure IV.11: Performed toxicity tests, acute toxicity measured at 24 and 48 

hours, and chronic toxicity measured at 72 hours, applying Daphnia magna 

organisms at different dilutions in freshwater. In the front permeate volume 

CF= 2 is shown, followed by permeate volume CF= 4 in the middle and the 

freshwater control in the back. 
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Target 3. Development of a novel self-cleaning photocatalytic membrane. The 

assessment of the fouling and self-cleaning capabilities by the registration of 

flux restoration during the filtration of real urban wastewaters, followed by 

material evaluation, before and after solar irradiation. The quantification and 

effects of water turbidity reduction for the application of subsequent 

treatments. Quantification of the bacterial present in water retention by the 

newly developed photocatalytic membrane. 
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7 The fouling and self-cleaning properties of the photocatalytic membrane 

A ceramic UF membrane, which was developed in previous work and is made from 
TiO2-ZrO2, was assessed for its self-cleaning properties, and fouling reversing 
capabilities. [227] The ceramic UF membrane can be used to filter UWWTP effluents, 
as a pretreatment to further water treatment such as with AOPs, by significantly 
lowering the turbidity of these matrices, which enhances the efficacy of the applied 
AOP treatments. The photocatalytic capabilities are potentially able to prolong the 
operation times of the membrane before it is too severely fouled to operate. 
Furthermore, the irradiation of the ceramic UF membranes surface by sunlight could 
be able to reverse the fouling of the membrane when filtering UWWTP effluents, and 
prevent the formation of a biofilm, which is also known as biofouling.  Finally, the 
ability of the ceramic UF membrane to retain bacteria such as E. Coli and P. Aeruginosa 
is of great use when the UWWTP effluents are to be used for direct crop irrigation or 
simply discharged into nature, under conditions where multidrug resistance can be 
developed. 

 

The TiO2-ZrO2 self-cleaning UF membrane was used to filter multiple batches of 
UWWTP effluent. The turbidity of these batches ranged between 8.7 and 21.3 NTU. 
The filtration was performed till a concentration factor of CF= 2 was achieved, showing 
a slight increase in the pH value fo the concentrate volume. The turbidity of the 
resulting permeate volume, measured at regular intervals, increased from 0.4 to 0.6 
NTU. The TSS concentration in the different produced permeate volumes ranged from 
0.6 to 1.3 mg/L. 

 

In order to evaluate the self-cleaning capabilities of the UF membrane, a continuous 
filtration of UWWTP effluent was performed for six hours to foul the UF membrane, 
Figure IV.12-A. After this period of time, the fouled UF membrane was irradiated by 
simulated sunlight in a beaker glass filled with demineralized water, while gently 
stirred. The beaker was placed in the middle fo the solar simulator while being 
irradiated for one hour following the settings as described in Chapter III – 4.6 to 
reverse the fouling, Figure IV.12-B. This was followed by another hour (Figure IV.12-
C), and again for another hour (Figure IV.12-D), having irradiated the UF membrane 
for a total of three hours. Figure IV.12 shows a consistent gradual cleaning of the 
membrane surface, although a full reversal of the fouling to its initial state, Figure 
IV.12-E, was not achieved. 
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Figure IV.12: The cleaning evolution of the membrane surface in 

demineralized water in the solar simulator. The pictures were taken by 

conventional photography of the surface, after operating for 6 hours during 

the filtration of UWWTP effluent (A), and after irradiation with simulated 

sunlight for 1 hour (B), 2 hours (C) and 3 hours (D), as compared to a fresh 

membrane surface (E). 

 

After irradiating the severely fouled membrane for three one-hour periods, an 
improvement in condition could clearly be observed. Therefore, another fouled 
membrane sample was rinsed and placed in a beaker glass with demineralized water 
under gentle stirring for three hours without irradiation, in order to validate the self-
cleaning effect. Not even after manual cleaning of the UF membrane the fouling was 
reversed to the degree as was observed before with irradiation, showing the efficacy 
of the photocatalytic membrane surface when irradiated. 

 

Both the initial state of the fouled UF membrane (Figure IV.13-A) and after three hours 
of self-cleaning under simulated solar irradiation (Figure IV.13-B) were examined by 
SEM. The surface of the UF membrane appears dark grey due to the presence of 
organic material and fouling, which was confirmed by EDX, having a carbon atomic 
percentage of over 90%. The dark spot that can be observed in Figure IV.13-B can be 
identified as residual fouling surrounded by the TiO2 photocatalytic layer. The light-
white area in the upper left corner can be identified as a minor defect in the TiO2 layer 
resulting from the previously mentioned manual cleaning. 

  

(A) (B) (C) (D) (E) 
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Figure IV.13: Images made by SEM after 6 hours of filtrations (A), and after 

cleaning by irradiation with simulated sunlight (B). 

 

In order to validate the recovery of the membrane’s physical properties, that is the 
porosity and not simply the visual properties of the membrane, further filtration 
experiments were conducted, to specifically measure the time required to obtain 250 
mL of permeate volumes. This was performed to assess if the cleaning process could 
affect the filtration time and restore the UF membrane’s initial filtration capability, 
Figure IV.14. The normalized flow rate, as seen in Figure IV.14-B, shows the change in 
flow rate relative to the initial flow and how it decreases due to the reasons stated 
below. Remarkably, a clear difference can be observed between the UF membrane 
kept in the dark and the UF membrane that was irradiated with simulated sunlight 
during filtration. This further demonstrates the self-cleaning properties of the TiO2 
photocatalytic UF-membrane when applied for the filtration of UWWTP effluent 
under solar irradiation. 
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Figure IV.14: The measured flow during filtration experiments of UWWTP 

effluent, with flow rates in mL/min in the dark and in the light (A), and 

normalized flow rates (f/f0) in the dark and under irradiation by simulated 

sunlight. 

 

The comparison between flow rates reveals that the original flow rate of 21 mL/min 
observed when irradiating is higher than the 17 mL/min rate when kept in the dark. 
This difference can be assigned to the inhibitory effect of the membrane’s 
photocatalytic surface on the attachment of the suspended matter present in the 
UWWTP effluent. Furthermore, the phenomenon of photo-induced super-
hydrophilicity (PSH) caused by the TiO2 contributes to even higher flow rates and 
reduced fouling, as was also previously observed, and reported in other studies. [227–
229] 

A substantial decrease in flow rate can be observed within the first 60 minutes of the 
experiment, both when kept in the dark and when irradiated by simulated sunlight. 
This can be assigned to the accumulation of fouling within the membrane pores that 
are shielded from the irradiated light. Between 60 and 120 minutes, a clear distinction 
can be made between the curves of the normalized flow rate under irradiation with 
simulated sunlight (Figure IV.14-B), indicating that there is no photodegradation of 
fouling on the outer membrane surface when the UF membrane is kept in the dark. 
After 120 minutes, the curve of when the UF membrane is irradiated follows a similar 
trend as compared to the curve when the UF membrane is kept in the dark, which 
suggests that both membranes experience comparable trends of internal fouling, 
while the outer surface of the irradiated membrane remains clean.  
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During the experiment in the dark, a total of 1 L of permeate was produced when 
operating for 120 minutes. 

 

The following experiment was the examination of the impact of the self-cleaning on 
the fouled membrane after 60 minutes of irradiation by simulated sunlight on the 
membrane surface, which corresponds to the required filtration duration, as derived 
from the deviation in the curve of normalized flow between the experiments when 
the UF membrane was kept in the dark and when irradiated. In addition, the UWWTP 
effluent was spiked with 100 µg/L of each of the target MCs, CAF, IMI, THI, CAR, and 
DIC. 

 

In Figure IV.15, the flow rate is shown during the initial filtration of 1 L of UWWTP 
effluent while the UF membrane was kept in the dark. Then, the UF membrane was 
irradiated for 60 minutes without filtration. Followed by a second cycle where 2 L of 
UWWTP effluent was filtered in the dark, and cleaning once again for 60 minutes 
equally to the first time. Finally, a third (final) filtration of UWWTP effluent was 
performed. The results show that filtration of a certain volume of UWWTP effluent in 
the dark is only possible till a certain level of fouling. However, the initial conditions 
can be restored after irradiation if the fouling degree was not too severe.  

 

This shows the essence of defining and optimize the operating variables when utilizing 
the photocatalytic UF membranes to preserve their self-cleaning capabilities. Due to 
the high porosity of the membrane no retention of the target MCs was observed, nor 
any difference in the operation of the membranes with UWWTP effluent, with or 
without MCs, as the self-cleaning properties eliminated most of the fouling. 
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Figure IV.15: The measured flow and its recovery during filtration of UWWTP 

effluent spiked with 100 µg/L of each MC, in the dark and the recovery due to 

the self-cleaning properties under irradiation with simulated sunlight. 

Filtering first 1 L of UWWTP effluent, followed by 60 minutes of irradiation; 

the filtration of 2 L of UWWTP effluent, followed by 60 minutes of cleaning; 

and consecutively another filtration of 1 L of UWWTP effluent.  

 

Not only the previously mentioned super-hydrophilicity mechanisms of the TiO2-ZrO2 
UF membrane contribute to the self-cleaning capabilities. Another mechanism that 
prevents the fouling by various compounds on the membrane surface is the formation 
of radical species, such as ●OH and others, when the membrane surface is irradiated 
by a photon energy equal or greater than the semiconductor band gap energy. These 
radical species are able to degrade organic material and to eliminate biofouling. [230] 
The specific band gaps of the UF membrane are 2.5 and 3.1 eV, as a result of the TiO2-
ZrO2 mixture, as described in previous work. [227]  

 

8 Treatment of the membrane streams by solar photo-Fenton 

The photocatalytic UF membrane’s impact on the filtration of UWWTP effluent was 
assessed during further treatment of the produced concentrate and permeate 
volumes by solar photo-Fenton treatment. Whereas both volumes still contained the 
initial concentrations of the target MCs as they were not retained by the UF 
membrane. The photocatalytic UF membrane offers the advantage of pretreating the 
UWWTP effluents, and so, reducing their turbidity and particle concentration, 
enhancing the photon availability for the solar photo-Fenton process. Experiments 
were performed using 0.1 mM Fe(III):EDDS [1:1] and 1.50 mM H2O2 as the oxidizing 
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agent for solar photo-Fenton treatment, as was found to be the optimum in Chapter 
IV – Target 1. 

 

 

Figure IV.16: The evolution of the MC concentration of the permeate stream 

and the concentrate stream in the UWWTP effluent during solar photo-

Fenton treatment and the evolution of the dissolved iron in the solar 

simulator, using 0.10 mM  of Fe(III):EDDS and 1.50 mM of H2O2. 

 

Applying solar photo-Fenton treatment on the concentrate volume, containing its 
natural bicarbonate concentration of 720 mg/L, a slight degradation of MCs was 
achieved. A degradation of 16, 12, 9 and 27% of CAF, IMI, THI, and CAR was achieved, 
respectively, whereas DIC was either degraded during the filtration step by photolysis, 
or below the LOD. The overall MC degradation rate was 17%, along with a H2O2 
consumption of 12.5 mg/L. Within 15 minutes, all dissolved iron had precipitated, as 
the Fe(III):EDDS complex degrades faster in the presence of particulate organic 
matter. 

 

A similar solar photo-Fenton treatment was applied to the permeate volume, resulting 
in higher MC degradation rates. A degradation of 32, 22, 19, 42 and 81% of CAF, IMI, 
THI, CAR, and DIC was achieved, respectively, totaling a 32% MC degradation rate. The 
consumption of H2O2 at the end of the experiment was 18 mg/L, while the dissolved 
iron concentration remained at 15 minutes at 22% higher than the treatment of the 
concentrate volume. This can be attributed to the slower degradation of the 
Fe(III):EDDS complex due to the lower concentration of particulate organic matter, 
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which was effectively removed from the matrix by the self-cleaning UF membrane. 
These findings indicate that lowering the turbidity and particle concentrations by the 
UF membrane positively impacts the applicability of the solar photo-Fenton 
treatment. However, the overall MC degradation rates were relatively low in both 
cases. 

It is thereby known that the presence of high concentrations of bicarbonates in the 
concentrate and the permeate volumes act as radical scavengers, obstructing the full 
potential of the solar photo-Fenton process, which results in the observed low MC 
degradation rates. This phenomenon has also been documented in other studies. 
[231,232] In order to address this issue, additional experiments were performed on 
the same concentrate and permeate volumes, which is shown in Figure IV.17, this time 
with the bicarbonates removed. Air-stripping using H2SO4 was applied to lower the 
initial bicarbonate concentration of 720 mg/L to 75 mg/L, which resulted in a pH 
decrease from pH 8 to circumneutral pH. 

 

 

Figure IV.17: The evolution of the MC concentration of the permeate and the 

concentrate stream, and the dissolved iron concentration during treatment 

with solar photo-Fenton in the solar simulator, with UWWTP effluents 

containing a low concentration (75 mg/L) of bicarbonates, using 0.10 mM of 

Fe(III):EDDS and 1.50 mM of H2O2. 

 

When removing the bicarbonates, the MC degradation efficiency of the concentrate 
showed significant improvement. A MC degradation of 66, 52, 45 and 83% for CAF, 
IMI, THI, and CAR, respectively, was obtained. Similar to the previous experiment, DIC 
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was degraded through photolysis during the filtration step. The overall MC 
degradation rate reached a total of 64%, more than three times higher as compared 
to the treatment with natural bicarbonate concentration. The H2O2 consumption also 
increased to 30 mg/L, indicating a slower decrease in dissolved iron concentration and 
better stability of the Fe(III):EDDS complex. Around 80% of the iron was consumed 
after 15 minutes, which was consistent with the treatment of the permeate volume 
containing its natural bicarbonate concentration.  A lower bicarbonate concentration 
resulted in reduced scavenging effects on the ●OH radicals during the solar photo-
Fenton at circumneutral pH (Equations IV.2-4)). [233] The regeneration of the 
Fe(III):EDDS complex occurred from the Fe(II):EDDS complex when reacting with H2O2, 
formed after the rapid degradation of the Fe(III):EDDS complex in the initial minutes 
of the experiment, along with the reaction of Fe(II) with H2O2 to form Fe(III) and ●OH 
(Equation IV.5))  It explains the higher H2O2 consumption rates. 

 

𝐹𝑒(𝐼𝐼𝐼): 𝐸𝐷𝐷𝑆 + ℎ𝜈 → 𝐹𝑒(𝐼𝐼): 𝐸𝐷𝐷𝑆 +  𝐻+       Equation IV.2 

 

𝐹𝑒(𝐼𝐼): 𝐸𝐷𝐷𝑆 + 𝐻2𝑂2  → 𝐹𝑒(𝐼𝐼𝐼): 𝐸𝐷𝐷𝑆 +  𝑂𝐻• +  𝑂𝐻−      Equation IV.3 

 

𝐹𝑒(𝐼𝐼): 𝐸𝐷𝐷𝑆 → 𝐹𝑒(𝐼𝐼) + 𝐸𝐷𝐷𝑆•         Equation IV.4 

 

𝐹𝑒(𝐼𝐼) +  𝐻2𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) +  𝑂𝐻• + 𝑂𝐻−         Equation IV.5 

 

In the permeate volume, the degradation efficiency was also higher, with 60, 46, 39,  
and 78% of CAF, IMI, THI, CAR, and DIC, respectively within 15 minutes. The total MC 
degradation rate was 59%, which is double the degradation rate of the permeate 
volume with the natural bicarbonate concentration. However, the H2O2 consumption 
was almost three times lower at 12.7 mg/L, while reaching a similar iron concentration 
as the concentrate volume with 20% remaining. The lower H2O2 consumption can be 
attributed to the lower turbidity and the MC concentrations. Despite having similar 
total MC concentrations of 450 mg/L total, the relative MC concentrations in the 
concentrate and permeate volumes were significantly different. The lack of the 
bicarbonates and so the absence of radical scavenging in the solar photo-Fenton cycle, 
resulted in significant more production of ●OH. The resulting significantly lower H2O2 
consumption at similar MC degradation rates highlights the economic advantages of 
the pretreatment with the photocatalytic UF membrane. In addition, an attempt to use 
persulfate as an oxidizing agent instead of H2O2 resulted in ineffective degradation of 
the selected MCs in the UWWTP effluent, as only a degradation of 19.6% was achieved, 
as compared to 64% with the conventional solar photo-Fenton treatment. 
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9 The membrane retention of the Pseudomonas Aeruginosa bacterial species 

The retention of the P. Aeruginosa bacterial species by the photocatalytic TiO2-ZrO2 
UF membrane was also tested. Figure IV.18 shows the results of filtering natural water 
from Tabernas, Spain, which had an initial concentration of 1·106 CFU/mL. The 
membrane demonstrated to have a stable flow rate of 31 mL/min through its effective 
surface of 150 cm2. The samples were collected and processed as described in Chapter 
III – 2, where P. Aeruginosa CFU counting, and calculation took place after 48 hours 
cultivation at 36 oC. the permeate volume samples at t= 0 minutes showed no 
presence of P. Aeruginosa, or it was below the LOD. The experiment include two 
replicates, designated as Repetition 1 and Repetition 2. 

 

Figure IV.18: The retention by the self-cleaning membrane of P. Aeruginosa 

at an initial concentration of 1·106 CFU/mL in natural water (Tabernas, Spain). 

The detection limit (DL) of for the P. Aeruginosa was 1·106 CFU/mL. 

 

The results shown in Figure IV.18 demonstrate that the photocatalytic UF membrane 
is able to consistently retain the P. Aeruginosa at levels ranging from 1·103 to 1·104 
CFU/mL within 90 minutes of filtration in Repetition 1, when looking at the permeate. 
While the concentration of the P. Aeruginosa in the permeate volume decreased 
significantly as compared to the concentrate, it was expected when looking at the pore 
size of the photocatalytic UF membrane, the thickness of the zirconia intermediate 
layer of 60 nm, and the size of the rod-like P. Aeruginosa, ranging between 500-800 
nm by 1500-3000 nm. [234–236] The retention rate of the P. Aeruginosa was lower 
than expected and it may be attributed to minor damages in the surface of the 
photocatalytic UF membrane caused by manual cleaning, as was observed in Figure 
IV.13-B, and minor defects in the intermediate zirconia layer, allowing some P. 
Aeruginosa to permeate through. On the other hand, the decreasing trend observed 
in Repetition 2 of the permeate, indicates the irreversible effects of fouling at these 
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sites with minor damages. The continuous fouling mechanisms, as observed in Figure 
IV.15, result in satisfactory concentrations of P. Aeruginosa  in the permeate volume 
when the photocatalytic UF membrane was operated for more than 180 minutes. 
Controlled fouling mechanisms are commonly employed in ceramic membrane 
production and various industries as a treatment strategy for similar reasons. 

 

Irradiating the photocatalytic membrane surface results in increased hydrophilic 
properties, which helps to prevent bacterial adhesion. Furthermore, irradiation can 
prevent and degrade the formation of EPS, which bacteria produce to bind themselves 
to surfaces and protect them from unfavorable conditions. This results that the 
membrane is less likely to foul and can be operated for longer periods without 
significant decline in performance. The EPS can be observed to a typical slimy biofilm 
layer.  [237] 

 

This Chapter IV – Target 3 corresponds to article: 

Dennis Deemter, Fabricio Eduardo Bortot Coelho, Isabel Oller, Sixto Malato, Ana M. 
Amat, Assessment of a Novel Photocatalytic TiO2-Zirconia Ultrafiltration Membrane 
and Combination with Solar Photo-Fenton Tertiary Treatment of Urban Wastewater, 
Catalysts 12, no. 5: 552, 2022. Available at: https://doi.org/10.3390/catal12050552. 
It is included as part of Annex B. 

  

https://doi.org/10.3390/catal12050552
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Target 1. Determination of optimal operational parameters, concentration factors and 
retention mechanisms of MCs, for the preconcentration of saline waters by NF 
treatment, utilizing a pilot plant containing NF membranes. Followed by the 
assessment of oxidizing agents’ effectiveness, iron concentration and EDDS complex 
ratios during solar photo-Fenton treatment of the different concentrate and permeate 
volumes, at different pHs. 

 

• Microcontaminant retention experiments were successfully conducted for the 
preconcentration of saline matrices.  

• Operational parameters such as the increase of the working pressure, as also 
increasing the salinity of the utilized matrices did not show to have any effects 
on the permeation order of selected contaminants.  

• Selected contaminants had a membrane permeability order of imidacloprid, 
thiacloprid, caffeine, and carbamazepine. Not in any case was diclofenac 
detected in any of the produced permeate streams. Permeation order was 
assigned to both molecular weight and molecular charge, whereas diclofenac 
is the largest of the selected microcontaminants. 

• Concentration factor (CF) showed to be the controlling factor of the 
microcontaminant and ionic permeation.  

• The classic (solar) photo-Fenton process has to be applied at low pH 3 in order 
to prevent the precipitation of iron, which significantly decreases the 
economic viability of the solar photo-Fenton process as a tertiary treatment 
method for urban wastewater treatment plant effluents. Chelating agents, 
such as Ethylenediamine-N, N′-disuccinic acid (EDDS), were found to be a 
viable option to be able to apply the solar photo-Fenton process at 
circumneutral pH.  

• The most effective concentration and ratio was then to be 0.10 mM at a ratio 
of [1:2] Fe(III):EDDS. 

 

• The two tested oxidizing agents, H2O2 and persulfate, showed significantly 
different selectivity for the selected microcontaminants. Persulphate was less 
effective. 

 

• It was found that solar photo-Fenton can also by applied as a tertiary 
treatment polishing step when treating the permeate streams by rapidly 
degrading all the present microcontaminants. 
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Target 2. Recovery of valuable nutrients such as ammonium from saline waters during 
their preconcentration for the retention of MCs, with the aim to produce enriched crop 
irrigation waters for direct use. Followed by the application and assessment of 
different AOPs treatment methods for MC removal from the concentrate volumes, and 
a toxicity assessment of the permeate volumes. 

 

• The recovery of NH4
+ from saline wastewater matrices was effectively obtained 

when utilizing Nanofiltration at pH 9.  

• Treatment of wastewaters with NF does produce permeate streams basically 
free from bacteria but could still contain antibiotic resistant genes and 
antibiotic resistant bacteria. Something which has to be further researched 
before applying the produced streams for direct crop irrigation.    

 

The target compounds, caffeine, imidacloprid, thiacloprid, carbamazepine and 
diclofenac showed faster degradation by utilizing H2O2 instead of persulfate. 

• Electrooxidation proved to be an effective treatment method of nanofiltration 
produced concentrate steams, due to their high conductive potential.  

• Solar-assisted treatment significantly reduced the electricity consumption, at 
lower produced concentrations of free available chlorine and chlorate as 
compared to sole application of anodic oxidation. It was found that the 
permeate streams are suitable for crop irrigation as long as CF= 2 is not 
exceeded.  

• Specific NH4
+ enriched permeate streams are to be used to irrigate specific 

crops only, thereby also looking at soil composition.  

• Acute and chronic toxicity tests also showed that the concentration factor 
should not exceed CF= 2. 

• Permeate streams are only to be used for direct crop irrigation and fertigation 
when CF= 2 is not exceeded and a diluted is made first at a ratio of two, or 
more. 
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Target 3. Development of a novel self-cleaning photocatalytic membranes. The 
assessment of the fouling and self-cleaning capabilities by the registration of flux 
restoration during the filtration of real urban wastewaters, followed by material 
evaluation, before and after solar irradiation. The quantification and effects of water 
turbidity reduction for the application of subsequent treatments. Quantification of the 
bacterial present in water retention by the newly developed photocatalytic membrane. 

 

• Self-cleaning photocatalytic TiO2-ZrO2 ceramic ultrafiltration membrane was 
successfully used for the (pre) treatment of urban wastewater treatment plant 
effluents. 

• Obtaining longer operational times was possible when the membrane surface 
was irradiated with light that reached the semiconductor’s band gap energy. 

• After a period of irradiation, a cleaner membrane surface was observed, as 
also a significant restoration of the membrane flux. 

• Fouling prevention and flux increasing mechanism was found by photo-
induced super-hydrophilicity. 

• Pseudomonas aeruginosa showed to be retained by membrane with an order 
of magnitude of 1x103 – 1x104 CFU/mL. Fouling positively contributed by 
closing larger pores and minor defects in the membrane. Fouling was 
reversible when the surface was irradiated. 
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A B S T R A C T   

This revision work focuses on the recent advances in the separation of microcontaminants from urban waste-
waters, using ultrafiltration and Nanofiltration membranes. Conventional systems show advantages such as low 
pressure and fouling, competitive energetic- and maintenance costs compared to reverse osmosis, and higher 
rejection rates of organic microcontaminants compared to membrane distillation. However, these rejection rates 
strongly depend on temperature, flow, and pressure, as well as surface charge and concentration, challenging the 
adequate treatment of more complex matrices. Recent advances in material science strongly improved the 
implementation possibilities of different membrane types. In conventional industrial processes and especially in 
wastewater treatment, offering not only cost reducing solutions for urban wastewaters, but also more efficiency 
for the remediation of a high variety of industrial wastewaters. Moreover, membrane separation systems show 
great potential and applicability for added value substance recovery from wastewaters for the agricultural, 
chemical and consumer industry, for more sustainable natural resources use. Finally, perspectives on promising 
technologies for the implementation and combination of different membrane separation methods in treatment 
trains, such as advanced oxidation processes, are given, also aiming for zero-liquid discharge, to prevent 
microcontaminants and valuable resources from passing through conventional methods and focusing on closing 
the water cycle.    
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TMP trans-membrane pressure 
TOC total organic carbon 
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UWW urban wastewater 
UWWTP urban wastewater treatment plant 
ZLD zero-liquid discharge 

Introduction 

Water can be considered as a commodity nowadays as it is the most 
important requisite to organic life on Earth. The decrease in water 
availability provoked by the Climate Change, specifically sweet water, 
jointly with the significant increase in water consumption and the 
pollution of available sources due to the increasing world population 
and wealth, require a continuous development of water technologies [1, 
2]. 

These water technologies are not only necessary for the treatment of 
used water, but even more for the creation of alternative water sources, 
such as desalination systems. One of the main usages of such reclaimed 
water would be irrigation in agriculture, which accounts for around 70% 
of the global water consumption, as well as for human consumption and 
energy production [3]. 

One of the most efficient ways to meet these challenges is the direct 
reuse of treated (waste)water to close the water cycle guaranteeing, at 
the same time, a full control of the quality of the water in every step of 
the cycle. The practice of water reuse is not new, as it is known to be 
applied in irrigation as early as the Bronze Age (3200 – 1100 BC), by 
ancient civilizations such as the Cretans, the Egyptians, and the Meso-
potamians. Greek and Roman civilizations (1000 BC – 330 AD) are 
known to have applied wastewater for both irrigation and fertilization 
around their major cities. This dangerous unplanned use of raw waste-
water is something that is still nowadays being done at small scale in 
arid regions, for example in Algeria, Morocco and Egypt [4,5]. Urban 
wastewater (UWW) consists out of effluents coming from domestic, in-
dustrial, and agricultural areas. Their composition may vary as well as 
the concentrations of the present ions, pollutants, and physicochemical 
parameters, [6] having substantial influence on soil composition, 
including its fauna and flora, such as earthworms [4]. 

In order to be able to safely reuse the wastewaters coming from 
agricultural and industrial activities, as well as UWW treatment plant 
(UWWTP) effluents, they need to be treated to prevent elevated con-
centrations of organic compounds, salts, and microbiological matter. 
Especially in UWWTP effluents, a cocktail of different organic com-
pounds at low concentrations can be found which are identified as 
‘Contaminants of Emerging Concern’ (CEC) [7,8]. These micro-
contaminants (MCs) coming from the use of pharmaceuticals, pesticides, 
cosmetics, and other organic compounds show concentrations ranging 
from µg/L till ng/L. [9] As conventional UWWTPs are not efficient 
enough for their removal, they often end up in the environment after 
discharge, resulting in bioaccumulation, chronic toxicity, endocrine 
disruption and irreversible soil pollution, calling for the rapid applica-
tion and integration of novel treatment technologies [10,11]. 

Many different UWW treatment methods and processes are available, 
although the actual implementation of these applications is staying 
behind, mainly for economic reasons due to the extra-cost of the treat-
ment itself [12–15]. Another highly important reason is the lack of 
legislation to regulate the safe reuse of these effluents containing CECs. 
In Europe, only Switzerland has specific legislation about this matter, 
which enforces, since 2016, the removal of 80% of MCs in UWWTPs. 
This is mainly performed by applying ozonation combined with 

adsorption techniques with powdered activated carbon (PAC) and 
granular activated carbon (GAC), additionally to the traditional bio-
logical and physical UWW treatment systems. Furthermore, the foot-
print of both activated carbon forms is intended to be reduced by 
producing biochar regionally from wood, biogenic waste and sewage 
sludge [16,17]. 

At the European level, the recently published EU Regulation 2020/ 
741 regarding the minimum requirements for the reuse of water (EC 
Water Reuse, 2020), establishes provisions on comprehensive water 
management in order to guarantee the safe use of reclaimed water, 
promoting the circular economy and supporting adaptation to climate 
change [18]. 

Therefore, combination and integration of different novel and 
already available technologies is considered a challenge to tackle, not 
only to raise the economic efficiency, but also the practical one. This can 
be found in different pretreatment methods to raise process efficiencies, 
such as the pre-concentration of microcontaminants at the same time 
valuable nutrients are directly recovered in treated streams [19]. A clear 
example can be found in the combination of different membrane systems 
with different Advanced Oxidation Processes (AOPs) as polishing 
treatments, as well as nutrient recovery systems, or also called 
membrane-based hybrid technologies [20,21]. 

In this sense, the principles of minimum-liquid discharge (MLD) and 
zero-liquid discharge (ZLD) show increased research interest for the full 
crystallization of, for example, reverse osmosis concentrates (ROC), sa-
line wastewaters, and industrial wastewaters by applying electrodialysis 
(ED), electrodialysis reversal (EDR) and membrane distillation (MD) 
[22–25]. The crystals on their turn, can be refined and further processed 
into sustainable acids and bases, metals, minerals, nutrients, and salt 
compounds as a recovery mechanism of added value substances from 
wastewater [23,26]. 

This revision work describes the main technologies applied in UWW 
treatment, based on membranes, AOPs and the recovery of valuable 
nutrients from wastewater. Starting with the advances made in the 
development of different membrane materials, as also the improvement 
of their working principle and selectivity, including the prevention of 
fouling mechanisms to improve their operation time by surface func-
tionalization. Following with the implementation of different AOPs in 
the treatment processes using membranes and novel methods for valu-
able nutrients recovery, at the different stages of the treatment. 

Membrane separation 

The principle of membrane separation is based on the different 
physicochemical parameters. Further mechanisms are the Donnan ef-
fect, molecular charge, surface charge, the trans-membrane pressure 
(TMP), and the crossflow velocity. Combination of membrane separa-
tion with pretreatments such as acidification, coagulation, flotation, and 
physical adsorption are very common, as they greatly extend membrane 
operation and lifetime. 

The subject of specific rejection of compounds by membranes is 
important, as it is depending on several physico-chemical parameters. 
The importance of mapping and reporting the efficiency of different 
membranes and membrane systems is very high. It makes possible to 
effectively combine two or more different membrane types or systems, 
which would solely be inefficient for the treatment of UWW, greatly 
increasing their synergy. It would also make possible to develop custom- 
fit systems to treat wastewaters directly on-site, thinking about several 
industrial and agricultural areas, or for example effluents coming from 
hospitals. Both on a large or small scale, preventing the relatively 
concentrated wastewater streams to dilute with other wastewaters on its 
way to the UWWTP must be considered an important issue [27]. In 
Table 1 an overview of main membrane types, their materials, and 
drawbacks described in this work can be found. 
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Membrane systems 

Microfiltration (MF) is one of the oldest pressure-driven membrane 
applications and has the largest pore size of membrane separation 
technologies, ranging from 10 – 0.1 µm, with TMP between 0.2 and 5 
bar. These inexpensive membranes are commonly used to filter out large 
particles, to reduce the total organic carbon (TOC) and the chemical 
oxygen demand (COD). Both ceramic and polymeric MF membranes are 
commonly used for wastewater filtration, and significantly decrease 
fouling in the following smaller pore size membranes [28,29]. 

Ultrafiltration (UF) has better selectivity than MF, but lower selec-
tivity compared to NF membranes, as their pore size range between 0.1 – 
0.01 µm, with a TMP between 1 and 10 bar. They operate commonly in 
the dairy, beverage processing and pharmaceutical industry, as well as 
in UWW treatment. It is able to retain suspended solids, colloids, 
emulsions, bacteria, and viruses [30]. 

Nanofiltration (NF) is a relatively simple and inexpensive technology 
that operates under lower pressures compared to RO, showing still 
excellent retention capacity towards MCs and a selection of ions. The 
pore size lies between 0.010 and 0.001 µm, with a TMP 5 – 10 bar. 
Commercially, polymeric polyamide (PA) NF membranes are mainly 
used as they offer excellent results regarding the retention till particles 
as small as monovalent ions [29]. 

In Reverse osmosis (RO) everything is retained except water mole-
cules. The TMP when operating RO is between 15 and 27 bar for 
brackish water, and 50–80 bar for seawater desalination, with a pore 
size of 0.001–0.0001 µm. Although RO obtains excellent results, and is 
therefore the most used process in desalination, it operates at very high 
pressures which come along with high energy consumption. In addition, 
when considered as alternative water source for irrigation activities, 
remineralization of the obtained distilled water (or mix with freshwater) 
is required beforehand. Another downfall is the fact that RO membranes 
are highly susceptible to fouling, such as scaling, which makes pre- 
filtration of the matrix highly necessary [31,32]. 

Forward osmosis (FO) is a process where the osmotic pressure dif-
ference is used to draw water to the feed solution through a selectively or 
semi-permeable membrane, and so, rejecting molecules and ions. FO 
offers in this way lower and reversible fouling, with lower operation and 
equipment costs, as well as higher water recovery rates as compared to 
before mentioned pressure driven categories [33]. 

In membrane distillation (MD), heat is used to let vapor permeate 
through a hydrophobic membrane based on the vapor pressure differ-
ence between its surfaces. The process is performed at low pressures and 
has low fouling rates compared to high pressure membrane processes, 
such as the previously described RO. The main challenges to overcome 
in this type of membrane separation system are the membrane wetting 
and membrane fouling, latter being both organic and inorganic [34,35]. 
A new development is the hybridization of MD with the membrane 
bioreactor (MBR), into a system where the dewatered concentrate 
coming from the anaerobic digester is depleted of water, resulting in a 
precipitation product that can be applied as a liquid biofertilizer, of 
which also struvite can be recovered [34]. 

Membrane bioreactor systems 

The membrane bioreactor (MBR) is a hybrid system that exist out of a 
membrane unit for physical filtration, as well as a bioreactor for 
biodegradation which can be used as treatment of wastewaters. MBRs 
have a small ecological footprint, high effluent quality, and less sludge 
production than conventional biotreatment. There are two general types 
of MBRs, the aerobic and the anaerobic MBR, though in both the high 
consumption of energy is considered an important drawback. New ad-
vances in this membrane-based technology show that they can be 
combined with microbial fuel cells (MFC), to efficiently treat waste-
water, while also recover energy [36,37]. A variety on the MBR, where 
the biomass is suspended in the matrix, is the moving bed bioreactor 
(MBBR), where the biomass is grown as a biofilm on carriers made out of 
plastic, spongelike, or other materials. Lately, there is increased interest 
in combining conventional MBRs with MBBR into hybrid systems, also 
called moving bed membrane bioreactor (MBMBR), which further ex-
tends the advantages of high specific biomass, higher efficiency in 
nutrient removal, and flexible operation [38,39]. 

Aerobic MBR systems utilize the metabolism of microbes to break-
down matter in UWW treatment, mainly existing out of C, N, P, and S, 
while using oxygen. The efficiency is strongly depending on the bioac-
tivity and the biodiversity of the microorganisms, and physicochemical 
factors such as temperature and salinity [40]. 

Opposite to this, the anaerobic MBR (AnMBR) operates without ox-
ygen, produces like aerobic MBR high quality permeate, but due to the 
anaerobic environment, it produces less sludge and is also able to pro-
duce methane gas, which can be used as a combustible for the produc-
tion of energy, in order to balance the energy consumption of the overall 
process, like with an MFC [36,41]. 

Submerged MBR (SMBR) are also highly employed and available at 
commercial level. The SMBR offers one of the most efficient solutions to 
limit fouling in MBRs. This is performed by enhancing the mass transfer 
by applying a gas/liquid two-phase flow. The permeate stream is taken 
from the matrix by vacuum while air washing is applied to prevent cake 
layer formation, whereas fouling is reversed by sequenced aeration and 
filtration-relaxation, backwashing [42]. 

Other novel variations within the MBR principles include the 
membrane-aerated biofilm reactor (MABR). In this type of MBR, gaseous 
electron acceptor, such as O2, or electron donors, such as H2 and CH4, 
are fed inside of a usually hydrophobic membrane on which a biofilm 
grows, significantly reducing the necessary aeration, as the gas is 
directly delivered to the organism, instead of dispersed into the aqueous 
medium. The feeding of the gas can be either dead-end or flow-through, 
and in the case of CH4 could be delivered from a coupled AnMBR [43]. 
Ren et al. recently developed an electrochemical MABR for the removal 
of antibiotics. The system enhanced the degradation of both sulfa-
methoxazole and trimethoprim, as also enriched the genus of Xantho-
bacter, which is able to degrade intermediate degradation products of 
the two compounds [44]. 

One of the drawbacks of MBRs is their low ability to reduce or 
eliminate unwanted microorganisms within its microbiological com-
munity, as compared to conventional biological treatment. This thereby 
reduces the ability of the system to biodegrade highly persistent MCs 
and the reduction of COD. A solution to this problem is the addition of 
Nano-Fe3O4 particles, resulting in decreased membrane fouling, 
lowering the Bacteroidetes and increasing the Proteobacteria growth in 
the microbial community, which results in a decrease of COD in the 
effluent [45]. Another solution to this problem can be found in the 
addition of PAC to the MBR. Asif et al. found that the PAC addition 
promotes the growth of 24 out of 31 genera of bacteria for a more 
diverse microbial community, especially for denitrifying bacteria, as 
well as for nitrifying and denitrifying functional genes, and MC bio-
degrading bacteria and genes. High concentrations of PAC in the MBR 
did not compromise the MC removal, nor the microbial community 
evolution [46]. 

Table 1 
Overview of main membrane types, their materials, and their drawbacks.  

Membrane type Membrane material Drawback 

Size exclusion Polymeric Chemical sensitivity  
Ceramic Expensive 

Membrane distillation Polymeric/ceramic High energy consumption 
Membrane bioreactor Polymeric/ceramic Fouling   

High energy consumption   
Microbiological stability  
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Further challenges in the application of MBR techniques lie in the 
treatment of high saline wastewaters (10–100 g/L), as well as in con-
centration shocks, sudden changes in compound concentration such as 
antibiotics. These extreme conditions for bacteria, sudden or constant, 
cause them to increase their defense mechanism in the form of extra-
cellular polymeric substances (EPS) production, one of the main fouling 
mechanisms in MBR systems and membrane systems in general. 
Therefore, specific microbial communities have to be found, formed, 
and conditioned for the treatment of such wastewaters, as well as 
studying of the effects of these conditions on the microorganisms. 
Halophilic microorganisms are such microbes that can successfully be 
applied till salinities of 150 g/L in wastewater treatment by MBR system 
[40]s. 

Membrane materials 

One of the main classes of membranes applied in wastewater treat-
ment are ceramic membranes. Relatively expensive, ceramic mem-
branes offer excellent properties regarding pH and temperature 
operation range, and mechanical strength. Ceramic membranes can be 
produced from many different materials, but mainly oxides of 
aluminum, titanium, silicon and zirconium [47]. 

Ceramic membrane supports are generally produced by the com-
pounding of different ceramic oxide materials, (polymeric) binders, and 
stabilizers. Mixtures of these materials are then pre-formed by extrusion 
or slip casting in the desired forms and air dried into so-called ‘greens’ 
before further thermal treatment. The different thermal treatments, e.g., 
sintering, determine the integral strength of the membranes, the pore 
size, pore morphology and distribution, and layer thicknesses. Mainly 
based on the different times and temperatures maintained. The main 
build-up of ceramic membranes consists out of the support material, 
(multiple) intermediate layers, and the final membrane layer [48]. 

The different pore sizes and pore morphologies of ceramic mem-
branes are mainly based on their prime material, which is most often 
particles. There are numerous limitations to produce smaller ceramic 
particles, that, on their turn, behave differently in the production pro-
cess as smaller they get, based on the volume to surface ratio. Therefore, 
another approach to produce membranes in the Nano range is the 
application of the sol-gel method (SGM). This method uses different 
precursor compounds to produce a gel-like substance, which is then 
applied on the support and sintered. Something performed by Qin et al. 
who prepared yttria-stabilized ZrO2 NF membranes from size-controlled 
spherical ZrO2 Nanoparticles produced by a reversed micelles-mediated 
SGM, for the treatment of wastewaters containing pesticides. The suc-
cessfully prepared NF membranes with a MWCO of 800 ± 50 Da were 
able to obtain a carbofuran removal of over 80% and fouled membranes 
were easily cleaned by an alkali washing treatment and low-temperature 
calcination [49,50]. Another commonly used method for the production 
of ceramic membranes is the chemical vapor deposition (CVD). Here a 
precursor vapor material is applied on the support to obtain small par-
ticles that are then sintered, obtaining small pore sizes. Pore sizes and 
morphologies are on their turn also strongly dependent on sintering 
times, temperatures, and atmosphere [51,52]. The geometries of the 
different ceramic membranes are mainly the disk, flat-sheet, and the 
tubular and hollow fiber membranes, latter being able to have multiple 
channels. The produced ceramic membranes are most often combined in 
modular set-ups and applications can often be found in industrial 
wastewaters for their stability, which is necessary due to the often-harsh 
conditions that come in these industries, such as extreme pH values, high 
temperatures, and abrasive chemicals [48]. 

Efforts to lower the price of ceramic membranes are found in 
methods to lower the sintering-energy consumption, as it is good for 
60% of the membrane price, where material cost and fabrication pro-
cedure are good for another 20% each. To obtain this, research is mainly 
performed to decrease the sintering temperature by applying materials 
with low melting point such as kaolin and fly ash, to accelerate the 

sintering speed by applying spark plasma sintering or microwave heat-
ing and decreasing the sintering time by applying co-sintering or 
membrane structure optimization. Another recent development is the 
development of no-sintering processes such as with geopolymer and 
Portland cement-based membranes for industrial applications [53,54]. 
Enhanced fabrication procedures for the production of ceramic mem-
branes for wastewater treatment and desalination in the future is mainly 
expected to be found in 3D printing as a decline in costs of 50–75% is 
expected in the next decade. 3D printing significantly increases cus-
tomization, low-cost to prototype and test designs, has sustainability 
benefits, and reduces production time. However, its current difficulties 
are the lack of resolution, appropriate materials and build volume scale 
[55,56]. 

New developments in the production of ceramic membranes can be 
found in the application of materials coming from other industries such 
as solid municipal waste treatment, or the cement and concrete industry. 
Materials recovered from different waste streams within these industries 
are used following the principle of Circular Economy and with the aim to 
produce significantly cheaper ceramic membranes. Examples of the use 
of these materials can be found in the work of Mouratib et al. who 
developed low-cost ceramic MF membranes made from alumina- and 
silica-rich water treatment sludge, to filter wastewater [57]. Khadijah 
et al., developed low cost, green silica based ceramic hollow fiber 
membranes from waste rice husk for water filtration [58]. Lorente-Ayza 
et al. compared the extrusion and the pressing method for the successful 
production of low-cost ceramic support material for MF membranes. 
They used as raw material chamotte coming from the Spanish tile in-
dustry, a local Spanish clay mixture, and low-cost potato starch as an 
organic pore former. It was found that extruded material resulted in less 
porous material and smaller pore sizes, than material formed by dry 
pressing. Their work will be utilized in the near future to produce 
multilayer ceramic membranes for UF and NF as well. Planning to do so, 
by developing thinner and selective layers [59]. 

Waste materials are not only used to produce the ceramics, but 
recycling wastes from the food, agricultural and industry are also used as 
pore-forming agents to produce porous ceramics [60]. 

Another main class of membranes in water treatment are polymeric 
membranes. Although significantly cheaper than ceramic membranes, 
polymeric membranes are more sensitive to chemicals, and are more 
prone to fouling. They can be categorized in two process classes, non- 
pressure driven, such as pervaporation, dialysis, and membrane distil-
lation, and pressure driven such as MF, UF, NF, RO, and FO [61,62]. 

All of these processes are widely applied in successful technologies 
ranging from the removal of natural organics, microbes, MCs, and heavy 
metals from UWWs, dyes and oily substances from industrial wastewa-
ters, biomedical applications such as kidney dialysis, due to their low 
energy use and simplicity as compared to thermal separation processes. 
Their many forms come as hollow fiber membranes, (rolled) flat sheet 
membranes, tubular, and electro-spun nanofiber. All coming with their 
unique material properties and pore design, based on their polymeri-
zation method [63]. 

In order to make these commonly used polymeric membranes more 
sustainable, new ways are investigated to produce them from biode-
gradable polymers instead of oil based polymers. Main examples 
regarding biodegradable polymeric membranes in wastewater treat-
ment are the application of cellulose acetate, chitosan, and chitin 
membranes. Disadvantages, however, are their oftentimes even more 
limited pH range, particle affinity, and the biodegradation, and so, 
selectivity rate, environmental pollution by its non-biodegradable 
counterpart in the case of blends and composites, and inferior me-
chanical properties in comparison to conventional materials [64,65]. 

There are different movements in the development of composite 
membranes, such as with the combination of polymers, or the applica-
tion of e.g., a polymer layer on ceramics. The most common type of 
polymeric composite membranes are thin film composite (TFC) mem-
branes, existing out of three layers, a woven or non-woven fabric, to 
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support the intermediate layer with micro sized pores, and finally the PA 
selective layer. The pore size of each layer is around 60–80 µm, 50–100 
µm, and 100–200 nm, respectively [66]. Saini et al. writes about the 
tremendous potential of new polymer membrane technologies that 
make use of polymer nanocomposite membranes for applications as 
small as of synthetically produced hydrogen gas, filtering out CO2, N2, 
and CH4. Something that can be useful when applying novel EO reactors, 
that produces this gas [67]. Another example of highly advanced 
membranes are the biomimetic and bioinspired membranes (BBM). 
These BBMs consist of membranes with integrated biological functional 
molecules or bioinspired functional elements that are able to separate 
compounds in the sub-Nanometer scale. Examples for these molecules 
are artificial water channels, membrane protein channels, and carbon 
Nanotubes (CNT). Their application can currently be found in water 
purification, but finds significant potential in the specific separation of 
antibiotics, homogeneous catalyst retention, organic acid and gas sep-
aration as well [68]. 

Another way to effectively apply membrane separation is to pre-
concentrate water contaminated streams for a subsequent AOP appli-
cation to rejection streams, mainly for lowering the volume to be treated 
and to reduce the consumption of reagents as the concentration of 
contaminants would be higher than in the raw wastewater. This is a key 
topic for the elimination of MCs [69]. 

Oftentimes, permeate volumes still contain very low concentrations 
of (certain) MCs, as the membrane selectivity is determined by factors 
such as system parameters, physicochemical properties, and concen-
tration factor. The permeate volumes can then be polished by different 
selected AOPs that are to be matched with the MCs that are insufficiently 
retained by the different membrane types and systems, in order to obtain 
significantly higher removal of MC [70]. 

Membrane fouling 

Fouling is the process in which a variety of undesired organic and 
inorganic matter is deposited onto the membrane, eventually leading to 
the blockade of the membrane pores, after increasingly reducing the flux 
and the selectivity of the membrane. Organic membrane fouling is 
induced by the collection of organic material on the membrane surface, 
as well as in the pores, by proteins, humic acids, polymers, and poly-
saccharides. Inorganic fouling is the crystallization and precipitation of 
salts in the matrix on the membrane surface, mainly due to supersatu-
ration. In the case of metallic deposition it is called scaling. Common 
salts in wastewater are carbonates, phosphates, sulfates, and sodium 
chloride [71]. 

The term biofouling is used for the formation of biological material, 
such as algae, bacteria, fungi, and plankton on the membrane surface. 
Bacterial EPS can be formed helping bacteria to resist flow and turbu-
lence from the surrounding matrix. In MD for example, the thermal 
stress can elevate the formation of EPS. Over time, the biofouling is 
initiated by the formation of the conditioning film through scaling and 
organic fouling, followed by their reversible attachment by the forma-
tion of the protobiofilm. The bacteria in this protobiofilm then form the 
EPS, due to which an irreversible attachment of the biofilm on the 
membrane surface starts, maturing over time. Once matured, parts of the 
biofilm start to detach itself into the matrix, contributing to the proto-
biofilm formation [71]. The communication by the bacteria to produce 
EPS under stress conditions, is done via quorum sensing, performed by 
the secretion and detection of diffusible molecules named autoinducer, 
or signal molecules. A relatively new solution to this problem can be 
found in the deployment of functional bacteria, fungi, or enzymes to 
suppress this communication, what is called quorum quenching [45,72, 
73]. 

Fouling prevention 
In order to guarantee the viability of membranes, the prevention and 

reversal of fouling is of the utmost importance. The main fouling 

reversal mechanism is the application of ‘back-wash’ cycles, whereby 
the flow direction is reversed for a certain period of time. Other treat-
ments can be found in chemical cleaning, which involves the use of an 
acidic and/or basic medium, often limited, especially in the case of 
polymeric membranes as extreme pH values are detrimental to their 
structural and chemical integrity [74,75]. Acid-base treatment is 
thereby also a temporary solution to remove reversible fouling layers. 
However, operation must be put on-hold and the chemicals bring extra 
cost with them. In the case of ceramic membranes, fouling can also be 
reversed by the incineration of the fouling layer. An effective solution, 
but replacement of the membranes or a full stop of the system during the 
incineration treatment is necessary [76]. 

Other antifouling mechanisms are also emerging. This can be found 
in the form of super-hydrophilic or super-hydrophobic membrane sur-
faces, the development and design of the pores, the pore-density, and 
morphology within these materials. The Janus membrane, named after 
the two-faced Roman god Janus, is based on the principle of applying 
different membrane layers on each other, with opposite properties, such 
as hydrophilic and hydrophobic, wettability, pore size or structure, 
thermal/electrical conductivity, and chemical activity. It offers a good 
option towards the preselection of compounds directly on the membrane 
surface and can prevent fouling to a great extent [77]. 

MBR system aeration, which is essential to keep the desired dissolved 
oxygen concentration for the biomass metabolism, can be used as anti- 
fouling mechanism. However, the agitation that aeration creates to-
wards the bacteria can also increase the formation of EPS and foam. As 
different aeration patterns are continuously being researched for the 
different MBR principles, as a way to decrease energy costs as well, it 
was found that coarser bubbles are preferred over finer bubbles, as they 
remove more cake on the membrane [39,78,79]. 

The application of AOPs against fouling 
To prevent fouling of membranes, different AOPs can be utilized. 

Ozonation, commonly used in UWW treatment, can be deployed as pre- 
or post-treatment, as well as in-situ cases. Special care should be taken 
when considering ozonation in hybrid systems using polymeric mem-
branes, as only few commercial polymer membranes do not degrade by 
the generated radicals [80]. 

Photocatalytic membranes directly combine the application of AOPs 
with the membrane material, by producing them from photoactive 
materials such as TiO2 and ZrO2. The efficiency of these novel mem-
branes is lower for the degradation of MCs, as the immobilized photo-
catalytic material has significantly less active site as compared to 
suspended photocatalytic particles. However, the application of photo-
catalytic materials in membranes resulted to require extended operation 
times by other means of fouling prevention, such as with photocatalytic 
TiO2. This material possesses the property of photo-induced super-hy-
drophilicity (PSH) when irradiated by light [81]. 

Brillas et al. observed that current research regarding these materials 
do not consider the light transport as fundamental aspect of light-matter 
interaction. They suggest applying biomimicry from phototroph or-
ganisms to improve the quantum yield of such surfaces by taking nature 
as an alternative guide in the development of novel materials. They 
identified micro- and nanostructures present in nature to prepare new 
bio-inspired photocatalytic and photo electrocatalytic material and 
reactor design, rather than focusing on the development of the compo-
sition of the semiconductor photo(electro)catalyst [82]. 

Gupta et al. reported a complex membrane system that exists out of 
the combination of many anti-fouling and membrane-based-AOP tech-
nologies. They developed a submerged photocatalytic oscillatory 
membrane reactor, with membrane aeration, for the removal of MCs 
from UWW as a tertiary treatment. The reactor uses suspended nano-
sized TiO2, which is irradiated with UV light to produce hydroxyl rad-
icals for the removal of MCs, while the aeration and oscillation is utilized 
to prevent the TiO2 from fouling the membrane. They reached 90% MC 
removal of diclofenac, sulfamethoxazole, and hydrochlorothiazide, in 
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Milli-Q water. Practical applications of this kind of membrane systems 
must be tested in actual wastewater treatment integration systems [83]. 

Combination of membranes and AOPs 

Advanced oxidation processes are characterized by the production of 
hydroxyl radicals that can degrade MCs in UWWTP effluents. AOPs are 
an important solution for a sustainable tertiary treatment of UWWTP 
effluents, as only simple chemicals are necessary, and the irradiation can 
be provided in a renewable form, with solar radiation, using reactors 
such as the compound parabolic collectors (CPC) [84]. An example of 
these AOPs, which uses the Sun and CPC reactors, is solar photo-Fenton 
and is based on catalytic iron cycles, using H2O2 as an oxidant, and 
UV–vis light from the Sun to produce the hydroxyl radicals [85]. 

Although UV-C on its own is not an AOP [86], its application is 
essential to many AOPs. UV-C is UV light applied in the range of 254 nm 
and its source varies from the Sun, as also different kinds of lamps. UV 
radiation is commonly applied with oxidants such as H2O2, O3, and Cl2, 
catalyzing them or the production of related radical species. The 
application of UV lamps is still very expensive and uses electricity that is 
often not generated from sustainable sources. Great advantage of UV 
lamps, however, is the fact that they can be applied throughout the day 
and any day of the year, by disregarding the weather conditions. New 
types of lamps, such as UV-C LEDs and the lamp design rapidly raises the 
effectiveness of this promising technology. An example of this is the 
development of UV-C LED and light fabric combinations [87]. 

Photo-Fenton 

Photo-Fenton (PhF) is based on the catalytic cycle of Fe species 
(Fe2+/Fe3+) and is promoted by the presence of H2O2 and UV–vis light 
for the production of hydroxyl radicals. Hydroxyl radicals are a highly 
reactive and non-selective radical species which can be generated by 
different processes. These fast reaction rates are ideal in effluents com-
ing from membrane-based treatments such as UF and NF, which, in the 
case of the permeate volume contains minimal amounts natural organic 
matter (NOM) and other radical scavenging compounds, competing with 
the MCs for the generated radicals. The same goes for concentrate vol-
umes containing high concentrations of MCs. Significantly, increasing 
the change for the hydroxyl radicals to encounter MCs for degradation 
[88]. One of the main disadvantages of classic PhF is that has to be 
applied at pH 3 to prevent the Fe to precipitate, making it necessary to 
acidify the UWW with costly chemicals, that come with danger during 
transport and storage. A solution to this problem is the application of Fe 
complexing agents, such as Ethylenediamine-N, N’-disuccinic acid 
(EDDS), which is an environmentally friendly solution as it is nontoxic 
and biodegradable [89,90]. When utilizing EDDS to keep the Fe in so-
lution, the PhF process can be applied up to pH 9 [91]. 

Another oxidant that can be used in this AOP is persulfate. Reaction 
rates of persulfate radicals are generally slower and more selective as 
compared to hydroxyl radicals. Nevertheless, high efficiencies of MC 
removal in UWWS can still be obtained with this oxidant during (solar) 
PhF, being, in many cases, even a better choice, depending on the 
consistency of the matrix [92]. 

In areas with less sun hours and intensity, other AOPs are preferred. 
Electrooxidation (EO) is one of them, an AOP needing electricity instead 
of sunlight which can be generated by renewable energy, such as wind 
energy and modern biomass energy technologies. A further advantage of 
this technology is that it can also be deployed when there is very-low till 
no sun irradiation, such as during cloudy weather and at night [93]; or 
for wastewater treatment applications at a small scale in remote areas 
where no energy grid is available [94]. 

Another non-selective, relatively expensive, but highly effective AOP 
is ozonation. It can thereby not only be used as a MC degradation 
treatment, but also in different ways as a pretreatment of UWWTP ef-
fluents. Ozone is able to break down organic macromolecules, such as 

microbial cell walls, into shorter chain intermediate products, making it 
possible to enter other cells for biodegradation. This process generates 
the highly reactive hydroxyl radicals on the way. Thereby, ozonation 
can be applied at room temperature and ambient pressure and does not 
produce sludge, while residual ozone decomposes in water and oxygen 
[95]. 

Electrooxidation 

EO and electrochemical AOPs (EAOP) have drawn a lot of attention 
lately, as they offer a high efficiency, cost effectiveness and environ-
mental compatibility [96]. EO creates the possibility to directly elec-
trooxidize absorbed MCs on the electrode surface, as well as the 
significantly larger production of different radicals into the matrix for 
MC degradation, such as •OH, ClO− and SO4

− •. As the system needs 
wastewaters with high conductivity, and therefore high ionic loads, to 
easier generate an electron flow, EO is especially eligible for the treat-
ment of concentrate volumes coming from membrane treated waste-
waters. The higher the conductivity is, the lower the ohmic resistance, 
and so the required energy consumption. The production of the different 
radical species on the anode surface is directly related to the presence 
and concentration of the different ions. A common ion specie in 
wastewater is Cl− , from which active chlorine can be generated, by the 
adsorption of free dissolved ions on the anode surface in the form of 
direct active chlorine species (ACS) formation. Indirect ACS formation 
takes place in the matrix, where the resulting compounds degrade the 
MCs. The higher the current density is, the higher the production of ACS 
[97]. 

One of the challenges within EO is the stability of the electrodes. It is 
therefore one of the most important subjects, and studies are mainly 
focused on the further development and application of the widely 
implemented boron doped diamond (BDD) electrodes. BDD’s success is 
mainly due to its large potential window (2.4 – 2.6 V against a standard 
hydrogen electrode (SHE)), allowing high oxygen evolution over-
voltage, and so permitting the oxidation of water into physisorbed hy-
droxyl radicals [94,98]. When a cathode is applied it is even possible to 
produce onsite H2O2, which contributes to the PhF process in the pres-
ence of Fe through the reduction of produced O2 gas [93]. 

There are several processes through which EO can be applied. Anodic 
oxidation (AO) is the technique of direct oxidation of MCs on the anode 
surface by electron transfer, or by the oxidation of hydroxyl radicals, 
H2O2, O3, ACS, and peroxynitrate produced on the anode surface [99]. 

Electro-Fenton (EF) is also an EO process, here chemicals such as Fe 
and H2O2 are used to produce hydroxyl radicals, by H2O2 through the 
Fenton process. In this case, H2O2 consumption as a consumable to be 
added, can be reduced by applying a cathode as mentioned before [100]. 
Variations on this AOP can be found by the combination of before 
mentioned EO processes with sunlight, known as solar assisted AO and 
(solar) photoelectro-Fenton. These combined processes have the 
advantage of the degradation by the sun light, or photolysis, as well as 
the activation of the oxidants and generation of the radical species by 
UVC. Thereby, the self-quenching effect of the free radicals is restrained, 
increasing the number of radicals, and so, the system oxidation capacity 
[101]. 

Ozonation 

Ozonation is an efficient technology for the treatment of UWWTP 
effluents, where ozone is directly oxidizing the MCs in UWW, or indi-
rectly through other processes by means of hydroxyl radicals. Ozone has 
a relatively slow dissolution rate and rapid decomposition in the 
aqueous phase. A solution to this problem can be found by producing 
ozone micro- and Nano-bubbles (MNB), significantly increasing the 
lifespan as they have higher mass transfer efficiency, less rising velocity, 
higher persistence time and bursting energy, and so, the reactivity in the 
aqueous phase. Another advantage is the much higher volume to surface 
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ratio at nano scale, making the production of hydroxyl radicals more 
likely and easier [102]. Ozonation is often combined with other reagents 
such as H2O2 and UV irradiation, to obtain synergetic performances and 
catalytic effects towards the production of hydroxyl radicals. However, 
the H2O2/O3 ratio and the pH should be carefully monitored, to avoid 
the over-production of hydroxyl radicals, inducing scavenging and their 
recombination. Furthermore, ozonation can also be combined with 
electro coagulation (EC) where the metal ions catalyze the ozone pro-
duction to produce more hydroxyl radicals [70,95]. Switzerland, the 
first country in the world to enforce legislation related the treatment of 
UWW to a minimum of 80% MC removal, is widely applying ozonation, 
with or without GAC filters, proving the effectiveness of this technology 
[16]. 

A recent advance with this process in combination with membrane 
separation in a hybrid system is presented by Khalifa et al., where 
ozonation is used as an EC enhancer, facilitating the size-exclusion of the 
emerged SiC ceramic flat sheet microfiltration membrane for the treat-
ment of oily wastewaters [47]. 

Nutrient recovery 

Treated UWWs are characterized by containing a wide variety of 
different ions and other compounds. These ions and compounds can be 
recovered, which significantly contribute to the self-proficiency and 
environmental gains that could be obtained. Furthermore, other than 
with desalinized waters from RO, they can be utilized directly for crop 
irrigation, where even positive effects have been reported thanks to the 
consequent reduction on fertilizer use. It significantly reduces the 
needed quantities, and so, the crop production price. Water reuse for 
irrigation of crops by nutrient rich wastewaters is also called ‘fertiga-
tion’, and its application aims to significantly lower or even eliminate 
the use of mineral fertilizers [6,103,104]. The practice of fertigation has 
beneficial effects on the growth of crops and is expected to be increasing, 
as 35% of rainfed and 60% of irrigated crops is located within a 20 km 
proximity of a UWWTP, its practical implementation is thereby rela-
tively accessible as well [105,106]. 

An example of this nutrient recovery is the recovery of ammonia 
from wastewaters. Nitrogen, along with phosphor and potassium, is one 
of the major components in fertilizers, as its availability as a macro- 
nutrient is essential to crop growth and development [107]. Ammonia 
can be recovered from UWWs by applying membrane-based systems 
such as NF to concentrate such wastewaters, and so creating ammonia 
enriched permeate streams [108,109]. 

Phosphate recovery from UWW 

Phosphates account for another major part of used artificial fertil-
izers and can be recovered from UWW, such as from the dairy industry, 
winery and olive mill wastewater, and domestic and livestock waste-
waters [110,111]. The recovery of phosphates from UWW decreases the 
risk of environmental disruption after their discharge, something which 
can result in the eutrophication of different surface waters [112]. The 
availability of mineral phosphates in the world is relatively low and 
rapidly decreasing, and so, contributes to geopolitical tensions, while its 
refinery process is an energy intensive one, strongly contributing to 
greenhouse gas emissions [113]. Phosphate species in UWW can be 
organic and inorganic and can be found in both solid and dissolved 
phase. Its removal can be performed through biological, chemical, and 
physical processes. Phosphate solids or particles in UWW can be 
removed by different clarification steps. One of the main technologies 
for the removal of dissolved phosphate in UWW is through the formation 
of struvite. The struvite is produced by the precipitation of dissolved 
phosphoric compounds coming from the before mentioned industries 
and urine present in UWW. Membrane technologies can offer different 
solutions to the production of struvite: Firstly, from the separation of 
urine from any possible unwanted solids coming from concentrated 

sources, such as urinary and mobile toilets, and collection basins used in 
intensive animal husbandry, as well as the separation of phosphate 
compounds coming from industrial sources; Secondly, in the pre-
concentration of more diluted sources such as UWW or contaminated 
surface waters. A positive side effect is the prevention of undesired 
struvite formation on surfaces in the equipment and treatment processes 
of UWWTPs [114,115]. Recently, an advance in the recovery of phos-
phate has been found in the application of rare earth elements (REE) for 
its adsorption [116]. 

Both FO and MD can be applied to extract water from dewatered 
sludge centrate coming from anaerobic digesters used to digest sludge 
coming from the primary settler in UWWTPs or rest products coming 
from algae production from UWWTPs. The extracted water can directly 
be used for the irrigation of crops, whereas the retentate can be used as a 
liquid biofertilizer, from which struvite and nitrogen fertilizers can be 
produced by precipitation [117,118]. Simoni et al. compared two forms 
of MD, vacuum MD, and direct contact MD, for the application of 
simultaneous recovery of phosphorous and ammonia from UWW. 
Finding that vacuum MD showed better results at low pH values, and 
direct contact MD at high pH values [119]. Further novel applications of 
MD can be found in membrane crystallization through MD. Where 
traditionally MD is used to concentrate water and crystallization is 
performed by utilizing crystallizers and evaporators. Membrane crys-
tallization through MD utilizes a membrane contactor, making it 
possible to use residual heat at temperatures as low as room tempera-
ture. This significantly reduces the energy consumption and thereby 
offers well-controlled nucleation and growth kinetics, fast crystalliza-
tion rates, the promotion of heterogeneous nucleation or good control of 
the supersaturation by the membrane surface [120]. MD-crystallization 
already showed that it can be economically profitable, although is 
strongly depending on market value of the crystalized salts. Other fac-
tors contributing to the viability of this system is the membrane price, 
the overall mass transfer coefficient, and the membrane area, which 
depends strongly on the concentration of the osmotic agent [121]. 

Another recent advance in the production of struvite from UWW is 
the biomineralization by microorganisms to produce biological struvite. 
This principle could potentially be integrated in existing UWWTPs, by 
using one of the previously described MBR systems [122–124]. 

Toxicity of resources used for fertigation 

One of the main concerns of the application of these water and 
nutrient sources is their toxicity induced by residual MCs and their 
degradation products, which could obstruct or prohibit the germination 
of seeds, as well as the root and shoot development [104,105]. Other 
concerns are changes in the soil microbiome and the accumulation of 
salts and heavy metals [125,126]. Therefore, multiple authors per-
formed different toxicity tests to map the acute and chronic toxicities of 
created waters for crop irrigation, as well as the potential applicability 
based on soil and crop types [127–130]. 

When looking at the presence of MCs in precipitation products such 
as struvite, it has been found that MCs do not sorb themselves on the 
surface of these precipitation products. However, MCs can be included 
when struvite nucleates on colloidal particles containing them. MC 
presence has only been registered in significant lower concentrations as 
compared to land applied biosolids [131]. 

Lipid extraction from UWW 

Another application of nutrient recovery can be found in the 
extraction of lipids from UWWs. Where, otherwise, these lipids are 
produced from different crops and livestock sources, even more 
increasing the pressure on available agricultural lands, water, and food 
products. Therefore, instead of producing them from raw food resources, 
these lipids can be recovered from UWWs as large amounts of them are 
originating from domestic use. Estimations of the total amount of lipids 
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available in European UWWs depend on the specific treatment step and 
their yield but could be good for up to 24% of the EU diesel demand. 
Significantly contributing to the creation and closing its circular econ-
omy [132]. 

Main remarks and future outlook 

Membrane separation has already shown its potential and wide array 
of applications for water and wastewater restoration, including combi-
nation with biotreatment for UWW effluents remediation or direct 
UWWTP effluent polishing. However, further treatment of rejection 
streams containing different contaminants at higher concentration than 
in the initial source is needed. The combination of different classes of 
membranes within an UWWTP, as well as the combination with AOPs 
and other wastewater treatment methods into hybrid systems is essential 
to obtain their maximum efficiency and synergy. 

Another essential topic is fouling of all membrane materials. The 
solution to prevent and control fouling can be found in the hybridization 
of materials and composite membranes, with the use of stronger (but 
more expensive) ceramic membranes also being a choice. Ceramic 
membranes are better adapted to be combined with AOPs, including 
being part of the AOP treatment through the use of photocatalytic 
membranes. Otherwise, the efficiency of these novel membranes should 
be enhanced before being a consistent alternative. 

Hydroxyl radicals generated by AOPs produce fast degradation re-
action rates favored by higher concentration of contaminants. There-
fore, they are ideal to be applied to effluents coming from rejection 
streams of membrane-based UWWTP effluent treatments, such as UF 
and NF. 

More research focused on the economic viability of membranes in 
UWW treatment is desired, especially on large scale applications already 
installed in running UWWTPs. This will help to convince the short-term, 
as well as the long-term advantages of the already existing technologies, 
freeing subsidies and helping in the further development of membrane 
systems used for UWW treatment. 

Membrane technologies must be considered as part of the UWW 
reclamation strategy, even more when recovery of nutrients and added 
value substances are to be tackled. Membranes significantly increase 
process efficiency, by offering economically and sustainable competing 
alternatives to the use of artificial fertilizers coming from energy 
extensive production in the case of nitrogen and phosphorus 
compounds. 
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[82] E. Brillas, A. Serrà, S. Garcia-segura, Biomimicry designs for 
photoelectrochemical systems: strategies to improve light delivery efficiency, 
Curr. Opin. Electrochem. 26 (2021), 100660, https://doi.org/10.1016/j. 
coelec.2020.100660. 

[83] S. Gupta, H. Gomaa, M.B. Ray, A novel submerged photocatalytic oscillatory 
membrane reactor for water polishing, J. Environ. Chem. Eng. 9 (2021), 105562, 
https://doi.org/10.1016/j.jece.2021.105562. 

[84] S. Malato Rodrıguez, J. Blanco Galvez, M.I. Maldonado Rubio, P. Fernandez 
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Effect of salinity on preconcentration of contaminants of emerging
concern by nanofiltration: Application of solar photo-Fenton as a
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Dennis Deemter a, Isabel Oller a, Ana M. Amat b, Sixto Malato a,⁎
a Plataforma Solar de Almería-CIEMAT, Carretera de Senés Km 4, Tabernas, Almería, Spain
b Grupo Procesos de Oxidación Avanzada, Campus de Alcoy, Universitat Politècnica de València, Spain

H I G H L I G H T S

• Microcontaminant permeability order
was not influenced by increased salin-
ity.

• Concentration factor is the key factor for
permeability order and rate.

• Persulfate and hydrogen peroxide
showed different elimination efficien-
cies.

• Persulfate was found inefficient for
the elimination of selected
microcontaminants.

• Solar photo-Fenton rapidly elimi-
nated present and residual
microcontaminants.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 29 August 2020
Received in revised form 8 October 2020
Accepted 29 October 2020
Available online 17 November 2020

Editor: Dimitra A Lambropoulou

Keywords:
Microcontaminants
Nanofiltration
Salinity
Tertiary treatment
Solar photo-Fenton

This study focused on the effect of salinity on the performance of a pilot-scale nanofiltration (NF) for
preconcentration of microcontaminants (MCs) in combination with solar photo-Fenton or photo-Fenton-like
treatment for their elimination from NF permeate and concentrate streams. Photo-Fenton was carried out in a
solar simulator at pH of 3 and at natural pH using Ethylenediamine-N, N′-disuccinic acid (EDDS) as an iron
complexing agent. Degradation efficacy was tested with MCs commonly found in urban wastewater treatment
plant effluents (caffeine, imidacloprid, thiacloprid, carbamazepine and diclofenac). Hydrogen peroxide and per-
sulfate were compared in solar processes. Increase in salinity and pressure had a negligible influence on MC per-
meability order and NF selectivity. Solar photo-Fenton was able to degrade MCs present in the concentrated
stream, and rapidly eliminate any residual MCs that might finally be present in permeate streams. Persulfate
used instead of hydrogen peroxide was shown to be inefficient for the selected MCs. Fe(III):EDDS at
circumneutral pHwas able to removeMCs as quickly as classical photo-Fenton at acid pH, or even faster. This ef-
fect supports use of Fe(III):EDDS at natural pH for treating NF concentrates or polishing NF permeates when NF
membranes are operated under extreme conditions of salinity.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Theworldwide need for cleanwater is increasing, while its availabil-
ity rapidly decreases due to the effects of climate change, such as floods
and draughts, rising population and widespread pollution by human
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activity. Therefore, alternative sources of water must be found. Reused
wastewater is highly promising as, depending on its final application,
very high-quality water can be achieved [Ricart and Rico, 2019;
Capocelli et al., 2019]. Growing populations, urbanization and industri-
alization are demanding higher production of detergents, food and
pharmaceuticals [Li et al., 2016], increasing the overall salinity of NF in-
fluents [Abdel-Fatah, 2018]. Faster evaporation of water with rising
temperatures will also lead to more rapid salination of soil and coastal
groundwaters, and therefore, increasing salinity is also expected
in UWWs.

Contaminants of Emerging Concern (CECs) are now being recorded
for longer times, and microcontaminants (MCs) are increasingly found
in urban wastewater (UWW) effluents in ranges from ng/L up to μg/L
[Petrović et al., 2003]. Their origins can be found in the use and disposal
of a variety ofmodern-dayproducts, such as pesticides, pharmaceuticals
and other organic compounds incorrectly disposed of, or which simply
cannot be treated by conventional wastewater treatment plants [Rizzo
et al., 2019]. Therefore, new treatment technologies are of the highest
priority, while existing methods should be improved, scaled-up and
combined to lower UWW treatment costs and prevent contaminants
from passing through conventional wastewater treatment systems,
resulting in bioaccumulation, chronic toxicity and endocrine disruption
[McGinnis et al., 2019; Pico et al., 2019; Rasheed et al., 2019].

Several new perspectives on the problem of MCs passing through
conventional wastewater treatments apply nanofiltration membranes
(NF). This technology is relatively simple and inexpensive to apply,
and consumes less power than current techniques, such as reverse os-
mosis [Mendret et al., 2019; Voigt et al., 2019]. Two groups of NF mem-
branes, polymeric and ceramic, are widely used commercially.
Polymeric NF membranes are used more often due to their lower cost,
but have limitations regarding temperature, pH, fouling and cleaning.
Although more expensive, ceramic membranes can be applied when
the matrix pH is very high or low or temperatures are high, and they
are easily cleaned by back-washing and/or incinerating the fouling
layer. The main separating mechanism in the membrane technology is
size exclusion, but also solution-diffusion and Donnan effect [Silva and
Livingston, 2006; Zhang et al., 2019]. However, this can be strongly in-
fluenced by a variety of physicochemical mechanisms, such as molecu-
lar and surface polarity, pH, salinity and concentration polarization, as
well as system parameters such as temperature, flow and pressure
[Meschke et al., 2020]. Therefore, the effects of these mechanisms and
parameters must be studied for a general understanding of the separa-
tion behavior of specific MCs during NF and its products, the concen-
trate and permeate streams.

In another perspective, Advanced Oxidation Processes (AOPs),
which generate highly reactive, nonselective hydroxyl radicals (●OH),
are applied to eliminate MCs [Kanakaraju et al., 2018]. One of these pro-
cesses, photo-Fenton, is based on the catalytic iron cycle (Fe2+/Fe3+),
promoted by hydrogen peroxide (H2O2) and UV–vis light to produce
●OH. Its main advantage is that it uses simple chemicals and can be
powered by solar radiation (renewable energy) with solar compound
parabolic collectors already available [Janssens et al., 2019]. This has
an important application potential in arid and semi-arid regions, due
to their year-round high solar irradiation, where water reuse is also de-
sirable due to its scarcity [UN DESA, 2019.].

One of themain drawbacks of photo-Fenton is that itmust take place
at pH 3 tomaintain the iron in solution, which increases operating costs
from pH adjustmentwhen urbanwastewater is to be treated. The use of
a wide variety of iron complexing agents has been studied to avoid this.
One of them, Ethylenediamine-N, N′-disuccinic acid (EDDS), makes
solar photo-Fenton treatment possible at natural pH (pH= 7) by keep-
ing iron soluble through formation of a stable photoactive complex. In
addition, it should bementioned that EDDS is not only photochemically
effective, it is more photoreactive, because it is absorbent in a wider
light wavelength which fits better to the solar UV–Vis spectrum, than
conventional photo-Fenton [Dong et al., 2019]. Moreover, it is a

biodegradable, environmentally-friendly substance [Tandy et al.,
2006]. This information is confirmed by two recent review articles
[Clarizia et al., 2017; and of Zhang and Zhou (2019). The primary trans-
formation products of EDDS have been recently described [Jaber et al.,
2020]. Six different products were identified and described as produced
in the initial photo-redox process using lamps simulating solar spec-
trum. They are oxidized products with a shorter carbon chain than
EDDS and aldehyde and/or carboxylic acid functions, proposing the for-
mation of formaldehyde, which is likely to be further oxidized to formic
acid. The authors state that these compounds are easily biodegradable
and of low toxicity, not inducing them they would entail a greater risk
of toxicity for the aquatic environment.

However, the high initial investment and high operating costs
(mainly from reagents required) are still a drawback to its practical ap-
plication. Therefore, solar photo-Fenton efficiency must be mapped
over pretreated (UWW) effluents to guarantee its successful and effi-
cient implementation as a tertiary treatment in existing systems, and in-
crease the efficiency of recently developed hybrid systems using both
NF and AOPs [Gallego-Schmid et al., 2019]. Focusing on this promising
hybrid option, by increasing the MC concentration in the concentrate
stream after NF pretreatment of UWW effluents, the total treatment
volume could be reduced, significantly lowering reagents and accumu-
lated UV energy required to attain the desired MC elimination
percentage.

Thus, there is a pressing need for research on the effect of salinity on
separation processes with NF membranes combined with AOPs in dif-
ferent UWW treatment plant (UWWTP) effluents. First the different
physicochemical fouling mechanisms of NF membranes when filtering
MCs from UWWTP effluents must be mapped. Salinity has already
been shown to have an effect on concentration polarization, the forma-
tion of a gel-like layer or scaling induced by an accumulation of solutes,
such as salts andMCs, near themembrane surface due to the surface po-
larity of commonly used NF membranes [Bi et al., 2016]. Preferential
passage of the solvent through the membrane dramatically decreases
themass transfer coefficient of rejected ions, resulting in local supersat-
uration,while the bulk concentration in thematrix remains unsaturated
[Shi et al., 2014; Song et al., 2018].

Pressure-driven filtration, and more specifically NF for MC removal,
has been studied in detail in recent years addressing physicochemical
properties of MCs (solute molecular weight/size/geometry, charge,
and hydrophobicity), water quality conditions (pH, solute concentra-
tion, temperature, background inorganics, and natural organic matter),
membrane properties and operating conditions (membrane fouling,
membrane pore size, porosity, charge, and pressure) that influence
the removal of MCs during membrane filtration [Kim et al., 2018;
Patel et al., 2019]. The use of Solar photo-Fenton to treat MCs has been
also deeply studied [Kanakaraju et al., 2018], however studies at
circumneutral pH are still scarce [Ahile et al., 2020] and even more the
use of persulfate as alternative to hydrogen peroxide at circumneutral
pH [Wang and Wang, 2018a, 2018b; Ike et al., 2018]. Recently research
in AOPs is dominated by the search for cost-effective and sustainable
techniques [Miklos et al., 2018] but there is no study about how to com-
bine NF with photo-Fenton at circumneutral pH for treating high salin-
ity NF retentates containingMCs at realistic concentrations. Comparison
of different operational variables of solar photo-Fenton process (by
using Fe-EDDS) applied to eliminate MCs from both retentate and per-
meate has not been found in the revised literature. Therefore, this
study focused on the effect of salinity on the performance of an NF sys-
tem for preconcentration of MCs before solar photo-Fenton tertiary
treatment for their elimination from natural water. Solar photo-
Fenton was carried out at its optimal pH of 3 and at natural pH using
EDDS as an iron complexing agent. The degradation efficacy of five
MCs commonly found inUWWTPeffluents, caffeine (CAF), imidacloprid
(IMI), thiacloprid (THI), carbamazepine (CAR) and diclofenac (DIC)
were tested in natural water spiked at a concentration of 100 μg/L
each. Hydrogen peroxide and persulfate were compared as oxidizing
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agents in solar photo-Fenton and photo-Fenton-like processes. Finally,
the influence of different Fe:EDDS ratios was also evaluated.

2. Materials and methods

2.1. Reagents and chemicals

Target MCs (IMI, THI, CAR and DIC) were purchased from Sigma-
Aldrich (Germany), except CAF, which was acquired from Fluka. NaCl
was from Honeywell-Fluka. HPLC-grade solvents required for monitor-
ing MCs were from Sigma-Aldrich. Iron substances, FeSO4·7H2O for Fe
(II) and Fe2(SO4)3·xH2O for Fe(III), as well as Sodium persulfate
(Na2S2O8) and H2O2 (35% w/v) were also from Sigma Aldrich. H2SO4

(95–97%) was from J.T. Baker. The water matrix was natural water
(Tabernas, Spain) (see Table SI 1 for composition). Fig. 1 is a schematic
overview of the five MCs selected.

2.2. Analytical determinations

MC concentrations were measured by ultra-performance liquid
chromatography (UPLC) using an Agilent Technologies 1200 series de-
vice, with a UV-DAD detector and a Poroshell 120 EC-C18 column
(3.0 × 50 mm). The starting eluent conditions, 95% water with 25 mM
Formic acid (mobile phase A) and 5% ACN (mobile phase B) at 1 mL/
min, were kept for 5 min. Then, a linear gradient progressed for
10 min to 68% ACN and kept at this concentration for 2 min. The injec-
tion volume was 100 μL at a temperature of 30 °C. Samples were pre-
pared by adding 1 mL of ACN to 9 mL of this mixture and then filtered
through a hydrophobic PTFE 0.2 μm (Millipore Millex-FG) syringe filter
into a 2-mL HPLC vial. Table SI 2 shows themolecular weight, retention
time, limit of quantification (LOQ) and maximum absorption wave-
length of each target MC. Dissolved organic and inorganic carbon
(DOC and IC) were measured with a Shimadzu TOC-VCN analyzer.
H2O2 was determined directly after sampling using Titanium (IV)
oxysulfate following DIN 38402H15. Iron was determined after filtering
through a 0.45 μmNylon filter, using 1,10 phenanthroline following ISO
6332. Persulfate determination was adapted from Liang [Liang et al.,
2008].

2.3. Experimental set-up

2.3.1. NF membrane pilot plant
The NF pilot plant (Fig. 2) consisted of a 400-L feed tank equipped

with a recirculation pump to ensure that the concentrate stream was
continuously mixed with the tank volume, and the MC concentration
increased as the volume was reduced by permeate discharge. The feed
tank pump was a single multistage centrifugal pump with a frequency
modulator for pressure generation and internal recycling. NF mem-
branes were DOW FILMTEC™ NF90–2540, rolled-sheet polyamide
thin-film composite membranes, which work by crossflow filtration.
NF membranes have a total surface area of 5.2 m2 and are operable at
up to 45 °C, in pH 2–11, a maximum operating pressure of 41 bars and
molecular weight cut-off (MWCO) of 250.0 g/mol. Like most commer-
cial NF membranes, the surface is negatively charged [Zhang et al.,
2020]. The system includes three digital flow meters (measuring

permeate, concentrate and recycle flows), two conductivity meters
(measuring the conductivity of permeate and concentrate streams in
μS/cm and mS/cm, respectively), two pressure sensors (before and
after the membrane unit; measuring in bars) and a temperature sensor
in the recirculation circuit (°C). All values are integrated in a SCADAuser
interface. The maximum system pressure was set at 10 bars.

2.3.2. Experimental procedure
A stock solution of theMCmixture containing CAF, IMI, THI, CAR and

DICwas prepared inmethanol to a concentration of 2.5 g/L of each com-
pound, ensuring high solubility and low TOC later, when diluted in
water to a μg/L range. The desired matrix was prepared in the feed
tank to a final concentration of 3, 5 or 7 g/L of NaCl and 100 μg/L of
each MC in order to work close to the actual content usually found in
MWWTP effluents. The system was operated at 5, 7 and 10 bars. The
first permeate sample (P1) was collected after operating the NF plant
for 180 min, the point of concentration polarization, as mentioned in
the Introduction. The resulting volumewas approximately 100 L of per-
meate. The second permeate sample (P2) was taken after an additional
660 min of batch operation. The concentrate stream (C1) was collected
after attaining a CF of 2.7. All samples (5 L) were stored in separate bot-
tles and kept refrigerated until further use. MC concentrations andmain
physicochemical parameters of each sample may be found in Table 1.

2.3.3. Solar photo-Fenton treatment
Solar photo-Fenton experiments were performedwith a solar simu-

lator (Atlas-SunTest XLS+) with a daylight filter, and a xenon lamp on
the chamber ceiling, programed for total radiation of 365 W/m2

(300–800 nm) and 30W/m2 of UV radiation (300–400 nm) under con-
tinuous ventilation to keep the temperature at 25 °C. A magnetically
stirred cylindrical 1-L container (18.5 cm diameter and 4.0 cm deep)
was placed in the center inside the solar simulator chamber.

Classic photo-Fenton experiments at pH 3 were carried out with 1 L
of sample (P1, P2, C1) acidifiedwith H2SO4 to pH 3 prior to the addition
of FeSO4·7H2O. For the experiments at natural pH, carbonates/bicar-
bonates (known●OHradical scavengers)were removed by air stripping
after addition of H2SO4, lowering the total inorganic carbon to 15 mg/L.
The Fe3+-EDDS ratio (Fe2(SO4)3.7H2O previously dissolved in
demineralized water at pH 3, followed by addition of EDDS) was 1:2
for all experiments. The starting iron concentration was 0.10 mM and
the H2O2 concentration was 1.50 mM. In the experiments at natural
pH, the EDDS concentrationwas 0.20mM. Starting photo-Fenton condi-
tions were selected based on previous results [Klamerth et al., 2010;
Miralles-Cuevas et al., 2013]. Further experiments with variations on
the parameters given here were also performed: iron concentration
doubled to 0.20 mM, EDDS concentration in 0.10 mM halved and per-
sulfate instead of H2O2 at equal concentrations. For an overview of
those experiments see Table SI 3.

3. Results and discussion

3.1. Effect of salinity on nanofiltration membranes

The differences in influence of the two water matrices
(demineralized water and natural water (Tabernas, Spain)), system

Fig. 1. Schematic overview of themolecular structures of CAF, IMI, THI, CAR andDIC. Themolecular charge is shown in red (negative), yellow (moderate negative), blue (positive) or green
(neutral).
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pressure (5, 7 and 10 bars), and salinity (3, 5 and 7 g/L of NaCl) were
assessed in the NF pilot plant. Water matrices were spiked with target
MCs from the stock solution to reach the starting feed tank concentra-
tions of 100 μg/L, each. Total experimental time was set at 360 min
when demineralized water was tested, which was the time required
to attain the desired maximum concentration factor of 4 (CF = 4.0). It
should be mentioned that high concentrations of the permeating THI,
CAF and CARwere already detected at this stage. During all experiments
with the demineralizedwatermatrix,with andwithout addition of NaCl
and at different pressures, permeability of three MCs, THI, CAF and CAR
was detectedwhen in operation for over 180min. This pointwas there-
fore set as the membrane surface saturation point time, which is also
called the concentration polarization point as described in the
Introduction.

In all the experiments, the order of MCmembrane permeability was
THI, CAF, and CAR with very low concentrations of DIC. This can be ex-
plained due to their molecular morphology (see Fig. 1 in Section 2.1),
flexibility and weight (252.7, 194.2 and 236.3 g/mol, respectively; DIC
318.1 g/mol; membraneMWCO 250.0 g/mol). Positively chargedmole-
cules also significantly promote MC membrane permeability, as the
membrane surface is negatively charged (see details in 2.3.1), attracting
the positively charged molecules, instead of repelling them. MC in-
creases in the concentrate streamwere inversely related to the concen-
tration factor (CF). In addition, as expected, higher NF pilot plant system
pressure resulted in higher CFs.

In experiments with addition of 3 g/L of NaCl, the same pressures as
in the previous experiments were evaluated. MC permeability through
NF membrane showed the same order as without the addition of NaCl.
DIC was again not detected in the permeate stream and the rest of MC
membrane permeability order remained the same as observed with
demineralized water alone (THI, CAF and CAR).

Table 2, shows the time needed to reach 10 μg/L per MC in the per-
meate stream. Under these conditions, it was possible to obtain a CF of
2.0, 3.0 and 4.0 at 120, 180 and 300 min, respectively, only at 10 bars.

At lower pressures, for instance, at 5 bars, a CF of 2.0 was only reached
after 420 min. Similarly, salinity (measured as conductivity) increased
by a factor of 2.0 in the feed tank at 180, 150 and 90 min, at 5, 7 and
10 bars, respectively.

The system pressure applied was set at 10 bars, because that is the
maximum NF pilot plant system pressure, however, higher pressures
are more likely to be used in future commercial applications. Especially,
at higher salinity, such as with the addition of 5 and 7 g/L of NaCl to the
matrix, this low pressure prevented the desired CF of 4 from being
reached within the experimental time, which was set at 360 min
(data not shown). For instance, with demineralized water and 5 g/L of
NaCl at 10 bars, it was only possible to reach a CF of 2.0 and 3.0 at 210
and 360 min, respectively.

Continuing with our objective of assessing the effect of salinity on
nanofiltrationmembranes, the next stepwas to increase the complexity
of the water matrix by using natural water (Tabernas, Spain, physico-
chemical characterization in Table SI 1). From this point on, IMI was in-
cluded in the mixture of MCs, as described in Section 2.3.2, because five
MCs could provide more variability in NF permeability and retention,
enriching the results. Like THI, IMI is one of the neonicotinoids, a
group of widely used pesticides that has been showing high persistency
in the environment and is increasingly held responsible for the elimina-
tion of bees around the world [Kessler et al., 2015; Brandt et al., 2016].

Although the use of natural water as a matrix made the salinity
higher than demineralized water, because it also contained salts other
than NaCl, no differentiation in MC membrane permeability order, as
previously described, was observed after the addition of 3, 5 and 7 g/L
NaCl. Total matrix salinity after addition of NaCl was 8200, 11,100 and
14,500 μS/cm, respectively.

Fig. 3 shows the evolution of the total MC concentration in the per-
meate and concentrate (inset) streams during the full experimental
time of 360 min. Final MC increment in the permeate stream was
25.7, 3.2 and 3.8 times higher compared to demineralized water exper-
iments and in the concentrate stream2.3, 1.7 and 1.4 times higher, with
3, 5 and 7 g/L NaCl added, respectively.

Fig. 2. Schematic overview of theNF pilot plant. ‘Temp' is the temperature sensor in the recirculation circuit, ‘Flow R, C and P' are the recycle, concentrate and permeate streamdigital flow
meters, respectively; p1 and p2 are the pressure meters before and after the membrane. The feed tank is equippedwith a recirculation pump (RP1). The concentration factor (CF) can be
determined by dividing the starting volume (Vstart) by the end volume (Vend).

Table 1
MC concentration [mg/L] and main physicochemical parameters of each stored sample:
Permeate samples (P1 and P2) were collected after NF plant and concentrate stream
(C1) was collected after attaining a concentration factor (CF) of 2.7.

CAF IMI THI CAR DIC pH IC
[mg/L]

Conductivity
[mS/cm]

P1 0.0091 0.0198 0.0238 0.0050 0.0050 8.3 14.0 2.4
P2 0.0321 0.0505 0.0561 0.0101 0.0079 8.8 25.4 6.5
C1 0.2344 0.1927 0.1692 0.2568 0.2199 8.9 253.8 27.8

Table 2
Time needed to reach 10 μg/L of eachMC in the permeate stream in demineralized water
with 3 g/L NaCl.

Pressure, bars 5 7 10

THI 180 150 120 min.
CAF 420 300 210 min.
CAR – – 300 min.
DIC – – – min.
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When 3 g/L NaCl were added, the permeate and concentrate con-
ductivities at t = 0 min were 430 and 10,500 μS/cm, respectively, in-
creasing to 2400 and 20,200 μS/cm at t = 360 min (end of
experiment). Thus, after 360 min, salinity had increased by a factor of
5.7 in the permeate stream, 2.3 in the tank and 1.9 in the concentrate
stream, and the CF was 3.3. After adding 5 g/L NaCl, permeate and con-
centrate stream conductivities at t= 0minwere 650 and 13,700 μS/cm,
respectively, increasing to 4300 and 21,400 μS/cm at t = 360 min. Also
after 360 min, salinity in the permeate stream had increased by a factor
of 6.5, 1.8 in the tank and 1.6 in the concentrate stream, and the CF was
2.4. Finally, 7 g/L NaCl added to the permeate and concentrate led to
conductivities at t = 0 min of 1400 and 17,900 μS/cm, respectively, in-
creasing to 4600 and 22,700 μS/cm at t = 360 min. Salinity in the per-
meate stream increased by a factor of 3.2, 1.5 in the tank and 1.3 in
the concentrate. After 360 min, the CF was 1.6, a clearly significant de-
crease in the concentration capacity of the NF system employed in this
study, as a CF near 4 was only attained with addition of 3 g/L NaCl to
the natural water which already had a starting conductivity of
2300 μS/cm.

In all the experiments, the MC membrane permeability order was
IMI, THI, CAF and CAR. DIC was not detected in the permeate stream.
This is mainly due to the molecular weight of the MCs and their molec-
ular charge as explained above. Growing CF, and thus salinity, was ob-
served with more MCs, and THI and IMI especially increased
disproportionately in the permeate stream. It may therefore be con-
cluded that higher salinity resulted in decreased membrane efficiency
and MC retention. Based on this conclusion, and for the main objective
of simulating themost unfavorable operating conditions, the rest of ex-
periments were carried out with the addition of 7 g/L NaCl at a system
pressure of 10 bars. Under these conditions, after 360 min, the total
MC concentrations were 104 μg/L (IMI: 30 μg/L, THI: 39 μg/L, CAF:
19 μg/L, CAR: 11 μg/L and DIC: 5 μg/L) and 659 μg/L (IMI: 130 μg/L,
THI: 129 μg/L, CAF: 156 μg/L, CAR: 162 μg/L and DIC: 82 μg/L) in perme-
ate and concentrate streams, respectively. The final concentration in the
feed tank was 659 μg/L.

After evaluating the effect of salinity onNF systemperformance, sev-
eral batches were run to produce enough concentrate and permeate for
further tertiary treatment by solar photo-Fenton. Batches were gener-
ated at an isobaric system pressure of 10 bars. Natural water (Tabernas,
Spain)with a starting concentration of 7 g/L NaClwas used, as it was the
highest salinity tested in the previous experiments and high saline efflu-
ents from actual UWWare themain target of this combined technology.
Furthermore, as NF was proposed to concentrate MCs, it was tested
under conditions that were not so mild in order to obtain more conser-
vative (not optimistic) results. For Batch P1, the NF plant was operated

with a starting volume of V0= 400 L for 180min, as permeability of the
four MCs IMI, THI, CAF and CAR was detected at over 180 min. The
resulting volume after 180 min of Batch P1 was VP1 = 100 L of perme-
ate. NF plant operation continued with the remaining 300 L for another
660 min, resulting in Batches P2 and C1 having equal volumes of VP2 =
VC1 = 150 L. This longer operation time than the previous 360 min was
selected because a final batch volume ratio close to 4was desired. These
batches (P1 and P2 for permeates with different low concentrations of
MCs and C1 for high concentration of MCs) were prepared for later
treatment with solar photo-Fenton under different operating condi-
tions. Themain objective defined for all the different treatments applied
to permeate and concentrate streams was 90% degradation of the sum
of MCs. This is an ambitious objective in view of the new regulation in
Switzerland (the only country in Europe, for the moment, specifically
regulating MCs in UWWTP effluents), which requires 80% of CECs to
be eliminated from raw wastewater (Eggen et al., 2014).

3.2. Solar photo-Fenton tertiary treatment

3.2.1. Conventional solar photo-Fenton treatment at pH 3
The starting conditions for photo-Fenton treatment were selected

based on previous results and low initial concentrations of Fe(II) and
H2O2 to reduce the environmental and economic impacts, while still
providing high elimination efficiency with a wide range of MCs
[Klamerth et al., 2010; Miralles-Cuevas et al., 2013].

Fig. 4 shows the results for samples P1, P2 and C1 with mild experi-
mental parameters for solar photo-Fenton at pH 3 (0.10 mM Fe(II) and
1.50 mM H2O2).

Fig. 4 shows that in sample C1, elimination of CAF, CAR and DIC to
below the LOQ (5 μg/L) took less than 5 min of treatment. Although
IMI and THI showed higher persistence to solar photo-Fenton, more
than 70% was eliminated after 30 min. H2O2 consumption at the end
of the experiment was 0.70 mM (around 50% of the starting amount).
First order kinetic constant (r = kC) were 0.770 min−1, 0.042 min−1,
0.041 min−1, 0.793 min−1, 0.737 min−1 for CAF, IMI, THI, CAR and
DIC, respectively.

In samples P1 and P2, CAF, CAR and DIC were eliminated to LOQ
(5 μg/L) quite fast within the first 5 min of treatment. Indeed, DIC was
degraded by Fenton in the dark (t < 0), even before illumination. IMI
and THI showed higher persistence in solar photo-Fenton than the
other MCs, and only 90% was eliminated from P1 and P2 after 25 and
30 min, respectively. First order kinetic constant for P1 were
0.133 min−1, 0.060 min−1 and 0.071 min−1, for CAF, IMI and THI,
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respectively. And 0.350 min−1, 0.083 min−1 and 0.074 min−1, for CAF,
IMI and THI, respectively, for P2.

H2O2 consumption at the end of the experiments was 0.50 mM and
0.80 mM, respectively. Therefore, H2O2 consumption was not affected
by MC concentration, and was very similar in P1, P2 and C1. Treatment
of concentrates was slower but successful as degradation was over 90%
of the sumofMCs after 20min of treatment, and always over 70% for in-
dividual MCs after 30 min.

3.2.2. Solar photo-Fenton at natural pH using EDDS
Mild solar photo-Fenton at natural pH (0.10 mM Fe(III):EDDS; [1:2]

and 1.50 mM H2O2) was also applied to samples P1, P2 and C1 (results
shown in Fig. 5). Starting photo-Fenton parameter values were selected
based on previous studies with low starting concentrations of Fe(II) and
H2O2 [Miralles-Cuevas et al., 2014].

Elimination of CAF, CAR and DIC to LOQ (5 μg/L)was attained in C1 in
less than 5 min. More recalcitrant MCs (IMI and THI) were degraded
90% in less than 15 min. The decay of Fe(III):EDDS has been described
as parallel to evolution of dissolved Fe, as stated by other studies using
Fe(III):EDDS where the complex was evaluated in detail [Soriano-
Molina et al., 2018; Costa et al., 2020]. Iron precipitation (when the com-
plex was degraded) started to be detected at just under 20 min, with a
total loss of 0.03 mM of dissolved iron after 30 min. H2O2 consumption
was around 1.20 mM after 30 min, but 0.80 mM at 15 min, when 90%
degradation was attained. First order kinetic constant were
0.768 min−1, 0.150 min−1, 0.126 min−1, 0.792 min−1, 0.732 min−1

for CAF, IMI, THI, CAR and DIC, respectively.
As seen in Fig. 5, in samples P1 and P2, elimination of all MCs to LOQ

(5 μg/L) was rapidly achieved. Within less than 5 min, all MCs were de-
graded 90%. Iron precipitation due to EDDS degradation began after
10 min and was fully precipitated at 30 min of treatment. Consumption
of H2O2 was 1.20–1.30 mM at the end of the experiment, but as low as
0.60 mM after 5 min. Therefore, H2O2 consumption was not affected
by MC concentration, but naturally decomposed during the treatment
time. First order kinetic constant for P1 were 0.137 min−1,
0.266 min−1 and 0.304 min−1, for CAF, IMI and THI, respectively. And
0.386 min−1, 0.269 min−1 and 0.192 min−1, for CAF, IMI and THI, re-
spectively, for P2. Fe(III):EDDS at circumneutral pH was able to rapidly
eliminate MCs in the NF samples, at least as efficiently as classic
photo-Fenton at acid pH, or evenmore so, as stated by first order kinetic

constants of the different MCs. IMI and THI were the most recalcitrant
MCs in both treatments.

Test were done in water containing high chloride concentration,
without any special detrimental effect on the photo degradation of
MCs. Lado Ribeiro et al. (2019) reviewed the effects for different AOPs
due to the main components present in wastewater, describing the for-
mation of less reactive radicals than hydroxyl (Cl2•-). Regarding chloride
anions at high concentration it was reported (Soriano-Molina et al.,
2019) not any effect or slight improvement in the reaction rate due to
the intervention of chlorine radicals on MCs degradation.

3.2.3. Effect of operating parameters on solar photo-Fenton tertiary treat-
ment at pH 3

Sulfate has previously been reported to decrease photo-Fenton effi-
ciency, as it scavenges hydroxyl and other radicals [De Laat et al., 2004;
Zapata et al., 2009; Lado Ribeiro et al., 2019].When thematrixwas acid-
ified to pH 3, the sulfate concentration was almost four times higher
than at pH 7. Therefore, the higher reaction rate attained with Fe(III):
EDDS at natural pH than with photo-Fenton at pH 3 could be related
to hydroxyl radical scavenging by sulfate.

In an attempt to neutralize the negative effect of radical scavenging
by sulfate, another 0.60 mM of H2O2 was added after 15 min (pH 3).
Elimination of CAF, CAR and DIC to LOQ (5 μg/L) was obtained in less
than 5 min, while IMI and THI had still not reached 90% elimination
after 30 min. No positive effect of the second addition of H2O2 on elimina-
tion of contaminants was observed, especially in view of the same con-
sumption of H2O2 (0.70 mM) as in the experimental results shown in
Fig. 4.

In a similar attempt to improve solar photo-Fenton at pH 3, a double
concentration of iron (0.2 mM)was also tested. Fig. 6 shows elimination
to LOQ (5 μg/L) of CAF, CAR and DIC in the first 5 min. After 30 min of
treatment, 85% and 80% of IMI and THI, respectively, was eliminated.
First order kinetic constant were 0.766 min−1, 0.067 min−1,
0.061 min−1, 0.800 min−1, 0.712 min−1 for CAF, IMI, THI, CAR and
DIC, respectively. The positive effects of the increased iron concentra-
tion were minimal (compare first order kinetic constants calculated
from results in Fig. 4), and H2O2 consumption was 0.95 mM at 30 min,
20% higher than the basic experimental parameters (Fe 0.10 mM and
1.50mMH2O2). In addition, after 5min of treatment, H2O2 consumption
was 0.36 mM, more than double with 0.10 mM Fe(II). Therefore, the
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higher reaction rate with Fe(III):EDDS at natural pH than at pH 3 could
not be justified by a lack of oxidizing radicals provoked by a low iron
concentration, but could be due to the high concentration of sulfate in
C1 which scavenged hydroxyl and other radicals or may be related
with the different photoreactivity of iron species formed with Fe(III):
EDDS at natural pH or at pH 3.

Finally, persulfate was used as an alternative to H2O2 just to check
the possibility of improving traditional solar photo-Fenton treatment
of C1 at pH 3. The use of persulfate in photo-Fenton has been described
previously elsewhere. [Wang and Wang, 2018a, 2018b; Wang et al.,
2019] The added persulfate is activated by a combination of tempera-
ture increase, UV-light or transition metals, such as Fe(II) and Fe(III):
EDDS (Reactions 13–14 and Figs. 6 and 7). Once activated, it generates
the strongly oxidizing sulfate radicals (SO4

●-), following the reactions
below (Reactions 1–12): [Sánchez-Polo et al., 2013]

S2O
2−
8 þ hϑ ! 2SO2−

4 ð1Þ

SO4
�− þ RH2 ! SO4

2− þ Hþ þ RH� ð2Þ

RH� þ S2O8
2− ! Rþ SO4

2− þ Hþ þ SO4
�− ð3Þ

SO4
�− þ RH ! R� þ SO4

2− þ Hþ ð4Þ

2R� ! RR dimerð Þ ð5Þ

SO4
�− þ H2O ! HSO4

− þ O ð6Þ

HSO4
− ! Hþ þ SO4

2− ð7Þ

�OH þ S2O8
2− ! HSO4

− þ SO4
�− þ 1

2
O2 ð8Þ

SO4
�− þ �OH ! HSO4

− þ 1
2
O2 ð9Þ

�O2H ! H2O2 ð10Þ
�OH þ H2O2 ! H2Oþ �O2H ð11Þ

S2O8
2− þ H2O2 ! 2Hþ þ 2SO4

2− þ O2 ð12Þ

Fe IIIð Þ : EDDSþ hϑ ! Fe2þ þ EDDSox ð13Þ

Fe2þ þ S2O8
2− ! SO4

�− þ SO4
2− þ Fe3þ ð14Þ

These radicals can react with MCs due to their high redox potential,
which is similar to ●OH, but they preferentially work by electron trans-
fer. This preference provides a synergistic effect for MC elimination,
while reinforcing the Fenton process by lowering thewater pHwith sul-
furic acid generated by Reaction 12. [Wu et al., 2015; Lian et al., 2017]
Therefore, it would be a good alternative to classic photo-Fenton at
pH 3, as reaction rates would be higher due to the presence of both hy-
droxyl and sulfate radicals. However, results of persulfate as an oxidiz-
ing agent at pH 3 did not clearly improve the MC degradation rate
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(Fig. 6). CAF, CAR and DIC elimination to LOQ (5 μg/L) was attained in less
than 5 min. First order kinetic constant were in general lower than clas-
sic photo-Fenton at pH 3: 0.753 min−1, 0.021 min−1, 0.028 min−1,
0.774 min−1, 0.706 min−1 for CAF, IMI, THI, CAR and DIC, respectively.
Consumption of persulfate was 10% of the starting amount. Only 90% of
IMI and THI was eliminated after 30 min of treatment, and although
these elimination rates are similar to those with H2O2, IMI was more
persistent with persulfate as the oxidizing agent.

3.2.4. Effect of operating parameters on solar photo-Fenton tertiary treat-
ment at natural pH

The effect of operating parameters such as Fe(III):EDDS concentra-
tion (0.20mM iron or half EDDS, 0.10mM) and persulfate as the oxidiz-
ing agent instead of H2O2 was also evaluated in solar photo-Fenton
treatment of C1 at natural pH.

When the concentration of iron was doubled (0.20 mM, Fe:EDDS
[1:1]), as seen in Fig. 7 and compared to 0.10 mM of iron (Fig. 5, Fe:
EDDS [1:2]), CAF, CAR and DIC reached LOQ (5 μg/L) in less than 5 min.
Elimination of 80% IMI and 70% THI was also attained after 30 min. First
order kinetic constant were 0.732 min−1, 0.061 min−1, 0.048 min−1,
0.776 min−1, 0.732 min−1 for CAF, IMI, THI, CAR and DIC, respectively.
Furthermore, no iron precipitation was detected and H2O2 consumption
was 1.35 mM after 30 min. The higher concentration of iron resulted in
a negative effect on elimination of IMI and THI at natural pH. It may be
concluded that increasing the iron concentration to 0.20 mM increased
the total concentration of generated●OH. The●OH surplus could then re-
combine to H2O2 (Reaction 10–11), which at natural pH, promoted the
formation of H2O and O2. Potential competition of EDDS with the MCs
for the oxidant, also increasing the dissolved organic carbon, seems to
be unlikely, as no iron precipitation was observed, showing that the Fe
(III):EDDS complex was stable during the experiment.

As seen in the inset in Fig. 7, with only half of the EDDS concentration
(0.10 mM), CAF, CAR and DIC were eliminated to LOQ (5 μg/L) in less than
5 min. Elimination of over 90% of the sum of MCs was achieved after
15 min and H2O2 consumption was 0.70 mM, ending at 1.00 mM after
30 min. First order kinetic constant were 0.737 min−1, 0.189 min−1,
0.241min−1, 0.772min−1, 0.731min−1 for CAF, IMI, THI, CAR andDIC, re-
spectively. Compared to the basic experimental parameters (Fe 0.10mM,
EDDS 0.20mM and 1.50mMH2O2) shown in Fig. 5, the elimination rates
were slightly better, however, this timewith lower H2O2 consumption. In
this case iron precipitation was observed earlier starting after 10 min,
with a total loss of 0.02 mM at 15 min and 0.07 mM at 30 min. The loss
of iron is well justified, as at the lower concentrations of EDDS, Fe(III) is
complexed for shorter times. Thus, the lower EDDS concentration had a
positive effect (lower dissolved organic carbon, and therefore less compe-
tition with MCs for the oxidants) on MC elimination at natural pH.

Finally, by applying persulfate as the oxidizing agent at natural pH
(inset, Fig. 7), CAF, CAR and DIC to LOQ (5.0 μg/L) were eliminated in
less than 5 min. The maximum elimination of 60% of the recalcitrant
IMI and THI was attained after 30 min. Elimination rates were similar
to the curve of the basic experimental parameters using H2O2 at neutral
pH as observed in Fig. 5. IMI persistencewas similar, although to a lesser
extent, to results at pH 3 with persulfate as the oxidizing agent com-
pared to H2O2 at natural pH. First order kinetic constant were
0.729 min−1, 0.031 min−1, 0.033 min−1, 0.758 min−1, 0.742 min−1

for CAF, IMI, THI, CAR and DIC, respectively. Total persulfate consump-
tion was 0.85 mM, which is significantly higher than in the experiment
performed at pH 3, but no substantial improvement in MC degradation
was observed compared to H2O2 at neutral pH.

The reduction of toxicity of MCs present in water and effluents by
solar photo-Fenton has been widely studied in many recent studies, as
for example [Miralles-Cuevas et al., 2017; Hong et al., 2020; Gonçalves
et al., 2020; Michael et al., 2019], including application of a selected bat-
tery of bioassays in vivo (algal growth inhibition test) and in vitro, endo-
crine disruptors tests (androgenic/glucocorticoid activity and
estrogenicity) and cytotoxicity tests [Rivas Ibáñez et al., 2017]. The overall

conclusion was that MCs removal is in concordance with the toxicity re-
duction shown by many bioanalytical tools. Therefore, in our research
we did not delve into this study as there is abundant information regard-
ing the evolution of toxicity during photo-Fenton solar treatment.

4. Conclusions

The first increase in salinity and system pressure had a negligible in-
fluence on the order of permeability andNFmembrane selectivitywhen
natural water was employed as the matrix. Nevertheless, the key factor
in such systems for preconcentration before a tertiary treatment is the
concentration factor (CF) required, which strongly depends on water
matrix salinity and capacity operating pressure.

The higher MC degradation rates in C1 with Fe(III):EDDS at natural
pH than at pH 3 could not be justified by a lack of oxidizing radicals
caused by low iron concentration, but rather due to the high concentra-
tion of sulfate in C1 which scavenged hydroxyl and other radicals.

When persulfate was used instead of hydrogen peroxide, the medi-
ating radicals for oxidation of the MCs, ●OH and SO4

●-, had different
elimination efficiencies. Whereas persulfate was inefficient for the se-
lected MCs, overproduction of radicals lowered the elimination effi-
ciency, perhaps by inducing scavenging and the formation of other
(less active) radical species (e.g., chloride radicals) and recombination.

Solar photo-Fenton was demonstrated to be able to degrade, not
onlyMCs present in the concentrate streamof a NF system, but also rap-
idly eliminate any residual MCs that could be present in the permeate
streams after long NF operation. Fe(III):EDDS at circumneutral pH ap-
plied to salinized natural water was able to remove MCs from NF
streams as quickly as classical photo-Fenton at acid pH, or even faster.
This effect reinforces the proposal for using Fe(III):EDDS at natural pH
for treating NF concentrates and also for polishing NF permeates when
NF membranes are operated under extreme conditions, leaving MCs in
the permeate due to increasing salinity in UWWTP effluents.
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• Ammonium was successfully recovered
from wastewaters with nanofiltration.

• Solar assisted anodic oxidation was the
most effective treatment.

• Permeates from concentration factor > 2
were non-suitable for direct irrigation.
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The main objective of this study was to generate ready-to-use revalorized irrigation water for fertilization from
urban wastewater treatment plant (UWWTP) effluents. The focus was on controlled retention of NH4

+ and
microcontaminants (MC), using nanofiltration. Retentates generated were treated by solar photo-Fenton at
circumneutral pH using Ethylenediamine-N, N′-disuccinic acid (EDDS) iron complexing agent. Solar photo-Fenton
degradation efficacy was compared with electrooxidation processes as anodic oxidation, solar-assisted anodic oxida-
tion, electro-Fenton and solar photoelectro Fenton. Finally, phytotoxicity and acute toxicity tests were performed to
demonstrate the potentially safe reuse of treated wastewater for crop irrigation. Nanofiltration was able to produce
a ready-to-use permeate stream containing recovered NH4

+. (valuable nutrient). Solar photo-Fenton treatment at
circumneutral pHwould only be of interest for rapid degradation of contaminants at less than 1mg/L in nanofiltration
retentates. Other alternative tertiary treatments, such as electrooxidation processes, are a promising alternativewhen a
high concentration of MC requires longer process times. Anodic oxidation was demonstrated to be able to eliminate
>80% of microcontaminants and solar-assisted anodic oxidation significantly reduced the electricity consumption.
Electro-Fenton processes were the least efficient of the processes tested. Phytotoxicity results showed that irrigation
with the permeates reduced germination, root development was mainly promoted and shoot development was posi-
tive only at low retention rate (concentration factor = 2). Acute and chronic Daphnia magna toxicity studies demon-
strated that the permeate volumes should be diluted at least 50% before direct reuse for crop irrigation.

Keywords:
Contaminants of emerging concern
Nanofiltration retentate
Solar advanced oxidation processes
Tertiary treatment
Urban wastewater reuse

1. Introduction

The production of synthetized fertilizers is a large global consumer of
energy. Life is already endangered by the need for new farmlands due to
soil erosion and saturation, by the inappropriate and excessive use of fertil-
izers and salination by unsuitable irrigation sources (Fernández-Delgado
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et al., 2020). It is therefore of paramount importance to find alternative
ways to produce these fertilizers. Novel processes are already being ex-
plored tominimize energy demand on fertilizers production and overall en-
vironmental impact. A good example are solar fertilizers (to replace the
centralized, fossil-fuel based Haber-Bosch process with a distributed net-
work ofmodules that would use solar power to pull nitrogen from the atmo-
sphere and also to catalyze the splitting of water molecules to get
hydrogen), which aim at alternative, decentralized production of fertilizers
with renewable solar energy (Comer et al., 2019; Hargreaves et al., 2020).
Another promisingway of recovering nutrients for fertilizers comes directly
from urine, as it contains the primary macro nutrients: nitrogen, phospho-
rus and potassium. However, urine collection and effective nutrient recov-
ery are challenging, as single systems are not yet sufficient, and
combination and integration of existing systems are still in its early states
(Gerardo et al., 2015; Patel et al., 2020; Wei et al., 2018).

The recovery of ammonium from agricultural, industrial, and urban
wastewater (UWW) has also a strong potential for reducing the energy nec-
essary to produce synthetized fertilizers, as the streams coming from these
sources are generally easy to isolate, highly concentrated or already con-
nected to existing infrastructures (Sakar et al., 2019). In agriculture, this
could contribute to treatment of neighboring or nearby surface water bod-
ies using recovery technologies to prevent excessive algae growth or sud-
den death of microorganisms, and prevent early soil saturation by
fertilizers, salts, heavy metals and other contaminants. Thus, reducing pol-
lution and delivering a renewable, sustainable source of revalorized irriga-
tion water would make a synergetic contribution to synthetized fertilizer
production, by lowering both the overall economic and environmental foot-
print (Zeng et al., 2020).

Although the high potential for ammonium recovery from UWW is
widely known, such wastewater also contains traces and even high concen-
trations of pollutants, and therefore, it must be sanitized before its reclama-
tion. Microcontaminants (MCs) in wastewater, known as Contaminants of
Emerging Concern (CECs), are in the range of ng/L to μg/L (van Gils
et al., 2020). They come from the consumption and disposal of everyday
products, such as cosmetics, pesticides, pharmaceuticals and other organic
compounds, which are either incorrectly disposed of, or simply cannot be
treated by conventional wastewater treatment methods (Farré, 2020;
Seibert et al., 2020; Taylor et al., 2020). The resulting bioaccumulation, en-
docrine disruption, chronic toxicity, irreversible soil pollution and satura-
tion are of “emerging concern”, and demand rapid attention by the
combination and/or reinforcement of conventional treatment methods
with new technologies (Balogun et al., 2019; Yusuf et al., 2020).

The use of nanofiltration (NF) membranes can be considered an inter-
esting option for tackling the problem of low removal rate of MCs in con-
ventional wastewater treatments. Other membranes of higher pore size
(as microfiltration) do not retain MCs. NF is relatively simple and inexpen-
sive, and it could lower treatment costs by (pre)concentrating MCs and re-
ducing the total volume of contaminated streams to be treated, with the
subsequent reduction of reagents requirement and plant size (Miralles-
Cuevas et al., 2017). Furthermore, NF does not retain ammonium and
other needed inorganics, the operation and maintenance costs are lower
than reverse osmosis, while organic MC rejection rates remain high
(Mendret et al., 2019). The twomain types, according to themembranema-
terial, of NF membranes are the cheaper polymeric and the more expensive
ceramic membranes. NF membrane selectivity depends on a variety of pa-
rameters, which determine the main physicochemical separation mecha-
nisms of size exclusion, solution-diffusion and Donnan effect, such as the
molecular and surface charge, concentration, pH, pore size and morphol-
ogy. Furthermore, system parameters, such as flow rate, pressure and tem-
perature affect process control and optimization (Schäfer and Fane, 2021;
Wang and Lin, 2021; Wang et al., 2021). Understanding these mechanisms
and parameters for revalorization of wastewater streams is a clear objective
of the scientific community (Castro-Muñoz and Fíla, 2018; Nath et al.,
2018; Suwaileh et al., 2020). In addition, the promising solutions offered
by membrane technologies for recovering nutrients, such as ammonium,
have recently been gaining attention, especially in remote and emerging

areas, where infrastructures are commonly absent or deficient and fossil
fuels are required to transport the nutrients. Recovered nutrients can also
dramatically boost agricultural yields, contributing to health and economic
development (Chen et al., 2020).

Although NF rejection rates are high and can produce the desired high-
quality permeate streams for direct applications, rejection of MCs strongly
depends on the abovementioned parameters and varies for every specific
compound (Xu et al., 2020). This dependency requires its combination
with advanced treatment technologies to prevent MCs being left in the
membrane concentrate, which requires further treatment. The most re-
cently studied advanced treatments that offer this versatility are advanced
oxidation processes (AOPs).

AOPs generate highly reactive nonselective hydroxyl radicals (HO•),
which can be deployed for the elimination of MCs. One of these, photo-
Fenton, is based on iron catalysis (Fe2+/Fe3+) under UV–vis light and hy-
drogen peroxide (H2O2). The process uses simple chemicals and can be
powered by renewable solar radiation using solar compound parabolic col-
lectors (CPC) (Horikoshi and Serpone, 2020; Malato et al., 2009).

Although classic photo-Fenton must be applied at acidic pH to avoid
iron precipitation, iron complexing agents, now under study, can maintain
iron in solution at circumneutral pH. Ethylenediamine-N, N′-disuccinic acid
(EDDS), for example, has shown successful application at pH6, and even up
to pH 9 (Wang et al., 2019). EDDS is biodegradable, and therefore
environmentally-friendly (López-Rayo et al., 2019; Temara et al., 2006).

Combinations of different oxidation methods are also currently being
promoted to increaseMC elimination efficiency. Electrochemical processes,
for instance, combine nicely with the Fenton reaction, since they can simul-
taneously generate different oxidizing agents on the anode surface (mainly
HO•, ClO− and SO4

•-) depending on the ionic composition of the (UWW) ef-
fluent and the nature of the anode (Salmerón et al., 2021). H2O2 generation
could be generated requiring a specific set of cathode and air or O2 bub-
bling. Then, when iron is added, the Fenton reaction takes place (Brillas
et al., 2010; Ganiyu et al., 2020). This is called electro-Fenton (EF). As in
photo-Fenton, the Fe2+ consumed during the reaction can be regenerated
by a UV light source such as sunlight, and the process is then known as
solar photoelectro-Fenton (SPEF) (Moreira et al., 2017). The principles of
this treatment make highly saline effluents very suitable for electrochemi-
cal systems because a high concentration of ions in the aqueous solution fa-
cilitates the flow of electrons from the anode to the cathode, by lowering
ohmic resistance. Therefore, energy consumption required for the elimina-
tion of MCs may be lower than in other water matrices. The issue of effi-
cient H2O2 dosage, during the photo-Fenton process, can also be
overcome this way due to the onsite generation of this reagent on the cell
cathode, during EF by reducing O2 (Martínez-Huitle and Brillas, 2009).

Themain objective and novelty of this study was to generate ready-to-use
revalorized irrigationwater for fertilization fromurbanwastewater treatment
plant (UWWTP) effluents, based on controlled retention of salts and MCs
using NF membranes at several different pH, producing a permeate free of
MC, with lower conductivity and rich in NH4

+. Retentates generated by NF
at different concentration factors (CF) were treated by a set of novel AOPs fo-
cusing on the successful integration with NF towards an effective, cost effi-
cient and an environmental friendly reclamation of urban wastewater.

The target was 80% MC elimination, following the Swiss regulation on
MCs in UWWTP effluents (elimination of MC to 80% in all Swiss UWWTP),
which is thefirst legislation focusing onMCs elimination (Federal Office for
the Environment FOENWater Division, 2019). First approach experiments
were performed under simulated UWWTP effluents. MC commonly found
in these effluents were tested in synthetic aqueous solutions that simulate
the UWWTP effluents at an initial concentration of 100 μg/L each. MCs
elimination by solar photo-Fenton was compared with different
electrooxidation (EO) processes as anodic oxidation (AO), solar-assisted an-
odic oxidation (SAAO), EF and SPEF at circumneutral and alkaline pH, as
retentates from NF are good candidates for EO processes due to their high
salt content. Phytotoxicity and acute toxicity tests were performed on the
permeate, as first approach to assess the potentially safe reuse of treated
wastewater for crop irrigation.
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2. Materials and methods

2.1. Reagents and chemicals

The water matrix was natural water (Tabernas, Spain; see Table SI 1 for
composition). Salts were purchased from Honeywell-Fluka (NaCl), Labbox
Labware S.L ((NH4)2SO4) and Sigma-Aldrich (Fe2(SO4)3·xH2O for Fe(III)),
as were the HPLC-grade solvents for MC monitoring. Selected MCs were
from Fluka (Caffeine(CAF)) and Sigma-Aldrich (Imidacloprid (IMI),
Thiacloprid (THI), Carbamazepine (CAR) and Diclofenac (DIC)). The
reagents (H2O2 (35% w/v) and Sodium persulfate (Na2S2O8)) were also
purchased from Sigma Aldrich. H2SO4 (95–97%) and NaOH were
purchased from J.T. Baker. Table SI 2 shows the molecular structure of
the five selected MCs.

2.2. Analytical determinations

MC concentrations, dissolved organic carbon (DOC), carbonates, H2O2,
persulfate and iron were determined according to the analytical methods
specified in Table SI 3. Quantification limit (LOQ, 5 μg/L), and maximum
absorption wavelength of selected MCs evaluated by ultra-performance liq-
uid chromatography can be found in Table SI 4. A TOC (total organic car-
bon) analyzer was used to measure dissolved organic carbon and
inorganic carbon. H2O2 was determined using Titanium (IV) oxysulfate fol-
lowingDIN38402H15. Iron determinationwas performed according to ISO
6332.

The ionic composition of the samples was analyzed by ionic chromatog-
raphy with a Metrohm 850 Professional IC after dilution (1:20, 1:40 and
1:100, v/v), and filtration through a 0.45-μm nylon filter. A Metrosep A
Supp 7150/40 column was used for anion determination, thermoregulated
at 45 °C with 3.6 mM of sodium carbonate eluent at 0.7 mL/min. A
Metrosep C6 150/4.0 column was used for cation determination with
1.7 mM dipicolinic acid eluent solution at 1.2 mL/min.

The concentration of free available chlorine (FAC) was determined by
Hach Method 10,069 using N, N-diethyl-p-phenylenediamine (DPD) pow-
der pillows and measuring the absorbance with a Thermo Scientific Evolu-
tion 220 UV–Visible spectrophotometer at 530 nm.

2.3. Experimental setup

2.3.1. Nanofiltration membrane pilot plant
The NF pilot plant is comprised of a 400-L feed tank with a recirculation

pump, which continuously mixes the concentrate streamwith the tank vol-
ume. The MC concentration increased as the volume was reduced by per-
meate discharge. The NF membrane, a DOW FILMTEC™ NF90–2540,
spiral-wound polyamide thin-film composite membrane, works by
crossflow filtration. The NF membrane has a total surface area of 2.6 m2

and is operable from pH 2 to 11. In this study, the maximum system pres-
sure was set at 10 bar. For further details, see (Deemter et al., 2021).

2.3.2. Experimental procedure
A stock solution of the MC mixture containing CAF, IMI, THI, CAR and

DIC was prepared in methanol. The resulting concentration was 2.5 g/L of
each compound, which ensured high solubility and low DOC when diluted
in water to μg/L range. The desired matrix was prepared in the feed tank
(400 L) to a final concentration of 5.0 g/L of NaCl, 500.0 mg/L NH4

+ and
100.0 μg/L of eachMC. The systemwas operated at 10 bar. Themain inten-
tion, being afirst approach study,was to use a simple and reliable analytical
method (conventional liquid chromatography) targeting several MCs, since
there can be hundreds of those found in actual UWWTP effluents. There-
fore, we selected five MCs with easy separation and good detection by
UPLC -DAD. Initial concentration was selected low enough but affordable
by UPLC-DAD (LOQ, 5 μg / L).

First, the NF pilot plant was operated until 150 L of permeate were col-
lected. This was then stored and designated as P1. The NF process contin-
ued until another 50 L of permeate had been accumulated, and this was

labelled as P2. The resulting concentrate volume (VC) of about 200 L at
CF = 2 was labelled as C1. Another batch was generated by running 400
L in the feed tank but disregarding the first 200 L of permeate. The NF pro-
cess continued with the remaining 200 L, then another 100 L of permeate
was collected and stored, and labelled as P3. The resulting VC of about
100 L was labelled C2 (CF = 4). Each effluent generated was stored in a
separate vessel and kept refrigerated till further use. Average MC concen-
trations and main physicochemical parameters of each sample are shown
in Table 1. There was a significant increase in MC concentration in perme-
ate as NF proceeded (comparing P1, P2 and P3).

2.3.3. Solar photo-Fenton treatment
Solar photo-Fenton experiments were performed in a solar simulator

(Atlas-SunTest XLS+)with a daylightfilter, and a xenon lamp on the cham-
ber ceiling, programed for 365 W/m2 (300–800 nm) total radiation and 30
W/m2 UV radiation (300–400 nm) at a controlled temperature of 25 °C. A
magnetically stirred 1-L cylindrical container (18.5 cm diameter and
4.0 cm deep) was placed in the center of the solar simulator platform. Fur-
ther solar photo-Fenton experiments were scaled up to an 80-L CPC
photoreactor tilted 37o (Tabernas, Spain). The 4-m2 CPC irradiated surface
ismade up of 50-mmouter diameter borosilicate glass tubes. The global UV
radiation was measured at one-minute intervals using a Kipp& Zonen CUV
5 pyranometer (280–400 nm), at a sensitivity of 301 μV/W*m2 and tilted at
the same angle as the CPC.

The accumulated UV solar energy needed for kinetic calculations is
given by Eq. (1) (Malato et al., 2003).

QUV;n ¼ QUVn−1 þ tn−tn−1ð Þ � UVG;n � Ai=Vt ð1Þ

where QUV, n [kJ/L] is the accumulated UV energy per unit of volume,
QUVn−1 [W/m2] is the average solar ultraviolet radiation 280–400 [nm]
measured over a period of time, tn and tn−1, and n is the number of samples,
Ai is the irradiated reactor surface and Vt is the total volume treated.

For the photo-Fenton experiments at circumneutral pH, bicarbonates
(known HO• radical scavengers) were removed by air stripping after addi-
tion of H2SO4, lowering HCO3

− to around 75 mg/L (final pH at 6.5–7.9).
The Fe3+:EDDS ratio (Fe2(SO4)3.7H2O previously dissolved in
demineralized water at pH 3, followed by EDDS addition) was 1:1 for all
the experiments and initial H2O2 concentration was 1.50 mM. Operational
conditions were selected according to previous process optimisation
(Deemter et al., 2021). A summary of the experiments can be found in
Table SI 4.

2.3.4. Solar photoelectro-Fenton treatment
The electrooxidation pilot plant consists of commercial Electro MP-Cell

plate-and-frame cells (ElectroCell A/S, Denmark). Each cell contained an
anode of BDD thin film deposited on a Nb mesh (Nb-BDD) and a carbon-
polytetrafluoroethylene GDE as the cathode, both with 100 cm2 effective
area connected to a 100-L feed tank and a 2 m2 solar CPC photoreactor
(23 L total irradiated volume). A constant current density (j) of 74

Table 1
Average MC concentrations [μg/L] and main physicochemical parameters of each
effluent. P1, P2, P3, C1 and C2 were defined in the text.

P1 P2 P3 C1 (CF = 2,
VC = 200 L)

C2 (CF = 4,
VC = 100 L)

CAF 5 15 35 150 280
IMI 10 25 55 135 210
THI 15 35 60 130 170
CAR 5 5 10 150 300
DIC 5 5 5 145 255
pH 10 10 10 9 9
NH4

+ [mg/L] 140 215 315 705 835
HCO3

−/CO3
2+ [mg/L] 25 35 75 300 450

DOC
[mg/L]

10 10 10 20 25

Conductivity [μS/cm] 1200 3000 7750 22,000 32,000
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mA/cm2 was maintained as optimized by (Salmerón et al., 2019). The
electrooxidation current density and other electrooxidation operational pa-
rameters were maintained as optimized by (Salmerón et al., 2021). The air
pressure to the electrochemical cell was kept at 0.7 bar and air flow rate at
10 L/min. Treated water pressure was 0.5 bar and the flow rate 4 L/min.
The air pressure and flow rate to the cell is essential to prevent water
flow back into the air circuit. The experimental volume of the electrochem-
ical system was 30 L and when combined with the CPC photoreactor, the
total volume was 75 L. The setup includes an automatic cooling system
which keeps the temperature at 25 °C to 30 °C (Fig. 1).

2.3.5. Toxicity tests
Toxicity tests were performedwith commercial kits fromMicroBioTests

Inc. (Belgium). The PHYTOTOXKIT for Liquid Samples was applied to de-
termine phytotoxicity according to ISO Standard 18,763, which assesses
the direct effects of chemicals on seed germination and early growth of
plants. Moreover, their effects were also evaluated in Daphnia magna by re-
cording immobilization (acute 24 and 48 h, and chronic toxicity 72 h) with
the DAPHTOXKIT F kit, with a dilution row of 100, 50, 25 and 12.5%.

3. Results and discussion

3.1. Ammonium recovery by nanofiltration

Permeation of NH4
+ through commercial NF membranes was studied in

a demineralized water matrix. Fig. 2 shows that NH4
+ permeation was min-

imum at pH 4 and pH 7. At pH 9, there was substantially more permeation
from a starting feed tank concentration of 250 mg/L, and higher with 500
mg/L, increasing as CF increased to CF = 4 as pH affects the speciation

of the ammonia (at high pH ammonia molecules dominate, whereas at
acidic to neutral pH ammonium ions prevail). This means that the non-
charge ammonia was rejected at lower pH in comparison to the charged
ammonium ions. The increased permeation with time, and consequently
CF, was due to the effect of concentration polarization.

The final concentration of NH4
+ in the permeate stream, that can be

used as revalorized irrigation water, strongly depends on a variety of fac-
tors, such as crop, soil pH, soil consistency and type and availability and/
or preference for another typical plant nitrogen source, such as NO3

−. A pos-
sible negative side effect of NH4

+ is that when the plant absorbs the NH4
+,

H+ is released, acidifying the soil. Sometimes, NH4
+ fertilization is even re-

lated to toxicity, making its status contradictory. NF permeates have a high
pH (Table 1) and soil types in (semi-)arid areas are usually alkaline, the
minor effects of soil acidification and related toxicity must be weighed
against the advantages of this renewable and sustainable source of nitrogen
in irrigation water for a wide variety of crops [(Britto and Kronzucker,
2002; Conklin, 2005; Hülsmann, 2018).]

To find out whether the selected MCs at a concentration of 100 μg/L
each influence NH4

+ permeation, experiments were performed at pH 9
and 500 mg/L NH4

+. NH4
+ permeation obtained was similar to Fig. 2.

NH4
+ permeation was also similar when the same experiments were done

withwater conductivity increased by adding 5 g/LNaCl. Therefore, neither
the MCs in the wastewater nor water conductivity (see Table 1) influenced
the permeation of NH4

+. Furthermore, NH4
+ recovery was highest at CF =

4, though MC permeation was also higher at that CF. Therefore, if the per-
meate is to be used directly as revalorized irrigation water, then CF 2,
where the concentration of recovered NH4

+ is high and MC permeation is
low, is to be preferred.

3.2. Solar photo-Fenton treatment of NF concentrate stream at lab and pilot scale

Experimental parameters for MC elimination in NF concentrate by solar
photo-Fentonwere based on previous results with similar saline NF concen-
trates, ensuringminimal consumables concentration, and thereby, reducing
environmental and economic impacts, while keeping elimination efficiency
high (Deemter et al., 2021). Therefore, sample C2 (CF= 4) was treated by
photo-Fenton in the solar lab-scale simulator using 0.10 mM Fe(III):EDDS;
[1:1] and 1.50 mM H2O2 at pH 9.

High concentrations of bicarbonates from natural water (450 mg/L)
were observed at pH 9, making reaction rates very slow (data not shown).
Neither did the use of 1.50mMpersulfate as an oxidizing agent provide sat-
isfactory results. Carbonates are well-known (HO•) scavengers and obstruct
solar photo-Fenton performance as reported elsewhere (Lado Ribeiro et al.,
2019). Therefore, further experiments were performed at circumneutral pH
(between 6.5 and 7.9) after addition of H2SO4 and air stripping to lower
HCO3

− to <75 mg/L.
Fig. 3 shows the elimination of CAR and DIC to LOQ (5 μg/L) in 15 and

10 min, respectively. CAF, IMI and THI were more recalcitrant, reaching
only 82, 54 and 55%, respectively in 15 min, with almost no degradation
from 15 to 30 min, because of the low concentration of iron remaining in
solution due to the decomposition of the Fe(III):EDDS complex
(Gonçalves et al., 2020; Soriano-Molina et al., 2018). In fact, iron precipita-
tion started immediately, decreasing sharply at 5 to 10 min, and was
completely precipitated after 20 min. H2O2 consumption at the end of the
experiment was 0.95 mM with higher consumption during the first 5 min.
Blank experiments (photolysis) of CAF, IMI, THI, CAR and DIC did not re-
veal any substantial degradation after 30 min of illumination.

Using persulfate as an oxidizing agent at circumneutral pH,MC elimina-
tion was lower. LOQ (5 μg/L) of CAR and DIC was achieved at <5 min and
CAF at<15min. IMI and THIweremore persistent, and only 24% and 20%,
respectively, were eliminated. Iron concentration decreased gradually from
the beginning of the treatment until only 10% was remaining after 30 min.
Persulfate consumption was 0.87 mM during the first 5 min of treatment.
Sulfate radicals usually show slower reaction rates thanHO•, which strongly
depends on target MCs, starting iron, and EDDS concentration, as reported
previously (Cabrera-Reina et al., 2020; Solís et al., 2020).

Fig. 1. Schematic view of the electrooxidation pilot plant and main components: 1.
Tank, 2. Centrifugal pumps, 3. CPC photoreactor, 4. ElectroCell with BDD anode
and carbon-PTFE (gas diffusion electrode) cathode, 5. Air compressor, 6. Heat
exchanger and 7. Power supply.
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Fig. 2.NH4
+ concentrations inmg/L in the permeate stream at different pH and feed

tank concentrations. Each experiment was performed until CF = 4.
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Fig. 4 shows solar photo-Fenton treatment of C2 at pilot scale in an
80-L CPC photoreactor, as a function of solar accumulated UV energy
(Eq. (1)) collected in the photoreactor after 30 min. Only DIC was
eliminated to LOQ (5 μg/L) at <30 min, and 93% CAR was degraded,
whereas CAF, IMI and THI, as in the solar simulator, were more recalci-
trant, reaching only 70, 49 and 39% elimination at 30 min, respectively.
Total MC elimination was 76% with accumulated UV energy of only 1.6
kJ/L. Over 90% of the Fe(III):EDDS complex was degraded in the first 30
min, confirming the inefficient elimination of MCs at circumneutral pH
after complex degradation. H2O2 consumption at the end of the experi-
ment was 0.83 mM.

3.3. Electrooxidation treatments

Electrooxidation experiments were performed in the SPEF pilot plant
with the experimental parameters described in Section 2.3.4. Since the
aim of NF is to lower the economic impact by reducing the volume of con-
taminated streams, the first electrooxidation treatments were performed on
C2 (CF= 4), the most concentrated stream, for better comparison with the
following electrooxidation treatments. Higher ionic, carbonate and MC
concentrations showed increased radical scavenger effects, as mentioned
above.

Fig. 5 shows the results with C1 with its natural carbonate concentration
and applying AO, SAAO, EF and SPEF oxidation treatments. With AO, MC
elimination to LOQ (5 μg/L) was only attained for CAF, THI, CAR and DIC
at <150, <180, <45 and < 150 min, respectively. IMI was persistent with
only 67% degradation, but the treatment still eliminated 88% of the total
MCs. In SAAO, only CAR and DIC were degraded to the LOQ (5 μg/L) at
180 and 45min, respectively, and CAFwas degraded by 84%. Themore per-
sistent IMI and THI were degraded 44% and 57%, for a total MC removal of
78% at the end of the treatment. Finally, when SPEF was applied, CAR and
DIC were eliminated to LOQ (5 μg/L) at <180 and < 45 min, respectively.
CAF, IMI and THI were again more persistent, and were degraded only
82%, 44% and 78%, respectively. Total MC elimination was 80%.

The 80% MC removal target in concentrate C1 was not achieved by EF
after 240min of treatment.Moreover, more consumableswere needed than
in AO, such as EDDS, which drastically increases DOC and competes with
theMCs for the radicals. Furthermore, it consumed over 50%more electric-
ity and producedmore free available chlorine (FAC) than AO. Chlorate pro-
duction was reduced by 15%. Therefore, it was discarded as a suitable
treatment for this kind of water as previously reported by (Salmerón
et al., 2021).

The target of 80% total MC degradationwas reached after 120minwith
the AO treatment. Total electricity consumption was 6.1 kWh/m3 for an ex-
perimental volume of 30 L. The final concentration of FAC produced was
3.4 mg/L and chlorate production started to be recorded at 10 min with
20.4 mg/L, increasing linearly to 70.0 mg/L after 240 min.

Both FAC and chlorate are by-products of the EO processes. The by-
products are formed from the high concentrations of free dissolved
ions in the matrix, in this case chloride. Active chlorine can be generated
from free dissolved chloride ions and is widely used in wastewater treat-
ment. Active chlorine species (ACS) are formed from the adsorbed free
dissolved ions on the anode surface, resulting in the radical or other ox-
idizing species of the related ion. Indirect ACS are formed when the oxi-
dizing species, previously generated, acts as an intermediate in the
reaction with the MCs in the bulk of the matrix furthest from the anode
(Panizza and Cerisola, 2009). ACS, which promotes MC degradation, in
what is also called electrochlorination, has the advantage over conven-
tional chlorine treatments of improved performance and absence of po-
tentially dangerous Cl transport and storage (Martínez-Huitle and
Brillas, 2009; Mostafa et al., 2018). Chlorates are formed by the reaction
of ACS with ●OH when a BDD anode is used (Sánchez-Carretero et al.,
2011). The original C1 (CF = 2) ionic concentrations are summarized
in Table SI 6.

With SAAO, the MC degradation did not quite reach the target of 80%,
with only 78% after 240 min, and consumed a total of 3.8 kWh/m3
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electricity, 62% lower than AO alone, and also requiring QUV of 13.3 kJ/L
for an experimental volume of 75 L. FAC concentration was 4.2 mg/L,
along with 33.3 mg/L of chlorate, which is an increase of 23% and 52%
respectively from AO.

Finally, 80% degradation was reached at<240minwith the SPEF treat-
ment, which required total electricity consumption of 4.2 kWh/m3 andQUV

of 14.2 kJ/L for an experimental volume of 75 L; 11% and 7% higher than
SAAO, respectively. MC degradation enhancement by addition of the Fe:
EDDS was minimal due to the increase in DOC when EDDS is added. FAC
concentration was only 2.1 mg/L at the end of the experiment. Chlorate
production was low, with a final concentration of 16.4 mg/L, 50% lower
than SAAO, due to the reaction between H2O2 and ACS.

Initial reaction rate (r0) was calculated to compare the different EO pro-
cesses usingmass ofMC instead of concentration due to the difference in ex-
perimental volume, as shown in Eq. (2).

r0 ¼ mnþ1−mnð Þ
tnþ1−tnð Þ ð2Þ

where mn is the cumulative MC mass at designated time in mg, calcu-
lated for the MC concentration and the volume of water treated, 30 L for
AO and 75 L for SAAO and SPEF, and tn is the time interval in minutes
yielding r0 in mg/min. For AO, SAAO and SPEF r0= −0.337; −0.0696
and − 1.305 mg/min, respectively.

Fig. 6 shows the SPEF treatment results for C1, but with a lower concen-
tration of bicarbonates (76.3 mg/L). The purpose was to find out whether a
high concentration of carbonates would be as detrimental as in the photo-
Fenton process (Deemter et al., 2021). Only CAR and DIC were eliminated
to LOQ (5 μg/L) at 150 and 60 min, respectively. CAF and THI were both

degraded 82%, while IMI was the most persistent with 49% degradation.
Total MC elimination was still 82%, demonstrating that the influence of
carbonates was negligible in the SPEF treatment, and that the oxidation
of MCs occurred mainly through oxidants other than HO•. Therefore, anal-
ysis of the chlorinated byproducts would be critical for the overall assess-
ment of the systemand before the design of themost appropriate treatment.

At the low carbonate concentration, SPEF treatment reached the target
degradation of 80% after <220 min with a total electricity consumption of
4.3 kWh/m3 and a QUV of 11.6 kJ/L. FAC production was the highest of all
treatments, and over double the experiment with the high carbonate
concentration, ending with a concentration of 5.7 mg/L. The final chlorate
concentration was 18.2 mg/L, again, similar to treatment with the high
carbonate concentration. SPEF at the low carbonate concentration had a
r0= −1.155 mg/min, 11% lower than with the high carbonate
concentration.

3.4. Toxicity tests

As one of the main objectives of this study was recovery and reuse of
NH4

+ from the NF permeate stream obtained by pre-concentration of a
UWWTP effluent for crop irrigation, phytotoxicity tests were done at two
different permeate concentrations at CF = 2 and 4, to evaluate its effects
on seed germination, and root and shoot growth. Permeates were tested
at pH 7. The CF= 2 and 4 permeates slightly affected Sorghum saccharatum
reducing germination 10%. CF = 2 also caused 10% less germination in
Sinapis alba.

In Sorghum saccharatum, the CF = 2 permeate promoted 45% more
root development than the reference with demineralized water. S. alba
root development was 17% better with CF = 2. Root development of
Lepidium sativum was severely affected, showing a 27% and 46%
reduction with CF = 2 and 4, respectively.

Sorghum saccharatum shoot lengthwas reduced 40%with CF=4. CF=
2, however, increased it 13%. Shoot growth of Sinapis albawas reduced 9%
and 39% with CF = 2 and 4, respectively. Finally, Lepidium sativum shoot
growth was promoted by CF = 2, increasing it by 11%, while CF = 4 de-
creased it by 17%.

This means that direct application of permeate at CF= 2 was adequate
for crop irrigation, in view of both root and shoot growth results. It was not
the case for CF = 4, attributed to the higher concentration of MCs
contained in permeate, as well as the high salt content (Fig. 7).

The DAPHTOXKIT F test was also applied to determine acute toxicity at
24 and 48 h and chronic toxicity at 72 h. Immobilization of Daphnia magna
was assessed and compared to a freshwater control. Results are shown in
Fig. 8. After 24 h, there was no immobilization at the 12.5, 25 and 50%
CF = 2 dilutions. At 100% of CF = 2, only one of the organisms showed
somemovement. Results were similar in CF= 4, except for the 100% sam-
ple, where all organisms were immobilized. After 48 h, samples containing
12.5, 25 and 50% dilutions in CF = 2 showed 0, 2 and 3 out of 5
immobilized organisms, respectively. At 100%, all organisms were
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Fig. 6.MC concentrations during pilot-scale SPEF treatment of concentrate C1
(CF = 2) at natural pH and with low carbonate concentration.

Fig. 7. Photos of phytotoxicity test, from left to right, Sinapis alba, Sorghum saccharatum and Lepidium sativum. All three species showed full germination.
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immobilized. In CF= 4, results were similar. Finally, after 72 h, 3 out of 5
organisms in the control samplewere immobilized. CF=2 showed 2, 3 and
4 immobilized organisms in 12.5, 25 and 50% dilutions, whereas in CF=4
results were similar. Therefore, both permeate volumes should be diluted at
least 50%, to prevent osmotic stress and acute toxicity. At a 25% dilution,
only CF = 2 showed chronic toxicity results similar to freshwater.

4. Conclusions

NH4
+ can effectively be recovered fromwastewater usingNF at pH 9. NF

treatment to a concentration factor of 2 was able to produce a ready-to-use
permeate streamwith recovered NH4

+. However, despite NF would leads to
the elimination of bacteria, in case of antibiotic resistance genes and antibi-
otic resistant bacteria it is not enough. Therefore, such effect must be
checked before crop irrigation.

Persulfate was a less efficient oxidizing agent than H2O2 by solar photo-
Fenton. As dissolved iron quickly disappeared at circumneutral pH, it
would only be of interest for rapid degradation of contaminants at less
than 1 mg/L in NF retentate. Other alternative tertiary treatments, such
as electrooxidation processes, are a promising alternative when a high con-
centration of MC requires longer treatment times. Analysis of the chlori-
nated byproducts would be critical for the overall assessment and before
the design of the most appropriate treatment.

Solar-assisted anodic oxidation significantly reduced the electricity con-
sumption necessary for degradation and residual FAC and chlorate concen-
trations were lower than with anodic oxidation. Solar photoelectron-
Fenton showed results similar to solar assisted anodic oxidation, but re-
quired more consumables. Electro-Fenton was the least efficient of the
electro oxidation processes tested.

Phytotoxicity results showed that irrigation with the permeates slightly
affected germination. Acute and chronic Daphnia magna toxicity studies
demonstrated that the permeate volumes should be diluted at least 50% be-
fore direct reuse for crop irrigation.
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Abstract: The objective of this study was to assess the combination of a photocatalytic TiO2-coated
ZrO2 UF membrane with solar photo-Fenton treatment at circumneutral pH for the filtration and
treatment of urban wastewater treatment plant (UWWTP) effluents. Photocatalytic self-cleaning
properties were tested with a UWWTP effluent under irradiation in a solar simulator. Then, both
the permeates and retentates from the membrane process were treated using the solar photo-Fenton
treatment. The UWWTP effluent was spiked with caffeine (CAF), imidacloprid (IMI), thiacloprid
(THI), carbamazepine (CBZ) and diclofenac (DCF) at an initial concentration of 100 µg/L each.
Retention on the membrane of Pseudomonas Aeruginosa (P. Aeruginosa), a Gram-negative bacterial
strain, was tested with and without irradiation. It was demonstrated that filtration of a certain
volume of UWWTP effluent in the dark is possible, and the original conditions can then be recovered
after illumination. The photocatalytic membrane significantly reduces the turbidity of the UWWTP
effluent, significantly increasing the degradation efficiency of the subsequent solar photo-Fenton
treatment. The results showed that the membrane allowed consistent retention of P. Aeruginosa at an
order of magnitude of 1 × 103–1 × 104 CFU/mL.

Keywords: advanced oxidation processes; bacteria retention; photocatalytic membranes; photo-
induced super-hydrophilicity; titania; ZrO2

1. Introduction

Membranes have proven to be economic, fast and reliable solutions for the world’s
increasing water contamination problems. These vast and growing problems are due to
the increasing use of pesticides and other chemicals known as microcontaminants (MCs),
which are usually found in the already limited fresh water supply and agricultural lands,
combined with salination [1–3]. MCs are found at trace levels up to significant concen-
trations, accumulating in wastewater streams and bodies, especially urban wastewater
treatment plant (UWWTP) effluent and groundwater. As they are usually within the range
of ng/L to µg/L, they often pass through conventional water treatment methods without
being treated or recorded. These Contaminants of Emerging Concern (CECs) are found
worldwide but are not yet regulated [4,5].

CECs can be removed from UWW with advanced oxidation processes (AOPs), which
by generating highly reactive and nonselective hydroxyl radicals (•OH), can be applied
for the elimination of MCs in a wide variety of UWWs, such as ozonation, photo-Fenton
or electrooxidation processes [6–8]. On the other hand, other technologies have also been
used successfully to remove pharmaceuticals contained in the UWWTP effluents, especially
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the membrane system and AOP combination. Membrane systems are known to be very
efficient in the retention of microcontaminants due to their physicochemical properties,
although a concentrate stream is also generated. Therefore, the management and treatment
of the concentrate are likely to be key components for reducing the environmental impacts
of wastewater reclamation [9].

The two main categories of membrane materials are polymers and ceramics [10]. They
both have distinctive characteristics that control and enable the optimization of overall
system parameters, such as the flow rate, pressure and temperature, depending on the
treatment being applied to general volumes or specific batches. Polymeric membranes are
currently the most widely used in water treatment, but they have major mechanical, thermal,
pH and chemical resistance drawbacks. Ceramic membranes, although more expensive,
have superior resistance [11–13]. Both types of membrane are subject to fouling and the
formation of either inorganic or organic material on the membrane surface. Biofouling
involves the deposition of bacteria and other microorganisms that often produce a matrix
of extra-cellular polymeric substances on the membrane surface [1,14–16].

Another solution for reducing membrane fouling, as well as for the further treatment
of the resulting volumes after filtration, involves the abovementioned AOPs. Photocatalysis
via the illumination of semiconductors with light at wavelengths with enough energy
to trigger charge (e− and h+) separation is a well-known AOP. Photocatalytically active
nanoparticles of TiO2 (titania), ZrO2, ZnO or WO3 immobilized on a (membrane) surface
can act as photocatalysts in the formation of these •OH, and have the advantage of not
having to be filtered out or separated after the treatment [17]. As the overall efficiency of
the supported semiconductors is low, although it might be enough to avoid biofouling, it
is not enough for the elimination of MCs present in membrane influent. Therefore, other
AOPs have to be applied to treat membrane effluents, as noted before.

In photo-Fenton treatment, a catalytic iron cycle (Fe2+/Fe3+) is stimulated by H2O2
and UV–Vis light to produce •OH. This treatment is of special interest as it can be driven
by solar irradiation [18–20]. One of the main drawbacks of classic solar photo-Fenton
treatment is that its optimal pH is below 3. At higher pH levels, the iron precipitates
as ferric hydroxide. A complexing agent, such as ethylenediamine-N, N′-disuccinic acid
(EDDS), a nontoxic biodegradable complexing agent that is able to keep the iron dissolved
at up to pH9, can be used to avoid this [21–23].

Bacteria such as E. Coli and P. Aeruginosa found in UWWTP effluents can cause
severe illness when ingested. Furthermore, effluents containing high concentrations of
these bacteria and MCs, when simply discharged in nature or reused for crop irrigation,
can become further multidrug-resistant when exposed to other untreated MCs [24–26].
Therefore, effective bacteria removal must be part of any application for its reuse [27]. The
proper combination of membrane systems and AOPs could solve biofouling, MC removal
and disinfection issues, permitting the consistent reuse of UWWTP effluents.

The objective of this study was to assess the combination of a photocatalytic TiO2-
coated ZrO2 UF membrane developed in a previous study [28] with solar photo-Fenton
treatment at circumneutral pH for the filtration of UWWTP effluents. Therefore, batches of
UWWTP effluents were ultra-filtered using photocatalytic membranes and then treated via
solar photo-Fenton treatment. First, the photocatalytic self-cleaning properties were tested
with a UWWTP effluent under irradiation in a solar simulator. Then, both the permeates
and retentates from membrane process were treated via solar photo-Fenton treatment, using
EDDS as an iron complexing agent and hydrogen peroxide or persulfate as oxidants. The
aim throughout was a total MC elimination rate of 80%, as per Swiss treatment regulations
for UWWTP effluents, which are the first such regulations worldwide [29]. Matrices
were spiked with a variety of MCs, caffeine (CAF), imidacloprid (IMI), thiacloprid (THI),
carbamazepine (CBZ) and diclofenac (DCF), all frequently found in UWWTP effluents,
at an initial concentration of 100 µg/L each. Retention on the membrane of Pseudomonas
Aeruginosa (P. Aeruginosa), a Gram-negative, rod-shaped bacterium, was tested with and
without irradiation to assess possible future applications for this novel photocatalytic
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UF membrane as a (pre)filtration treatment of UWWTP effluents. P. Aeruginosa is an
opportunistic multidrug-resistant bacterium that is commonly used as a model due to its
ability to colonize medical equipment and its association with human diseases. It is able to
interact with other bacteria, fungi and viruses; possesses mutational resistance mechanisms;
and is known for its biofilm growth, even on inert materials [26,30–32].

2. Materials and Methods
2.1. Reagents and Chemicals

The UWWTP effluent was taken after secondary treatment in the ‘El Bobar’ UWWTP
located in southeast Spain (Almeria) (see Table S1 for physicochemical characterization).
Sigma Aldrich supplied Fe2(SO4)3·xH2O for Fe(III)) and the HPLC-grade solvents for MC
monitoring. MCs were obtained mainly from Sigma Aldrich (IMI, THI, CBZ and DCF),
whereas CAF was supplied by Fluka. The reagents, H2O2 (35% w/v) and sodium persulfate
(Na2S2O8), were also purchased from Sigma Aldrich. A schematic overview of the five
selected MCs is shown in Table S2. UPLC column retention time, LOQ and maximum
contaminant absorption data are summarized in Table S3. Type CM0067 Nutrient Broth
No. 2 was supplied by OXCID LTD., England, and the Pseudomonas Chromogenic Agar
by Condalab, Spain, whereas the Pseudomonas Aeruginosa was from the Spanish Culture
Collection (CECT).

2.2. Analytical Determinations

Scanning electron microscopy (SEM) images were taken with a Zeiss Sigma 300 VP
Gemini Technology electron microscope at variable pressure. The SEM was equipped
for energy-dispersive X-ray spectroscopy (EDX) to determine the chemical composition
of the ceramic membrane samples by identifying the elements present, along with their
concentration and distribution. Concentrations of selected MCs were determined by ultra-
performance liquid chromatography (UPLC) using an Agilent Technologies 1200 series
device equipped with a UV-DAD detector and Poroshell 120 EC-C18 column (3.0 × 50 mm).
Eluent conditions started from 95% water with 25 mM formic acid (mobile phase A) and 5%
acetonitrile (ACN) (mobile phase B) at 1 mL/min for 5 min. This was followed by a 10 min
linear gradient to 68% ACN, which was maintained for 2 min. The working temperature
was 30 ◦C and the injection volume was 100 µL. The samples prepared at a 1:9 ACN
ratio were mixed and filtered through a hydrophobic PTFE 0.2 µm (Millipore Millex-FG)
syringe filter into a 2 mL HPLC vial. Molecular weight, UPLC column retention time,
LOQ and maximum contaminant absorption data are given in Table S3. Dissolved organic
carbon (DOC) and inorganic carbon values were determined using a Shimadzu TOC-VCN
analyzer. H2O2 values were determined according to DIN 38402H15 with titanium (IV)
oxysulfate. Iron values were determined after filtration through a 0.45 µm nylon filter
using 1,10 phenanthroline according to ISO 6332. The Liang method [33] was adapted to
persulfate determination. Turbidity was measured using a Hach 2100N Turbidimeter. Total
suspended solids (TSS) were measured via filtration without binder through a predried
and weighed GF 52 090 Glass Microfiber Filter from ALBET LabScience, Germany. The
filter paper was then placed in an oven at 105 ◦C for 60 min. Bacteria were cultured in a
Series BD standard incubator at 36 ◦C.

2.3. Experimental Setup

The UWWTP effluent was filtered through a photocatalytic ceramic ZrO2 ultrafiltration
flat-sheet membrane designed and fabricated in a previous study. The membrane consists
of a 100± 1-mm-wide, 150± 2-mm-long, highly porous, multi-channeled SiC support with
25 2 × 2 mm channels and 15 µm pore size supplied by LiqTech Ceramics A/S (Ballerup,
Denmark). This is followed by a ZrO2/SiC intermediate layer with 60 nm pores, covered
with a wash coating of TiO2 particles with a mean size of 10 nm. Membrane function
follows the submerged outside-in filtration principle and is able to operate in a pH range
of 0–14. Further details are described elsewhere [28]. SEM images of a cut surface can be
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seen in Figure 1. Only the irradiated side of the membrane was left open; the remaining
sides and bottom of the membrane were covered with a watertight polymer film to ensure
that the permeation flow rate was only measured on the 150 cm2 irradiated surface. The
membrane was held in place by a fixture to provide an evenly divided crossflow over
both membrane surfaces and was placed on the bottom of a 6 L container. The container
was then positioned in a SunTest XLS+ solar simulator, containing a xenon lamp with
daylight filter, providing a total light irradiation of 365 W/m2 (300–800 nm), with a total UV
radiation of 30 W/m2 (300–400 nm), while the temperature was kept at 25 ◦C. A vacuum
was created in the membrane support with a Watson Marlow 520 S peristaltic pump
through a MARPRENE 902.0048.016 #25 tube at 20 rpm to obtain the permeate volume
(see Figure 2 for a schematic view). The MC mixture containing CAF, IMI, THI, CBZ and
DCF in methanol had previously been prepared as a stock solution. Each compound had a
final concentration of 2.5 g/L to ensure solubility and low DOC. The UWWTP effluent was
spiked with this stock solution to a final concentration of 100 µg/L per MC.
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Figure 1. SEM images of a cross-section of the membrane: (a) the triple-layer membrane construction,
showing the SiC support in grey, followed by the ZrO2 intermediate UF membrane layer, while
the grey shadows on top are the TiO2 wash coating; (b) side view and (c) top view, showing the
intermediate ZrO2 UF membrane layer covered by the TiO2 wash coating. The presence of the ZrO2

and the TiO2 wash coating was confirmed by EDX.
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Figure 2. Schematic overview of the experimental set-up, with a recirculating pump (a) and a
peristaltic pump (b), creating a vacuum in the membrane support to generate flow.

2.3.1. Solar Photo-Fenton Treatment

Solar photo-Fenton experiments were performed in the solar simulator described
above, using a cylindrical 1 L container as the reactor (18.5 cm diameter and 4.0 cm depth),
which was held in place and stirred magnetically in the center of the solar simulator. In
selected experiments, the bicarbonates, known to be •OH radical scavenger, naturally
present in UWWTP effluents, were air-stripped from the experimental volumes before
starting the solar photo-Fenton treatments by adding H2SO4 to lower the concentration of
HCO3

− to 75 mg/L. The Fe3+:EDDS complex was formed by predissolving Fe2(SO4)3.7H2O
in demineralized water at pH 3, followed by the addition of EDDS. A ratio of 1:1 was
maintained during all experiments and the starting reagent concentration was 1.50 mM for
both H2O2 and persulfate. Table S4 summarizes the experiments.

2.3.2. Retention of P. Aeruginosa

The membrane was placed in the container as described above, and the system was
sterilized with H2O2 to ensure that there were no living bacteria in it. In this case, the
water matrix was 5 L of natural water (Tabernas, southeast Spain). The P. Aeruginosa
inoculum was prepared 20 h prior to the start of experiment and added to the reactor at a
concentration of 1 × 106 CFU/mL, which is known for its predominant bacterial growth
and is commonly used as a standard inoculum concentration to be followed by bacterial
inactivation [34–36]. Petri dishes with bovine agar were prepared for sampling by applying
a 10-fold serial dilution with sample volumes of 50 µL each for the concentrate and a
total sample volume of 500 µL for the permeate. Samples of the membrane surface were
taken with a swab before the experiment and after 90 min and applied on the agar for
cultivation. Further samples were taken from the reactor (concentrate) at 0, 30, 60 and
90 min, and afterwards from the peristaltic pump (permeate). Permeate volumes were
measured separately every 30 min, showing a constant flow. The Petri dishes with the
samples were stored in an incubator at 36 ◦C for 48 h.

3. Results and Discussion
3.1. Fouling and Self-Cleaning Properties

Several batches of UWWTP effluents were filtered through the TiO2-ZrO2 UF mem-
brane. The turbidity varied from 8.7 to 21.3 NTU. During filtration to a concentration factor
(CF) of 2, the pH of the concentrate slightly increased. The resulting permeate turbidity
range, measured periodically from the start of the experiment to CF = 2, was 0.4 to 0.6 NTU.
The TSS values of the different permeate volumes varied from 0.6 to 1.3 mg/L.

The membrane’s self-cleaning capabilities were determined by continuously filtering
the UWWTP effluents for 6 h (Figure 3a). The severely fouled membrane was then placed
in a beaker under simulated sunlight with demineralized water and stirred lightly. The
beaker was placed in the center of the solar simulator at the above irradiation settings
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for 1 h to remove the fouling (Figure 3b). Irradiation continued for 2 h (Figure 3c) and
3 h (Figure 3d), showing continuous cleaning of the membrane, although not reaching its
original condition, as shown in Figure 3e.
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Figure 3. Membrane surface cleaning in demineralized water in the solar simulator. Pictures taken
by conventional photography of the surface: (a) fouling color after 6 h of UWWTP effluent filtration,
(b) after 1 h, (c) 2 h and (d) 3 h of irradiation, and (e) fresh membrane surface.

A clear difference from the originally severely fouled state can be observed after
three 1 h irradiation periods. As a control test, another fouled membrane sample was first
rinsed and placed in demineralized water but without illumination, then lightly stirred
for three hours. Even after manual cleaning, membrane fouling could not be removed,
demonstrating the self-cleaning effects of the photocatalytic membrane surface under
irradiation. Both the original state of the fouled membrane (Figure 4a) and the membrane
after 3 h of self-cleaning under simulated solar irradiation were further assessed by SEM
(Figure 4b). Figure 4a is dark gray due to the presence of organic material and fouling. The
presence of organic material was confirmed by EDX as having an atomic percentage of
carbon of over 90%. Figure 4b shows the membrane surface with a dark spot of residual
fouling in the middle. The surrounding area is the TiO2 layer. The light-white area in the
upper left corner is a minor defect of the TiO2 layer due to previous manual cleaning.
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simulated solar irradiation (b).

After observing a clear visual difference in the state of fouling, its physical removal—
that is, recovery of most of the membrane porosity and not just a change in color—was
confirmed in filtration experiments. Here, 250 mL filtered samples were taken, and the
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time necessary to obtain this amount was recorded to determine whether the time needed
to filter a certain volume could be affected by cleaning and whether the original filtration
capability could be reached (see Figure 5). The normalized flow is shown in Figure 5 to the
demonstrate change in flow rate based on the original flow and how it slows down for the
reasons stated below. In both cases, a clear difference in flow rate can be seen between the
membrane kept in the dark and under light during filtration. This again demonstrates the
self-cleaning capabilities of the photocatalytic membrane when filtering UWWTP effluents.

Catalysts 2022, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 4. SEM images of the membrane after 6 h of filtration (a) and after cleaning for 3 h under 
simulated solar irradiation (b). 

The original flow rate of 21 mL/min through the membrane in the light can be 
observed to be higher than the 17 mL/min rate in the dark. This can be attributed to 
irradiation of the membrane inhibiting attachment of suspended matter in the UWWTP 
effluent on the photocatalytic membrane surface. Another phenomenon is photo-induced 
super-hydrophilicity (PSH) of TiO2, resulting in higher flow rates and less fouling, as also 
previously observed [28] and reported elsewhere [37,38]. Strong decreases in flow rate can 
be observed up to around 60 min, both in the light and in the dark, as fouling builds up 
inside the membrane pores where irradiated light cannot reach. From 60 to 120 min, a 
clear difference can be observed in the curve of the normalized flow rate in the light 
(Figure 5b), strongly suggesting that there is no photodegradation of fouling on the outer 
membrane surface in the dark experiment. After 120 min, the curve of filtration under 
radiation follows the same trend as the curve of filtration in the dark, suggesting that both 
membranes follow a similar trend in internal fouling, while the outer surface of the 
illuminated membrane is kept clean. Here, 1 L of permeate is generated in 120 min of 
operation in the dark.  

 
Figure 5. Filtration experiments with UWWTP effluent: (a) flow rates (mL/min) in the dark and in 
the light; (b) normalized flow rates (f/f0) in the dark and in the light. 

The next step involved the observation of the effects of self-cleaning on the fouled 
membrane after 60 of minutes irradiation, which is considered the necessary filtration 
time, because this is when the curve of the normalized flow in the light deviates from the 
normalized flow in the dark. Furthermore, over this time, the UWWTP effluent was also 
spiked with 100 µg/L of each of the target MCs, namely CAF, IMI, THI, CBZ and DCF.  

Figure 5. Filtration experiments with UWWTP effluent: (a) flow rates (mL/min) in the dark and in
the light; (b) normalized flow rates (f/f0) in the dark and in the light.

The original flow rate of 21 mL/min through the membrane in the light can be
observed to be higher than the 17 mL/min rate in the dark. This can be attributed to
irradiation of the membrane inhibiting attachment of suspended matter in the UWWTP
effluent on the photocatalytic membrane surface. Another phenomenon is photo-induced
super-hydrophilicity (PSH) of TiO2, resulting in higher flow rates and less fouling, as also
previously observed [28] and reported elsewhere [37,38]. Strong decreases in flow rate
can be observed up to around 60 min, both in the light and in the dark, as fouling builds
up inside the membrane pores where irradiated light cannot reach. From 60 to 120 min,
a clear difference can be observed in the curve of the normalized flow rate in the light
(Figure 5b), strongly suggesting that there is no photodegradation of fouling on the outer
membrane surface in the dark experiment. After 120 min, the curve of filtration under
radiation follows the same trend as the curve of filtration in the dark, suggesting that
both membranes follow a similar trend in internal fouling, while the outer surface of the
illuminated membrane is kept clean. Here, 1 L of permeate is generated in 120 min of
operation in the dark.

The next step involved the observation of the effects of self-cleaning on the fouled
membrane after 60 of minutes irradiation, which is considered the necessary filtration
time, because this is when the curve of the normalized flow in the light deviates from the
normalized flow in the dark. Furthermore, over this time, the UWWTP effluent was also
spiked with 100 µg/L of each of the target MCs, namely CAF, IMI, THI, CBZ and DCF.

Figure 6 shows the flow rate during the first filtration of 1 L of UWWTP effluent in the
dark. Then, the membrane was cleaned for 60 min without filtration under illumination.
The second period began after this, with further filtration of 2 L of UWWTP effluent in the
dark, followed by cleaning again using the same procedure followed by a third filtration.
It was demonstrated that filtration of a certain volume of UWWTP effluent in the dark
is possible only up to a certain amount of fouling, although the original conditions can
then be recovered after illumination. However, after filtering a larger volume of UWWTP
effluent, fouling could become irreversible, emphasizing the need for the definition and
optimization of operating variables when using photocatalytic membranes to maintain
their self-cleaning capability. There was no retention of MCs due to the high porosity of
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the photocatalytic membrane, and there was no difference in the operation of membranes
with UWWTP effluent, with or without MCs, as most of the fouling was eliminated by
self-cleaning.

Catalysts 2022, 12, x FOR PEER REVIEW 8 of 15 
 

 

Figure 6 shows the flow rate during the first filtration of 1 L of UWWTP effluent in 
the dark. Then, the membrane was cleaned for 60 min without filtration under 
illumination. The second period began after this, with further filtration of 2 L of UWWTP 
effluent in the dark, followed by cleaning again using the same procedure followed by a 
third filtration. It was demonstrated that filtration of a certain volume of UWWTP effluent 
in the dark is possible only up to a certain amount of fouling, although the original 
conditions can then be recovered after illumination. However, after filtering a larger 
volume of UWWTP effluent, fouling could become irreversible, emphasizing the need for 
the definition and optimization of operating variables when using photocatalytic 
membranes to maintain their self-cleaning capability. There was no retention of MCs due 
to the high porosity of the photocatalytic membrane, and there was no difference in the 
operation of membranes with UWWTP effluent, with or without MCs, as most of the 
fouling was eliminated by self-cleaning.  

The self-cleaning mechanisms of the TiO2-ZrO2 UF membrane are not only based on 
the previously mentioned super-hydrophilicity. Other mechanisms that prevent fouling 
of different compounds on the membrane surface can be assigned to the formation of 
different radical species (●OH and other) when the photocatalytic surface material is 
irradiated with a photon energy equal or higher than the band gap energy of the 
semiconductor. The produced radical species react with organics and eliminate biofouling 
[39]. The specific band gaps of the UF membrane lie at 2.5 and 3.1 eV, due to the mixture 
of TiO2-ZrO2, as described in previous work [28]. 

 
Figure 6. Filtration in the dark with self-cleaning under illumination series of UWWTP effluent 
spiked with 100 g/L of each MC. Note: , filtration of 1 L, followed by cleaning (60 min); , after 
cleaning, filtration of 2 L, followed by cleaning (60 min); ‘’ after cleaning, filtration again. 

3.2. Solar Photo-Fenton Treatment of Membrane Streams 
The effect of UWWTP effluent filtration with the photocatalytic membrane was also 

evaluated in later photo-Fenton treatment of both the concentrate and permeate volumes, 
which still contained the initial concentration of MCs, as they were not retained by the 
membrane. The advantage of the photocatalytic membrane lies in pretreatment of 
UWWTP effluents because it significantly lowers the turbidity and particle concentration, 
thereby improving the availability of photons for the solar photo-Fenton process. 
Experiments were carried out using 0.1 mM Fe:EDDS 1:1 and 1.5 mM H2O2 as the 
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spiked with 100 g/L of each MC. Note: N, filtration of 1 L, followed by cleaning (60 min); #, after
cleaning, filtration of 2 L, followed by cleaning (60 min); ‘2’ after cleaning, filtration again.

The self-cleaning mechanisms of the TiO2-ZrO2 UF membrane are not only based on
the previously mentioned super-hydrophilicity. Other mechanisms that prevent fouling of
different compounds on the membrane surface can be assigned to the formation of different
radical species (•OH and other) when the photocatalytic surface material is irradiated with
a photon energy equal or higher than the band gap energy of the semiconductor. The
produced radical species react with organics and eliminate biofouling [39]. The specific
band gaps of the UF membrane lie at 2.5 and 3.1 eV, due to the mixture of TiO2-ZrO2, as
described in previous work [28].

3.2. Solar Photo-Fenton Treatment of Membrane Streams

The effect of UWWTP effluent filtration with the photocatalytic membrane was also
evaluated in later photo-Fenton treatment of both the concentrate and permeate volumes,
which still contained the initial concentration of MCs, as they were not retained by the
membrane. The advantage of the photocatalytic membrane lies in pretreatment of UWWTP
effluents because it significantly lowers the turbidity and particle concentration, thereby
improving the availability of photons for the solar photo-Fenton process. Experiments
were carried out using 0.1 mM Fe:EDDS 1:1 and 1.5 mM H2O2 as the oxidizing agents
(Figure 7). These had been found to be the optimal settings for solar photo-Fenton testing
in a previous study [40].
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Figure 7. MC concentration (•: permeate; N: concentrate) in the UWWTP effluent during solar
photo-Fenton treatment and the evolution of dissolved iron (♦: permeate; �: concentrate) in the solar
simulator, with 0.1 mM Fe:EDDS 1:1 and 1.5 mM H2O2.

When the solar photo-Fenton treatment was applied to the concentrate at its natural
bicarbonate concentration (720 mg/L), 16% CAF, 12% IMI, 9% THI and 27% CBZ were
eliminated. DCF was already degraded by photolysis during the filtration step, or at least
to below the detection limit. A total MC elimination rate of 17% was recorded, along with
an H2O2 consumption rate of 12.5 mg/L. All dissolved iron had precipitated within 15 min,
as it is well-known that the Fe-EDDS complex degrades more rapidly in the presence of
particulate organic matter. The same process applied to the permeate-volume-produced
MC elimination of 32% CAF, 22% IMI, 19% THI, 42% CBZ and 81% DCF, resulting in a total
MC elimination rate of 32%. In this case, H2O2 consumption equaled 18 mg/L at the end
of the experiment. The dissolved iron concentration at 15 min was higher during treatment
of the permeate volume, with 22% remaining, as the Fe-EDDS complex was degraded
less rapidly due to the presence of less particulate organic matter, which was removed by
the self-cleaning membrane. This demonstrated that lowering the turbidity and particle
concentration during filtration using self-cleaning membranes had a beneficial effect on
the following photo-oxidation treatment. However, the elimination of MCs was low in
both cases.

As bicarbonates are well known radical scavengers, the solar photo-Fenton process was
prevented from attaining its full potential when they were present at high concentrations in
the concentrate and permeate volumes, explaining the low MC elimination rates observed.
This has also been observed in other studies in the literature [41,42]. Therefore, experiments
were performed on the same concentrate and permeate volumes as in Figure 7, but this
time after removing bicarbonates (see Figure 8). The concentrate and permeate volumes
were air-stripped using H2SO4 to lower their initial bicarbonate concentration of 720 mg/L
to 75 mg/L. During this process, the pH dropped from pH 8 to circumneutral.
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Figure 8. Evolution of MC concentration (•: permeate; N: concentrate) and dissolved iron
(♦: permeate; �: concentrate) rates during solar photo-Fenton treatment in the solar simulator,
with UWWTP effluents containing a low concentration of bicarbonates (75 mg/L) with 0.1 mM
Fe:EDDS 1:1 and 1.5 mM H2O2.

This time the concentrate degradation efficiency was much higher, showing MC
degradation of 66% CAF, 52% IMI, 45% THI and 83% CBZ. Meanwhile, DCF, as previously,
was degraded by photolysis during the filtration step, or at least to below the detection
limit. The total MC elimination rate was 64%, more than three times higher than with
the natural concentration of bicarbonates. In addition, the H2O2 consumption was higher
(30 mg/L), showing that dissolved iron disappeared more slowly (better stability of the
Fe-EDDS complex), with 80% of iron consumed after 15 min, which was similar to the
permeate volume treatment, containing its natural concentration of bicarbonates. Lower
bicarbonate concentrations trigger fewer •OH radical scavenging effects as part of the
solar photo-Fenton cycle at circumneutral pH (Equations (1)–(3)) [43]. This interrupts these
cycles less and regenerates the Fe(III)-EDDS complex from Fe(II)-EDDS, which is formed
after quick photo degradation of the Fe(III)-EDDS complex in the first few minutes of the
experiment after reacting with H2O2, whereas the Fe(II) also reacts with H2O2 to form
Fe(III) and •OH (Equation (4)) [44], explaining the higher H2O2 consumption rates.

Fe(III)-EDDS + hν→ Fe(II)-EDDS + H+ (1)

Fe(II)-EDDS + H2O2 → Fe (III)-EDDS + •OH + HO− (2)

Fe(II)-EDDS→ Fe(II) + EDDS• (3)

Fe(II) + H2O2 → Fe(III) + •OH + HO− (4)

The degradation efficiency was also higher in the permeate volume, eliminating 60%
CAF, 46% IMI, 39% THI, 78% CBZ and 78% DCF in 15 min. Total elimination was 59%,
double that in the treatment with the natural bicarbonate concentration. This time the H2O2
consumption was almost three times lower, at 12.7 mg/L, attaining an iron concentration
similar to the concentrate volume in 15 min, with 20% left. The lower H2O2 consumption
can be attributed to the lower concentration of (natural) organic matter present, mainly due
the lower turbidity (Section 3.1) and MC concentration profiles. Although both concentrate
and permeate volumes had similar total concentrations of MCs (450 mg/L), their relative
concentrations were very different, e.g., the presence and absence of DCF. Along with
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differences in the type, size and morphology of the organic matter, less H2O2 reacted
with this particulate matter, instead of being mainly consumed by the solar photo-Fenton
reaction, producing •OH without the interference of the effects of radical scavenging by
bicarbonates, as the concentration was equal in both concentrate and permeate volumes.
The significantly lower H2O2 consumption at a similar MC degradation rate shows the
economic advantages of a pretreatment with the photocatalytic UF membrane. An attempt
was also made to use persulfate [45] as an oxidizing agent instead of H2O2, at the same
molar concentration, although it was found to be ineffective for the degradation of the
selected MCs in the UWWTP effluent. Only 19.6% of the MCs were degraded (results not
shown) compared to 64% under conventional solar photo-Fenton treatment.

3.3. Retention of P. Aeruginosa

The retention of P. Aeruginosa was also tested to assess future applications of the TiO2-
ZrO2 UF membrane. Figure 9 shows the results of filtering natural water (from Tabernas,
Spain; see Table S5 for physicochemical characterization) with a starting concentration of
1 × 106 CFU/mL. The membrane showed a stable flow rate of 31 mL/min over a 150 cm2

surface. Samples were taken and prepared, as described in Section 2.3.2, and P. Aeruginosa
CFU values were counted and calculated after 48 h of cultivation at 36 ◦C. Samples of
the permeate volume at t = 0 min contained no P. Aeruginosa, or at least it was under the
detection limit. Two replicates, Rep1 and Rep2, were run.
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Figure 9. Retention of P. Aeruginosa in self-cleaning photocatalytic membranes with an initial concen-
tration of 1 × 106 CFU/mL in natural water (Tabernas, Spain). Detection limit (DL) = 101.

The results in Figure 9 show that the membrane allowed the consistent retention
of P. Aeruginosa of an order of magnitude of 1 × 103–1 × 104 CFU/mL within 90 min
of filtration during Rep1 (permeate). Although the concentration of P. Aeruginosa in the
permeate volume significantly decreased compared to the concentrate volume, lower
values were expected as a function of the photocatalytic UF membrane pore size, the
zirconia intermediate layer (60 nm) and the size of the rod-like P. Aeruginosa, which has
nominal size range of 500–800 nm by 1500–3000 nm [28,46,47]. The lower-than-expected
retention rate of P. Aeruginosa may have been due to minor damages in the photocatalytic
TiO2 membrane surface due to previous manual cleaning, as can also be observed in
Figure 4b, and minor defects in the intermediate zirconia layer, making it possible for
P. Aeruginosa to permeate the intermediate zirconia layer. However, the decreasing trend in
Rep2 (permeate) in Figure 9 shows the effects (irreversible) of fouling at these sites with
minor damage. A continuous fouling mechanism that can also be seen in Figure 6 resulted
in a satisfactory P. Aeruginosa concentration in the permeate volume when operating for
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more than 180 min. Certain controlled fouling mechanisms are commonly applied in
ceramic membrane production and industry as a pretreatment for similar reasons.

An irradiated membrane surface would prevent the adhesion of bacteria through the
abovementioned hydrophilicity, as well as degradation of any preliminary extracellular
polymeric substances (EPS) produced by the bacteria to bind themselves to surfaces and for
cohesion promoting protection from unfavorable conditions. Thus, the membrane would
show less fouling and longer operating times. These substances can normally be observed
as a slime-like biofilm layer [48].

4. Conclusions

The TiO2-ZrO2 ultrafiltration membrane proved to have self-cleaning capabilities
when irradiated by simulated solar light after UWWTP effluents were filtered. This re-
duced the turbidity in the permeate by a factor of 20–50 NTU. It has been demonstrated that
filtration of a certain volume of effluent in the dark is possible only up to a certain amount
of fouling, then the original conditions can be recovered after illumination. However, after
filtering a larger volume of effluent, fouling could become irreversible. Furthermore, the
irradiated membrane showed lower fouling rates during the filtration of UWWTP effluents
when irradiated. This was mainly attributed to the properties of irradiated TiO2, including
the formation of •OH, which is able to degrade microorganisms as well as microcontami-
nants. The TiO2-ZrO2 membrane significantly reduces the turbidity of the UWWTP effluent,
which in turn significantly increases the degradation efficiency of the subsequent solar
photo-Fenton treatment. Lowering the bicarbonate concentrations in both the concentrate
and permeate resulted in higher efficiency of the solar photo-Fenton process.

The membrane shows retention of P. Aeruginosa to an order of magnitude of
1 × 103–1 × 104 CFU/mL. The positive effects on retention of fouling of the larger pores
and minor defects can be seen when repeating short term filtration experiments. Longer
filtration with the TiO2-Zirconia ultrafiltration membrane could have positive effects on
the retention of microorganisms, which would then be reversible after illumination.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12050552/s1, Table S1: Composition of Urban Wastewater
Treatment Plant Effluent; Table S2: Schematic overview of molecular structures of selected MCs;
Table S3: Molecular weight, UPLC column retention time, LOQ and maximum contaminant absorp-
tion; Table S4: Overview of oxidation treatments and their parameters; Table S5: Composition of
natural water (Tabernas, Spain).
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Abbreviations

AMR Antimicrobial resistance
AOPs Advanced oxidation processes
CAF Caffeine
CBZ Carbamazepine
CF Concentration factor
CPC Compound parabolic collector
DCF Diclofenac
EDDS Ethylenediamine-N: N′-disuccinic acid
EDX Energy-dispersive X-ray spectroscopy
EPS Extracellular polymeric substances
IC Inorganic carbon
IMI Imidacloprid
LOQ Limit of quantification
MCs micro contaminants
NF Nanofiltration
PSH Photo-induced super-hydrophilicity
RO Reverse osmosis
SEM Scanning electron microscopy
THI hiacloprid
TOC Total organic carbon
TSS Total suspended solids
UF Ultrafiltration
UWW Urban wastewater
UWWTP Urban wastewater treatment plant
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