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Abstract 

Urban wastewater treatment plants (UWWTPs) are major hotspots for contaminants of emerging 

concern (CECs) (e.g., pharmaceutically active compounds, pesticides, industrial chemicals), antibiotic-

resistant bacteria (ARB) and antibiotic-resistance genes (ARGs), release to water compartments, and, 

consequently, new approaches are required to reduce CECs&ARB&ARGs mass fluxes into the 

environment. Moreover, water scarcity and quality are contemporary issues in many parts of the world. 

The use of alternative water sources to conventional ones, such as the reuse of urban wastewater 

(UWW), arises as an option that can contribute to solving the problem of water scarcity. However, the 

reclaimed UWW must follow quality guidelines for its use and be adequate in terms of public health and 

environmental protection, particularly for the removal of CECs and ARB&ARGs and the reduction of 

toxicity. Hence, advanced treatment methods for UWW are critical nowadays. 

The present thesis aimed to design and evaluate two membrane reactors using functionalised membranes 

for water purification. The two experimental units of membrane reactors were distinguished by their 

modes of operation: (i) Pressure-driven membrane process (PMP; the membrane acts as a filter medium 

and catalyst support) and (ii) Membrane contactor (MC; the membrane acts as an ozone injector and 

catalyst support). Ultrapure water (UPW), demineralised water (DW) and UWW after secondary 

treatment were fortified with several CECs with different characteristics. The PMP system combines 

membrane filtration with heterogeneous photocatalysis within a single unit. The MC integrates 

ozonation and photocatalytic ozonation processes. The quality of treated effluents was evaluated in terms 

of CECs removal, disinfection and toxicity using zebrafish embryo bioassay. 

First, a new concept for the preparation of large-area membranes, based on site formation of multilayer 

defective graphene (G), was investigated for water desalination and UWW treatment using the PMP. 

The desalination membrane was prepared using a continuous film of multilayer boron nitrite (BN)-

codoped defective G on a porous (100 nm) α-Al2O3 membrane as support. The thermal stability of the 

ceramic α-Al2O3 makes possible the preparation of defective multilayer (B,N)G by pyrolysis of chitosan 

(CS) containing adsorbed (NH4)3BO3. The partial removal of B and N dopant atoms by H2 during the 

pyrolysis causes the generation of subnanometric pores due to atom vacancy, as determined by control 

experiments in the absence of this gas. NaCl and KCl removal efficiency from brackish water greater 

than 95% was obtained for a permeate flux of 24.3 L m-2 h-1 at 10 bar. Due to the excellent rejection rate 

of NaCl and KCl from brackish water and high permeate flux at lower transmembrane pressure, as well 
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as the large area, the membrane reported herein appears to be easy to implement in water desalination 

and other membrane filtration applications. 

Following this, a continuous multilayer defective G-TiO2 thin films over the ceramic microfiltration 

membrane shell-side were prepared in situ using the same procedure as the desalination membrane. The 

functionalisation of the microfiltration membranes was optimised using two different methods to verify 

the best option regarding permeate quality (CECs removal) and quantity. Membrane A (MA): TiO2-P25 

incorporated in the G preparation stage (1% [MA-1], 2% [MA-2] and 3% [MA-3] [w/v]); and membrane 

B (MB): TiO2-P25 thin-film uniformly coated over the G film surface (coating layers: 3 [MB-1], 6 [MB-

2], and 9 [MB-3]). After the catalyst deposition and before the pyrolysis step, the air was forced to pass 

through the membranes pores (inside-outside mode), providing a porous film. The membranes coated 

with MA-3 and MB-2 catalyst films, irradiated by UVA light, showed the highest ability for CECs 

removal. Furthermore, the relative flux reduction ratio (RFR) decreased by around 45% in the absence 

of UVA light, owing to membrane fouling. The combination of filtration and oxidation (G-TiO2-UVA) 

provided a permeate with higher quality and minimised membrane fouling. Although MB allowed for a 

permeate with higher quality, MA provided a higher permeate flux. 

Subsequently, a tubular porous borosilicate membrane contactor was investigated as a MC for ozone 

gas/water mass transfer and the removal of CECs in DW. Ozone gas/water contact occurs on the 

membrane shell-side, as the ozone gas stream is fed from the lumen side and permeates through the 

pores generating micro-sized ozone bubbles pseudo-uniformly delivered to the annular reaction zone 

where the contaminated water to be treated flows. The water swirls around the membrane and drags the 

generated O3 microbubbles. The membrane is also coated with TiO2-P25 and radiation can be externally 

supplied via four UV lamps. The performance of the MC was evaluated by measuring the volumetric 

mass transfer coefficient (KLa) in continuous mode from a mass balance for O3 in the gas and the liquid 

phases, considering the water pH and temperature (T), the O3 concentration in the gas phase ([O3]G,inlet), 

the liquid (QL) and gas (QG) flow rates. The KLa ranged from 3.5 to 9.0 min-1 (comparable to a Venturi 

injection system) for water with a pH of 3.0 and a temperature of 20 ºC and improved with the increase 

of QG (1.5-fold from 0.15 to 1.0 Ndm3 min-1) and QL (2.0-fold from 20 to 50 L h-1), due to enhanced 

turbulence on the membrane shell-side and annular zone. In terms of mass transfer resistance, the water 

phase boundary layer (1/kL) is the main resistance to ozone transfer providing 53–76% of the total mass 

transfer resistance, while the contribution of the membrane phase varies between 24% and 47%. The 

ozonation showed satisfactory degradation (>80% for 13 out of the 19 CECs spiked in demineralised 
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water; 10 µg L-1) applying an ozone dose of 12 g m-3 (DT-O3 = 4.3 g m-3) and a QL of 150 L h-1. 

Photocatalytic ozonation (O3/UVC/TiO2) did not significantly improve the treatment performance due 

to the low residence time (3.9 s) and UVC fluence (50 mJ cm-2) applied inside the contactor. 

Finally, the same ozone MC described above was applied to promote the tertiary treatment of UWW, 

targeting the removal of CECs, bacterial disinfection and toxicity reduction. The ozonation tests were 

carried out under continuous mode and short residence time (5.8 s) with secondary-treated UWW 

collected in different seasons (winter and summer) and spiked with a mix of 19 CECs (10 µg L-1 each). 

For an O3 dose of 18 g m-3, the best performance was obtained by increasing the O3 concentration 

(maximum [O3]G,inlet of 200 g Nm-3) and decreasing the gas flow rate (minimum QG of 0.15 Ndm3 min-

1), providing the highest ozone transfer yield (88%) and, thus higher specific ozone dose (g O3 per g 

dissolved organic carbon). Under these conditions, removals >80% or concentrations below the limit of 

quantification were obtained for 13 of the 19 CECs and reductions up to 5 log units for total heterotrophs 

and below the limit of detection for enterobacteria and enterococci. Tests including a UVC dose of 0.10 

kJ L-1 enhanced disinfection ability but had no impact on CECs oxidation. After ozonation, the 

abundance of ARB was reduced but not eliminated and microbial regrowth after 3-day storage was 

observed. No toxic effect was detected on zebrafish embryos using a dilution factor of 4 for the ozonised 

UWW and if granular activated carbon adsorption is subsequently applied the dilution factor decreases 

to 2. 
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Resumo 

As estações de tratamento de águas residuais urbanas (ETAR) são um dos principais focos de 

contaminantes de preocupação emergente (CECs – Contaminants of Emerging Concern) (por exemplo, 

compostos farmacêuticos, pesticidas, produtos químicos industriais, entre outros), bactérias resistentes 

a antibióticos (ARB – Antibiotic Resistance Bacteria) e genes resistentes a antibióticos (ARGs – 

Antibiotic Resistant Genes), através das descargas nos compartimentos aquáticos e, consequentemente, 

novas abordagens são necessárias para reduzir os fluxos de massa de CECs&ARB&ARGs no ambiente. 

Além disso, a escassez e a qualidade da água são questões atuais em muitas partes do mundo. A 

utilização de fontes de água alternativas às convencionais, como o reuso de águas residuais urbanas 

(ARU), surge como uma opção que pode contribuir para solucionar o problema da escassez hídrica. No 

entanto, a ARU reutilizada deve seguir as diretrizes de qualidade para seu uso e ser adequado em termos 

de saúde pública e proteção ambiental, principalmente para a remoção de CECs e ARGs&ARB e 

redução da toxicidade. Portanto, métodos avançados de tratamento para ARU são fundamentais 

atualmente. 

A presente tese teve como principal objetivo projetar e avaliar dois reatores de membrana utilizando 

membranas funcionalizadas para tratamento de água. As duas unidades experimentais de reatores de 

membrana apresentam modos de operação distintos: (i) processo de membrana acionados por pressão 

(PMP; a membrana atua como meio filtrante e suporte para catalisador) e (ii) contatores de membrana 

(CMs; a membrana atua como um injetor de ozono e suporte para catalisador). Água ultrapura, 

desmineralizada e ARU após tratamento secundário foram fortificados com vários CECs com diferentes 

características. O sistema PMP combina filtração por membrana com fotocatálise heterogénea em uma 

única unidade. O MC integra os processos de ozonização e ozonização fotocatalítica. A qualidade dos 

efluentes tratados foi avaliada em termos de remoção de CECs, desinfeção e toxicidade usando bioensaio 

de embrião de peixe-zebra. 

Primeiramente, um novo conceito para a preparação de membranas de grande área com base na formação 

in situ de grafeno defeituoso multicamadas (G) foi investigado para dessalinização de água e tratamento 

de ARU usando o PMP. A membrana de dessalinização foi preparada usando um filme contínuo de 

nitrito de boro (BN) multicamada-codopado com G defeituoso em uma membrana porosa (100 nm) α-

Al2O3 utilizada como suporte. A estabilidade térmica da cerâmica α-Al2O3 possibilita a preparação de 

multicamadas defeituosas (B,N)G por pirólise de quitosana (QS) contendo (NH4)3BO3 adsorvido. A 

remoção parcial dos átomos dopantes de B e N pelo H2 durante a pirólise gera poros subnanométricos 
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devido à lacuna atómica, conforme determinado por experiências de controlo na ausência deste gás. Foi 

obtida uma eficiência de remoção de NaCl e KCl da água salobra superior a 95% para um fluxo de 

permeado de 24,3 L m-2 h-1 a 10 bar de pressão. Devido à excelente taxa de rejeição de NaCl e KCl da 

água salobra e alto fluxo de permeado em baixa pressão transmembrana, bem como a sua extensa área, 

a membrana aqui relatada parece ser fácil de implementar em tecnologias de dessalinização e em outras 

aplicações de filtração por membrana. 

Em seguida, filmes finos de G-TiO2 defeituosos em multicamadas contínuas sobre o lado externo da 

membrana de microfiltração de cerâmica foram preparados in situ usando o mesmo procedimento da 

membrana de dessalinização. A funcionalização das membranas de microfiltração foi otimizada usando 

dois métodos diferentes para verificar qual a melhor opção em relação à qualidade (remoção de CECs) 

e quantidade do permeado: membrana A (MA): TiO2-P25 incorporado na etapa de preparação G (1% 

[MA-1], 2% [MA-2] e 3% [MA-3] [p/v]), e membrana B (MB): filme fino de TiO2-P25 revestido 

uniformemente sobre o superfície do filme G (camadas de revestimento: 3 [MB-1], 6 [MB-2] e 9 [MB-

3]). Após a deposição do catalisador e antes da etapa de pirólise, ar sintético foi forçado a passar pelos 

poros das membranas (de dentro para fora), formando um filme poroso. As membranas revestidas com 

filmes catalisadores MA-3 e MB-2, irradiadas com luz UVA, apresentaram a maior capacidade de 

remoção de CECs. Além disso, a taxa de redução do fluxo relativo (RFR) diminuiu em cerca de 45% na 

ausência de luz UVA, devido à incrustação da membrana. A combinação de filtração e oxidação (G-

TiO2-UVA) proporcionou um permeado com maior qualidade e minimizou a incrustação da membrana. 

Embora a MB permitisse um permeado com maior qualidade, a MA forneceu um fluxo de permeado 

maior. 

Posteriormente, um contator de membrana tubular porosa de borossilicato foi investigado como um CM 

para transferência de massa de gás ozono/água e remoção de CECs em água desmineralizada. O contato 

do gás ozono/água ocorre no lado externo da membrana, pois a corrente de ozono é alimentada pelo 

interior e permeia através dos poros, gerando microbolhas de ozono entregue de forma pseudo-uniforme 

à zona de reação anular onde circula a água contaminada a ser tratada. A água flui em torno da membrana 

e arrasta as microbolhas de O3 geradas. A membrana também é revestida com TiO2-P25 e a radiação 

pode ser fornecida externamente através de quatro lâmpadas UV. O desempenho do CM foi avaliado 

medindo o coeficiente volumétrico de transferência de massa (KLa) em modo contínuo a partir de um 

balanço de massa para O3 nas fases gasosa e líquida, considerando o pH e a temperatura (T) da água, a 

concentração de O3 no gás ([O3]G,entrada), e os caudais de líquido (QL) e gás (QG). O KLa variou de 3,5 a 
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9,0 min-1 (comparável a um sistema de injeção Venturi) para água com pH de 3,0 e temperatura de 20 ºC 

e melhorou com o aumento do caudal de gás (1,5 vezes quando o QG aumentou de 0,15 para 1,0 Ndm3 

min-1) e de líquido (2,0 vezes quando o QL aumentou de 20 para 50 L h-1), devido ao aumento da 

turbulência no lado externo da membrana e na zona anular. Em termos de resistência à transferência de 

massa, a camada limite da fase aquosa (1/kL) é a principal resistência fornecendo entre 53 e 76% da 

resistência total à transferência de massa, enquanto a contribuição da fase de membrana varia entre 24 e 

47%. A ozonização apresentou degradação satisfatória (>80% para 13 dos 19 CECs adicionados em 

água desmineralizada com concentração de 10 µg L-1) aplicando uma dose de ozono de 12 g m-3 (DT-O3 

= 4,3 g m-3) e um QL de 150 L h-1. A ozonização fotocatalítica (O3/UVC/TiO2) não melhorou 

significativamente o desempenho do tratamento devido ao baixo tempo de residência (3,9 s) e fluência 

de UVC (50 mJ cm-2) aplicado. 

Finalmente, o mesmo CM de ozono descrito acima foi aplicado para promover o tratamento terciário de 

ARU visando a remoção de CECs, desinfeção bacteriana e redução de toxicidade. Os testes de 

ozonização foram realizados em modo contínuo e curto tempo de residência (5,8 s) com amostras de 

ARU após tratamento secundário recolhido em diferentes estações do ano (inverno e verão) acrescida 

de uma mistura de 19 CECs (concentração inicial: 10 µg L-1 cada). Para uma dose de O3 de 18 g m-3, o 

melhor desempenho foi obtido aumentando a concentração de O3 ([O3]G,inlet máxima de 200 g Nm-3) e 

diminuindo o caudal de gás (QG mínima de 0,15 Ndm3 min-1), proporcionando o maior rendimento de 

transferência de ozono (88%) e, portanto, maior dose específica (g O3 por g de carbono orgânico 

dissolvido). Nessas condições, foram obtidas remoções >80% ou concentrações abaixo do limite de 

quantificação para 13 dos 19 CECs e reduções de até 5 unidades logarítmicas para bactérias 

heterotróficas totais e abaixo do limite de deteção para enterobactérias e enterococos. Testes incluindo 

uma dose de UVC de 0,10 kJ L-1 melhoraram a capacidade de desinfeção, mas não tiveram impacto na 

oxidação dos CECs. Após a ozonização, a abundância de bactérias resistentes a antibióticos foi reduzida, 

mas não eliminada, e foi observado crescimento microbiano após 3 dias de armazenamento. Nenhum 

efeito tóxico foi detetado em embriões de peixe-zebra usando um fator de diluição de 4 para a ARU 

ozonizada e se for aplicada uma etapa de adsorção com carvão ativado granular posteriormente, o fator 

de diluição diminui para 2. 
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SPG Shirasu porous glass 

TC Temperature controller 

TEM Transmission electron microscopy 

TM Temperature meter 

UF Ultrafiltration 

UPW Ultrapure water 

UWW Urban wastewater 

UWWTD Urban wastewater treatment directive 

UWWTP Wastewater treatment plant 

VB Valence band 

XPS X-ray photoelectron spectroscopy 

XRD X-ray powder diffraction 

Symbols 

d[O3]

dt
 

Variation of dissolved O3 concentration in water as a function of time (g m-

3 min-1) 

𝑛𝑖 Number of bubbles of diameter deq 

[CEC]t CECs concentration after a certain time (g dm-3) 

[CECs]0 CECs concentration in the feed liquid stream (g dm-3) 
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[O3
*] Ozone concentration in the liquid phase at saturation (g m-3) 

[O3] Dissolved ozone concentration at time t (g m-3) 

[O3]G,inlet Ozone concentration in the inlet gas stream (g Nm-3) 

[O3]G,outlet Ozone concentration in the outlet gas stream (g Nm-3) 

[O3]L Ozone concentration in the aqueous phase (g m-3) 

1/(kGH) Mass transfer resistance in the gas boundary layer (s m-1) 

1/KL Overall mass transfer resistance (s m-1) 

1/kL Mass transfer resistance in the liquid boundary layer (s m-1) 

1/kM Mass transfer resistance in the membrane matrix (s m-1) 

a Gas–water interfacial area per unit water volume (m-1) 

A Effective membrane area (m2) 

Ap Projected bubble area (mm2) 

B Form factor of the pore 

C Ozone concentration (mg L-1) 

CE Collision energy (V) 

Cf Salt concentration of the feed (µS cm-1) 

CFV Cross-flow velocity (cm s-1) 

Cp Salt concentration of the permeate (µS cm-1) 

Cthi Nominal concentration of thiosulfate (mol L-1) 

CV Cone voltage (V) 

d32 Sauter mean diameter (mm) 

DA-O3 Inlet ozone dose (g m-3) 

DC-O3 Consumed ozone dose (g m-3) 

deq Equivalent spherical bubble diameter (mm) 

DK Knudsen diffusion coefficient (m2 s-1) 

DM Effective diffusion coefficient of ozone in the membrane (m2 s-1) 

DO3 Diffusion coefficient of ozone in the gas phase (m2 s-1) 

dp Diameter of the largest pore (m) 

dpore Mean pore diameter (m) 

DT-O3 Transferred ozone dose (g m-3) 

DwO3 Diffusion coefficient of ozone in water (m2 s-1) 

f Correction factor for thiosulfate 

FRR Flux recovery ratio (%) 
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h Liquid height to corresponding level (mm) 

H Henry's constant 

h0 Liquid height without the presence of gas (mm) 

Ha Hatta number 

J Permeate flux (L m-2 h-1) 

J0 Permeate flux for ultrapure water filtration (L m-2 h-1) 

J210 Permeate flux after 210 min of reaction (L m-2 h-1) 

JCECs Permeate flux with CECs (L m-2 h-1) 

JCM Permeate flux of the membrane after cleaning (L m-2 h-1) 

kCEC Pseudo-first-order kinetic constant (min-1) 

kd Self-decomposition constant of ozone (s-1 or min-1) 

kG Mass transfer coefficients for the gaseous phase (m s-1) 

KL Overall mass transfer coefficient based on water phase (m s-1) 

kL Mass transfer coefficient in the water phase (m s-1) 

KLa Volumetric mass transfer coefficient based on water phase (s-1 or min-1) 

kM Mass transfer coefficient in the membrane (m s-1) 

kO3 Rate constant of the direct reaction between O3 and the pollutant (M-1 s-1) 

LEP Liquid entry pressure (kPa) 

LOD Limit of detection (CFU mL-1) 

LOQ Limit of quantification (µg L-1) 

m Mass of ozone (mg) 

M Molar mass of ozone (g mol-1) 

MO3 Molar mass of ozone (g mol-1) 

MTE Mass transfer efficiency (%) 

pHpzc Point of zero charge 

QG Gas flow rate (Ndm3 min-1) 

QL Volumetric water flow rate (L h-1) 

R Ideal gas constant (J K-1 mol-1) 

R (%) Salt rejection (%) 

R2 Coefficient of determination (%) 

Rc Cake layer height (mm) 

Re Reynolds number 

RFR Relative flux reduction ratio (%) 
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Chemical names 

(NH4)3BO3 Ammonium borate 

Al Aluminium 

Cu Copper 

H2O2 Hydrogen peroxide 

H2SO4 Sulfuric acid 

H3BO3 Boric acid 

KCl Potassium chloride 

KI Potassium iodide 

Mg Magnesium 

N2 Nitrogen 

Na2S2O3 Sodium thiosulfate 

NaCl Sodium chloride 

Rir Irreversible fouling ratio (%) 

Rr Reversible fouling ratio (%) 

RSD Relative standard deviation (%) 

RSM Roughness surface morphology (nm) 

S2
R Residual variance (µg2 L-2) 

T Temperature (ºC) 

t Experiment time (h) 

TMP Transmembrane pressure (bar) 

V Volume of the ozonised water sample (mL) 

Vthi Sodium thiosulfate volume (mL) 

Zi 
Maximum vertical distance between the highest and lowest data points in 

the image (nm) 

ΔpH Difference between final and initial pH value 

Δx Membrane thickness (mm) 

ε Porosity of the membrane (%) 

εG Gas holdup (%) 

τ Hydraulic residence time (s) 

τp Pore tortuosity 

ΦT Overall quantum yield 

𝑛 Number of samples 
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NaOH Sodium hydroxide 

O2 Oxygen 

O3 Ozone 

PDS Peroxydisulfate 

TiO2 Titanium dioxide 



 

 

 



 

 

1 Introduction 

This first chapter provides an overview of the occurrence of contaminants of emerging concern 

(CECs) in the environment, as well as treatment technologies focusing on membrane reactors. An 

exhaustive review of the technological advances and applicability of membrane photocatalytic 

reactor (PMR) and membrane contactor (MC) is given, where several studies were compared 

regarding their efficiency in the removal of CECs. The objectives and the thesis outline are also 

provided at the end of the chapter. 
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1.1 General context 

Urban wastewater treatment plants (UWWTPs) are the major hotspots for contaminants of emerging 

concern (CECs). CECs are chemical and biological substances that have been shown to negatively 

impact human health and/or environmental parameters but are not currently subject to EU water quality 

regulations. CECs may have harmful effects even at trace concentrations when they come into contact 

with organisms. For instance, disruption of the endocrine system may reduce fish reproduction, sublethal 

toxicity may reduce the abundance of invertebrates, and proliferation of antibiotic-resistant bacteria 

(ARB) and antibiotic-resistance genes (ARGs). Consequently, new approaches are required towards the 

One Water-One Health approach to reduce CECs&ARB&ARGs mass fluxes into the environment [1]. 

Water authorities are creating policy guidelines to encourage the use of new tertiary treatment 

technologies for urban wastewater (UWW) and to prevent the discharge of hazardous compounds to the 

aquatic environment to meet the world's limited freshwater supply and growing water demand. In order 

to comply with human health and environmental protection requirements, the European Directive 

2013/39/EU of August 12, 2013, amends Directives 2000/60/EC and 2008/105/EC, established 

guidelines for the monitoring and treatment of a group of 45 priority compounds. Likewise, in Decision 

2015/495 of March 20, 2015, the first watch list of 10 compounds or groups of substances of 

environmental concern for monitoring by the European Union was established. Furthermore, the 

European Parliament recently approved for the first time the minimum requirements at the European 

level for reclaimed water (i.e., UWW that has been treated in a reclamation plant) to be used for 

agricultural purposes, safely protecting people and the environment [2]. It is important to mention recent 

CEC-related publications in the Official Journal of the European Union, such as European Directive 

2013/39 (August 12, 2013) [3], European Decision 2018/840 (June 5, 2018) [4], and European Decision 

2020/1161 (August 4, 2020) [5]. In this sense, and in line with the circular economy action plan, the 

European Commission recently published a proposal for the new UWW treatment directive (UWWTD) 

[6] targeting new standards and limit values, including new requirements for CECs abatement in 

UWWTPs, and focusing on promoting the widespread reuse of treated UWW. 

In this context, several governments across the globe are investing more in upgrading UWWTPs with 

advanced treatment technologies [7]. The intrinsic poor biodegradability of many CECs places a cap on 

how well they can be removed using standard biological treatments [8]. As a result, advanced treatment 

technologies are needed, such as advanced oxidation processes (AOPs), ozonation, membrane filtration, 

and adsorption using activated carbon [9]. In order to maximize prospects for the removal of the broadest 

range of CECs, the current trend entails merging or integrating technologies. This is done by utilising 
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the advantages of each technology while minimizing the drawbacks of each one. It has been 

demonstrated that the simultaneous application of AOPs (e.g., H2O2/UV, O3/UV, O3/UV/H2O2, 

UV/H2O2/TiO2, persulfate AOPs, photo-Fenton, electrolysis/Fenton, electro-oxidation) is effective 

against bacteria and other microorganisms, toxic and persistent organic compounds [10-16]. In that same 

line, the most frequently integrated or combined technical methods for CECs removal at full/commercial 

scale are: (i) ozonation + adsorption with granular activated carbon; (ii) ozonation and biological active 

filters; (iii) membrane filtration (nanofiltration, reverse osmosis); and (iv) adsorption/ion-exchange [9]. 

While many CECs are successfully removed or degraded using these methods, it is also necessary to 

address the generation, behaviour, and end-of-life of the by-products produced by advanced oxidation 

technologies [17]. In some cases, the by-products generated are more harmful than the primary 

compounds. Another important point to highlight is the operating cost of the treatment technology. For 

example, the removal of CECs using membrane technology is effective, but it has significant operating 

costs (1.37–2.16 $ m–3), mainly associated with high energy consumption (0.8–1 kWh m–3) [18, 19]. 

Additionally, the retentate stream, where contaminants are concentrated, also needs to be treated. Hence, 

there is a growing need to develop and integrate water/wastewater treatment methods and datasets to 

better address the complexity of the water cycle and water resources management. 

1.2 Review framework 

This research drew data from works published in international journals regarding membrane processes 

used to remove CECs and their degradation products from water/wastewater. Membrane processes 

applied for the removal of the CECs are classified into three main categories: (i) pressure-driven 

membrane process (PMP); (ii) membrane contactor (MC); and (iii) membrane bioreactor (MBR). Since 

the first two were employed in this thesis, only they will be covered. The data were presented through 

tables and figures, and the main results were highlighted and discussed. 

Figure 1.1a presents the publications related to the various types of treatment techniques that have been 

studied for CECs removal. Membrane and adsorption technologies have received the highest attention 

compared to other techniques over the past 10 years. Moreover, works employing membrane 

technologies were also classified into three categories. The results show that a large majority of studies 

focused on PMP (79.3%) compared to the other categories (Figure 1.1b). 
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Figure 1.1. Publications related to different techniques used for the CECs removal by year in the period 2011–

2021 (a) and distribution of processes used in membrane technologies for the same period (b). Note: The results 

were obtained from the Scopus database using as keywords (abstract, title, keywords): “membrane” or 

“adsorption” or “biodegradation” or “AOPs” or “ozonation” and “wastewater”, or “water treatment”, and 

“contaminants of emerging concern”, or “emerging pollutants” and limited to the document type as research 

article. Whenever one of the categories was selected (membrane, adsorption, biodegradation, AOPs, ozonation), 

the others were set to "and not" to avoid overlapping papers. PMP – Pressure-driven membrane process; MBR – 

Membrane bioreactor; MC – Membrane contactor; AOPs – Advanced oxidation processes. 

1.3 Pressure-driven membrane process (PMP) 

Pressure-driven membrane process (PMP) is a separation technique widely applied in water and 

wastewater treatment. In PMP, water and low molecular weight (MW) solutes permeate through the 

membrane pores by applying a driving force (i.e., applied pressure), while suspended solids and high 

molecular weight solutes are rejected by the membrane [20]. The main advantages of PMP are: (i) high 

separation efficiency in a single stage; (ii) production of high-quality treated water; (iii) low or no 

chemical consumption; (iv) process with the automatic and continuous application; and (v) possibility 

of expansion by increasing the size of the system or by connecting membrane modules [20, 21]. 

The processes are commonly divided into four overlapping categories of increasing selectivity: 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). As the MW or 

size of the molecules of the compounds decreases, the membrane's pore size should be smaller, following 

the trend from MF through UF to NF/RO (Figure 1.2). As a result, the membranes become more resistant 

to mass transfer and consequently increasing the applied pressure (driving force) is required in order to 

maintain the same flow [22]. Therefore, the required transmembrane pressure (TMP) must be increased 

(MF: 0.1–5 μm, 1–10 bar; UF: 1–100 nm, 1–10 bar; NF: 0.5–10 nm, 10–30 bar; RO: <0.5 nm, 35–100 

bar) to provide the same flux [23]. Currently, each membrane type is used for a specific industrial 

application, such as MF and UF, which are typically used over a wide range of applications, such as 

pharmaceutical, food, and dairy industries, usually to separate high molecular components from low 
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molecular ones [24, 25]. NF and RO processes are often used for desalination and pure water production 

[26]. 

 
Figure 1.2. The applicability ranges of different membrane separation processes. Adapted from Madsen [27]. 

The membrane separation procedure can be carried out in either a cross-flow mode or a dead-end mode 

[23] (Figure 1.3). When operating in dead-end mode, the whole feed is processed by a membrane to 

create a filtrate (permeate). As a result, the concentration of the separated substances increases, 

eventually leading to the formation of a filter cake on the membrane surface, decreasing the filtration 

performance. Consequently, the dead-end method is inappropriate for most large-scale industrial 

applications [23]. On the other hand, in the cross-flow mode, the flow is applied tangentially across the 

membrane surface. As the feed flows across the membrane surface, filtrate passes through the membrane 

pores while concentrate accumulates at the opposite end of the membrane. Hence, the retained fraction, 

the fraction of the feed that has not been filtered, may be discarded or partially recycled into the feed 

tank. The major benefit of the cross-flow configuration is that it limits the deposition of fouling on the 

membrane surface since the feed flowing tangentially to the membrane partially eliminates the molecules 

and particles that have been deposited [28]. 
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Figure 1.3. Schematic representations of the cross-flow and dead-end modes and their impacts on the permeate 

flux (J) and cake layer height (RC). Note: RM – membrane resistance. Reprinted from Cui et al. [23]. 

Several lab-scale studies have been conducted to evaluate the removal of CECs using membrane 

methods [29-33]. Furthermore, this technique has already been implemented for the CECs rejection on 

a real scale, for instance, in water reclamation facilities and drinking water treatment plants [34, 35]. 

The membrane pore size plays an important role in CECs removal efficiency. For example, comparison 

research with UF and NF membranes focused on removing 38 different organic emerging contaminants 

from wastewater (pharmaceuticals, endocrine-disrupting chemicals, benzotriazoles, benzothiazoles, and 

perfluorinated compounds) showed that the greater removal of CECs by NF was mainly associated with 

its smaller pore size [36]. Furthermore, the removal efficiency of each compound depends on the 

molecular size (i.e., molecular weight or Stokes radius), charge, and hydrophobicity [37]. Kiso et al. 

[38] reported that hydrophobicity and solute molecular shape were essential factors for rejecting 

aromatic pesticides by NF membranes. 

Similarly, the removal efficiency for emerging contaminants is also highly dependent on the membrane 

material. For example, the removal of bisphenol A (BPA) from synthetic wastewater presented a much 

better performance using a polyamide-based membrane (≥98%) when compared to a cellulose acetate 

membrane (10–40%) [39]. This result was attributed to the structure of membrane skin and the nonpolar 

and hydrophobic character of many endocrine-disrupting compounds, which make them adsorbed by 

polymers. The same results were found for the retention of the pesticide dichloroaniline in NF 

membranes. The polyamide-based membrane showed better removals when compared to the cellulose 

acetate membrane [40]. 
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The matrix also strongly influences membrane rejection of CECs, especially due to possible interactions 

between CECs, water components, and membranes. Dolar et al. [41] investigated the effect of water 

matrixes (ultrapure water, model water, tap water, and real pharmaceutical wastewater) on the removal 

of sulfamethoxazole, trimethoprim, ciprofloxacin, dexamethasone and febantel using NF membranes. 

In general, the rejection of CECs was higher in model and tap water than in ultrapure water, but the 

water flux was lower. These results were assigned to the ion adsorption inside the membranes pores and 

the influence of natural organic matter (NOM). Espíndola et al. [42] also evaluated the effect of a UWW 

matrix for the removal of oxytetracycline (OTC) in a MF membrane doped with TiO2. The UWW matrix 

negatively affected the permeate flux and the removal of OTC, and this effect was attributed to (i) the 

existing contaminants (organic and inorganic matter) in the UWW matrix that is capable of inhibiting 

the rate of CECs removal; and (ii) the deposited/adsorbed pollutants onto the membrane surface. On the 

other hand, Sanches et al. [43] found that the rejection percentage obtained for hormones and pesticides 

tested (except for pentachlorophenol) were independent of the water matrix composition, even though 

the two natural water matrices evaluated (groundwater and surface water) were very different in terms 

of organic and inorganic composition. These results are consistent with data obtained by Nikbakht Fini 

et al. [44], who studied the effect of the water matrix on pesticide removal. By using different water 

matrices as the feed, the authors slightly enhanced pesticide rejection (from ~93.5% to 95.9%). 

According to them, this was associated with a higher pore-blocking effect due to the higher amounts of 

ions in the real groundwater samples, leading to a shortage of passageways for pesticide molecules. 

Furthermore, the electrostatic interaction between cations and negatively charged phenoxy acid 

herbicides could contribute to the formation of complexes with bigger molecular sizes, leading to higher 

observed rejection values. Consistent with the literature, a complete understanding of rejection 

mechanisms must be achieved, as real water matrices are very complex, and simultaneous effects on the 

removal of target compounds can occur. In addition to the parameters described above, the CECs 

removal in PMP is also influenced by other factors such as solution pH and concentration of 

contaminants [14, 15]. 

In wastewater recovery/reuse and drinking water treatment, membrane filtration processes can be used 

alone or as a combination of membranes in series to remove CECs. Table 1.1 shows an overview of 

several published studies and the following findings can be highlighted: 

1. The studies addressed the retention of different groups of CECs, such as pharmaceuticals, 

hormones, insecticides, herbicides, pesticides, heavy metals, and their possible metabolites in 

aquatic environments; 
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2. CECs concentrations varied from high values (mg L–1) [39] to more realistic values (ng L–1 or 

µg L–1) [45]. Studies that use high concentrations justify doing so to better assess the retention 

of compounds and the limiting effects of the filtration process [46]; 

3. NF has been the most used filtration process due to its ability to reject CECs; 

4. Flat sheet has been the most commonly applied membrane configuration; 

5. Different water matrices were used for the filtration processes; 

6. Although several membrane materials were investigated, polymeric membranes were the most 

evaluated; 

7. Some works highlighted that the UF was not able to eliminate the CECs completely; however, 

in other cases, removal efficiencies of more than 80% were observed for the UF process; 

8. In processes using NF membranes, the removal efficiencies are within a wide range (between 

1.8% and ≥99%) [38, 43]; 

9. In most studies, RO membrane showed rejection values above 80% for CECs, regardless of 

membrane material. 
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Table 1.1. An overview of a pressure-driven membrane process (PMP) applied to remove different contaminants of emerging concern (CECs). 

CECs 

Treatment Membrane 

Ref. Initial 

concentration 
Source* Removal range Material Configuration 

Pore 

size/MWCO** 

Separation 

type*** 

Atenolol, trimethoprim, sulfamethoxazole, 

carbamazepine, chloramphenicol 
1 mg L–1 SW/SC 23.6–83.2% Polyvinylidene difluoride (PVDF) Flat sheet  0.42 nm NF [47] 

Acetaminophen, caffeine, carbamazepine, 

ibuprofen, naproxen, phenacetine, 

phenazone, fenoprofen, gemfibrozil, 

ketoprofen, metronidazole, 

sulfamethoxazole, 17β estradiol, estrone, 

bisphenol A, 1,4-dioxane, 17α 

ethynilestradiol 

5–18 µg L–1 SW 22–96% Aromatic polyamide Flat sheet  1 nm NF [48] 

4-Amino-antipiryne, antipyrine, atenolol, 

benzafibrate, carbamazepine, ciprofloxacin, 

codeine, diclofenac, fenofibric acid, 

furosemide, gemfibrozil, 

hydrochlorothiazide, ibuprofen, iopamidol, 

iopromide, ketoprofen, metronidazole, n-

acetyl-4-amino-antipiryne, naproxen, n-

formyl-4-amino-antipiryne, nicotine, 

ofloxacin, pravastatin, primidone, ranitidine, 

sulfamethoxazole, trimethoprim, velafaxime 

0.12–5.8 µg L–1 UWW 11–95% Polyethersulfone/polyamide Flat sheet  150–300 Da UF/NF [45] 

Atenolol, carbamazepine, ciprofloxacin, 

citalopram, diclofenac, estrone, fluconazole, 

ibuprofen, imidacloprid, ketoconazole, 

losartan, metoprolol, naproxen, oxazepam, 

paracetamol, propranolol, sertraline 

sulfamethoxazole, tramadol, trimethoprim, 

venlafaxine 

0.01–37 µg L–1 UWW >93% Polysulfone Flat sheet  10 kDa UF [49] 

Acesulfame, 4-Methyl-1H-benzotriazole, 5-

Methyl-1H-benzotriazole, acesulfame, 

AMPA, carbamazepine, clarithromycin, 

diclofenac, EDTA, glyphosate, iomeprol, 

iopromide, metoprolol, sulfamethoxazol, 

TMDD 

0.2–13 µg L–1 UWW >99% Polyethersulphone Tubular 20 nm UF [50] 
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Table 1.1. An overview of a pressure-driven membrane process (PMP) applied to remove different contaminants of emerging concern (CECs) (continued). 

CECs 

Treatment Membrane 

Ref. Initial 

concentration 
Source* Removal range Material 

Configuratio

n 

Pore 

size/MWCO** 

Separation 

type*** 

Fenobucarb, propyzamide, chlorothalonil, 

isoxathion, tricyclazole, carbaryl, mefenacet, 

methyldymron, chloroneb, esprocarb, 

propiconazole 

0.5–1.5 mg L–1 SC 1.8–99% 
Poly(vinyl alcohol)/polyamide 

and Sulfonated polyethersulfone 
Flat sheet - NF [38] 

Bisphenol A 50 mg L–1 SC 
10–40% and 

>98% 
Polyamide and cellulose acetate  Flat sheet 200–300 Da NF/RO [39] 

Dichloroaniline  1–10 µg L–1 SC 10–95% Polyamide and cellulose acetate  Flat sheet 0.8–1 nm NF [40] 

Sulfamethoxazole, trimethoprim, 

ciprofloxacin, dexamethasone, febantel 
10 mg L–1 SC/TW/UWW 50–99.9% Polyamide Tubular 0.7–1.6 nm NF/RO [41] 

Atrazine, alachlor, pentachlorophenol, 

estrone, 17β-estradiol, 17α-ethinylestradiol, 

progesterone, estriol 

75–150 µg L–1 SW/GW 67.4–99.9% Polysulfone  Flat sheet 150–300 Da NF [43] 

2-methyl-4-chlorophenoxy acetic acid, 2-

methyl-4-chlorophenoxy propionic acid, 

2,6-dichlorobenzamide 

1 mg L–1 GW 30–99% Polyamide Flat sheet 100–400 Da NF/RO [44] 

Amoxicillin 30 mg L–1 SC 66–90% Polysulfone Flat sheet 30–50 nm UF [51] 

Atenolol, trimethoprim, sulpiride, 

primidone, carbamazepine, nalidixic acid, 

sulfamethoxazole, indomethacin 

50 µg L–1 SC 80–98% Polysulfone Flat sheet 0.4–0.5 nm NF [37] 

Diethyl phthalate, di-(2-ethylhexyl) 

phthalate, 2-methyl-1-propanol, 2-butenal, 

2-ethyl-1-hexanol, 1,3-dioxolane, 1-butanol, 

3-methyl-3-buten-1-ol, naphthalene, 2-

methylphenol 

0.8 mg L–1 UWW >82.5% Polyamide Flat sheet 100–400 Da NF/RO [52] 

Diclofenac, ibuprofen, zinc sulphate, zinc 

nitrate 
20 mg L-1 SC 40–98% Polyamide Tubular 80–400 Da NF [46] 

Note: *UWW – Wastewater; SC – Synthetic wastewater; TW – Tap water; SW – surface water; GW – groundwater; ** MWCO – Molecular weight cut-off; *** MF – microfiltration, UF – ultrafiltration, NF – nanofiltration, 

RO – reverse osmosis.  
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Despite all the advantages presented above for the PMP system, membrane fouling is the major barrier 

to the use of membrane separation technology. During the filtration process, particles, colloidal particles, 

or solute molecules from the wastewater deposit on the membrane surface and pores, which causes a 

decrease in membrane performance [20]. Membrane fouling is a serious problem in all PMPs, and pore 

blockage can be classified as reversible and irreversible [51]. Reversible fouling, which can be removed 

by rewashing, results from rejected contaminant molecules adhering to or depositing on the membrane's 

surface. Irreversible fouling is produced by a variety of substances that have a significant affinity for the 

membrane and is mostly eliminated by chemical washing or enzymatic degradation. Problems caused 

by fouling range from limiting membrane performance to reducing membrane life and even increasing 

cleaning costs [53]. Furthermore, it is worth noticing that PMPs are merely separation procedures, thus 

the contaminant is rejected and enriched towards a retentate stream. To enhance the quality and decrease 

the amount of retentate, the concentrate can be treated or hybrid systems like photocatalytic membrane 

reactors can be used [54]. 

1.3.1 Photocatalytic membrane reactor (PMR) 

The heterogeneous photocatalytic process involves photo-exciting a semiconductor catalyst by 

absorbing photons with energy equal to or greater than its bandgap, resulting in the creation of an 

electron-hole pair. Photocatalytic oxidation of CECs is initiated by reactive species such as 𝑂2
−•, ℎ+, and 

OH•. Basically, when the TiO2 film, for example, is exposed to light, the electrons located in the valence 

band (VB) of TiO2 were excited (e–
CB) to the conduction band (CB) with the formation of positive holes 

(ℎ+
VB) (Equation (1.1)). 

𝑇𝑖𝑂2 + ℎ𝜈 → 𝑇𝑖𝑂2(𝑒𝐶𝐵
− ) + 𝑇𝑖𝑂2(ℎ𝑉𝐵

+ ) (1.1) 

Furthermore, ℎ+
VB is able to react with hydroxide (or water) to form hydroxyl radicals, which are 

powerful reactive oxygen species able to degrade CEC molecules (Equation (1.2)). Simultaneously, 

reactive h+
VB also oxidizes CEC directly. 

𝑇𝑖𝑂2(ℎ𝑉𝐵
+ ) +  𝐻2𝑂 →  𝐻+ + 𝑂𝐻• (1.2) 

Photocatalytic membrane reactor (PMR) are hybrid reactors that combine membrane filtration and 

photocatalytic oxidation [55]. In PMR, the photocatalyst can be deposited on the membrane (nano-

engineered membranes - NEM) or suspended in the reaction water. In both configurations, the membrane 

serves as a barrier to contaminants, allowing only the permeation of small molecules and water through 

its pores. The NEM, in the coated-catalyst configuration, is tasked with effecting in-situ 

oxidation/reduction of contaminants, thereby elevating the antifouling characteristics of the membrane 
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and the quality of the permeate and retentate. On the other hand, in the suspended catalyst configuration, 

the membrane serves as a physical barrier against photocatalyst particles and organic molecules. Hence, 

the PMR enable the slurry-type reactor to operate continuously without losing any photocatalyst particles 

and to control the water residence time [56]. It is noteworthy that slurry systems generally have a greater 

catalyst surface area available for the adsorption and oxidation of CECs, resulting in higher rates of 

contaminant degradation. However, these systems also experience a greater decline in permeate flux. In 

summary, in the first configuration, oxidation by hydroxyl radicals occurs on the outer surface or within 

the membrane's pores, while contaminants permeate in a one-pass stream. In the second configuration, 

the oxidation process usually takes place in the feed tank. 

The literature has already extensively addressed the photocatalytic oxidation of organic molecules in 

water and wastewater [57-63]. In the same sense, the generation of highly reactive species on the 

membrane surface is able to: (i) enhance membrane permeability and hydrophilicity; and (ii) improve 

the antifouling membrane properties through oxidation of organic molecules and microbiota adsorbed 

onto the membrane surface and blocking the membrane pores, leading to a higher and more constant 

permeate flux and a concentrate with higher quality [64-67]. Additionally, CECs are forced toward the 

membrane surface, increasing their concentration near the liquid/catalyst interface and boosting the 

reaction rate. 

1.3.1.1 Effect of photocatalyst type and characteristics of CECs on their removal 

Several studies already reported the combination of photocatalysis with different categories of PMP, 

such as MF [42, 68-70], UF [71-75], NF [76-79], and RO [80-82]. Furthermore, different 

semiconducting metal oxides (ZnO [83], CeO2 [84], SnO2 [85], WO3 [86], ZrO2 [75], Fe2O3 [87], and 

TiO2 [42]) can be used to oxidize the organic compounds present in the wastewater and eventually 

mineralize them into carbon dioxide, water and mineral acids (Table 1.2). Due to its great oxidizing 

capacity (3.2 eV), straightforward and inexpensive production, chemical and photochemical stability, 

and non-toxicity, TiO2 is the most investigated photocatalytic material, either alone or in codoping with 

another semiconductor [88]. Photocatalysts can be deposited on the membrane surface to create 

photocatalytic membranes. This can be done using a variety of processes, including electrospinning [89], 

electrospraying [90], magnetron sputtering [79], dip-coating [14], and chemical vapor deposition (CVD) 

[91]. The main deposition techniques used in the preparation of photocatalytic membranes are 

summarized in Table 1.2. 

Liu et al. [92] proposed a method that involves depositing ZnIn2S on the membrane surface in order to 

simultaneously increase photocatalytic activity and decrease membrane fouling (Figure 1.4). The 
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removal efficiencies for fluvastatin (97.19%) and TOC (53.29%) were much higher than those of the 

pure PVDF membrane, demonstrating the superior photocatalytic activity of ZnIn2S membrane and 

antifouling properties. 

 
Figure 1.4. Fluvastatin removal mechanism by a dynamic photocatalytic membrane under irradiation. Reprinted 

from Liu et al. [92]. 

Lv et al. [93] created a simple biomimetic mineralization technique to construct a self-cleaning 

photocatalytic NF membrane for wastewater treatment. In this process, a 

polydopamine/polyethyleneimine intermediate layer is fabricated on an UF membrane using a co-

deposition method followed by biomimetic mineralization of a photocatalytic layer composed of β-

FeOOH nanorods. Under visible light, the β-FeOOH layer showed effective photocatalytic activity for 

the degradation of organic dyes through the photo-Fenton reaction with hydrogen peroxide. The 

photocatalytic membrane showed effective filtration performance and self-cleaning ability. 

In general, as catalyst loading is increased, the catalyst's surface area grows. This improves the catalyst's 

adsorption capacity and degradation efficiency, which reduces membrane fouling. Alem et al. [94] 

examined the photocatalytic efficiency of membranes made from TiO2/α-Al2O3 using the sol-gel 

method. According to the researchers, a multi-layered membrane has much more photoactivity than a 

single-layer membrane. Based on methyl orange removal, the photoactivity of the TiO2 membrane was 

assessed at 41.9% for the multilayer membrane and 27.1% for the single-layer membrane after 9 hours 

of UV exposure. In contrast, Ahmad et al. [95] demonstrated that adding more layers of TiO2 coating to 

membrane support reduces water permeability and increases fouling rates even when exposed to UV 

radiation (Figure 1.5). The authors explain that this result may be associated with several factors, 

including the rise in internal recombination of the TiO2 layer and the aggregation of photocatalyst 

particles that prevent light penetration. 
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Figure 1.5. Effect of multilayer coatings on membrane fouling. Reprinted from Ahmad et al. [95]. 

Although semiconductors, such as TiO2-P25, can be anchored on membranes to improve their 

performance (NEM) [42, 96], the high recombination rate of photogenerated e-/h+ is a significant 

drawback [97]. Graphene (G) is a single layer of a hexagonal carbon network showing a high surface 

area with delocalization of π electrons, boosting the charge carrier's separation in photocatalytic 

reactions. Furthermore, due to their superior adsorptive and photocatalytic capabilities, which allow for 

the removal and destruction of hazardous CECs, nanomaterials like G and metal-based nanoparticles in 

water treatment have shown promise [98]. The recombination of e–
CB and ℎ+

VB would occur immediately 

without an acceptor. Therefore, the suppression of recombination of charge carriers is the key to 

enhancing the photocatalytic activity of semiconductor photocatalysts [99]. Nanomaterials that combine 

carbon and semiconductor photocatalysts could potentially offer desirable efficiency for separating 

electron-hole pairs. Because the Fermi energy of G is lower than the CB of TiO2, the G can act as a sink 

for the photogenerated electrons. 

The formation of C-Ti bond improves the transfer efficiency of e–
CB from TiO2 to graphene, inhibiting 

the recombination and prolonging the life times of separated carriers (Equation (1.3)). 

𝐺‑𝑇𝑖𝑂2(𝑒𝐶𝐵
− ) →  𝐺(𝑒𝐶𝐵

− )‑𝑇𝑖𝑂2 (1.3) 

The electrons in the CB of TiO2 would react with the dissolved oxygen in the aqueous medium to 

produce a large number of O2
• – to degrade the CECs (Equation (1.4)). 

𝐺(𝑒𝐶𝐵
− ) + 𝑂2 → 𝐺 +  𝑂2

•− (1.4) 
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G-based TiO2 membrane for CECs removal has recently been reported elsewhere [100-102]. Almeida 

et al. [103] reported TiO2/graphene oxide (GO) nanocomposite immobilized into poly(vinylidene 

difluoride-co-trifluoroethylene) (P(VDF-TrFE)) fibres, showing high oxidation rates for methylene blue. 

Rao et al. [87] fabricated a flat membrane interconnecting TiO2 nanowires, Fe2O3 nanoparticles, and GO 

sheets for the removal of humic acids from water. The impregnation of GO-TiO2 in ceramic membranes 

was able to remove 5 different organic compounds from 32 to 99% [104]. 

It is important to note that the mechanisms of CECs removal during treatment with photocatalytic 

membranes may be due to (Figure 1.6): (i) size exclusion; (ii) adsorption; (iii) hydrophobic interactions; 

(iv) electrostatic interactions; and (v) photocatalytic oxidation under irradiation [55, 105]. 

 
Figure 1.6. Removal mechanism of CECs removal during membrane separation. (a) Size exclusion; (b) 

Hydrophobic interaction; (c) Electrostatic interaction; (d) Adsorption. Note: MPs – organic micropollutants. 

Reprinted from Khanzada et al. [106]. 

Some authors report that adsorption and size exclusion are the main removal mechanisms for PMR [55, 

106]. According to Rani et al. [55], the initial removals of CECs in photocatalytic UF membranes are 

linked to adsorption, and after equilibrium is reached, other mechanisms will act for the removal of 

CECs. Moreover, it is further noted that for size exclusion, the size of CECs is not only based on their 

molecular weight but also on molecular length and width, and this mechanism was also observed in 

uncharged CECs [107]. 

The adsorption and size exclusion phenomena are further impacted by the hydrophobic and hydrophilic 

interaction of CECs with the membrane surface, which are a log Kow function [107]. For example, CECs 
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with log Kow > 2.5 are highly hydrophobic [55]. Furthermore, due to electrostatic interactions, the charge 

of CECs also influences their adsorption on the membrane surface. 

Fernández et al. [108] studied the photocatalytic degradation of 33 trace organics contaminants 

(including drugs, analgesics, antibiotics, surfactants, or herbicides). According to the findings of this 

study, 14 CECs showed 50-88% degradation after 1 h of reaction, while 18 compounds disappeared 

utterly. The flame-retardant tris(2-chloroethyl) phosphate (TCEP) was not removed. In general, the 

higher log Kow value resulted in a higher level of adsorption on the PVDF membrane, where highly 

retained compounds are hydrophobic (log Kow > 4), while hydrophilic compounds were less or not 

retained. 

As with PMPs, PMRs are also influenced by the water matrix. Sarasidis et al. [71] explored diclofenac 

removal on a laboratory scale employing a hybrid TiO2/UVA catalysis UF process. The results show 

excellent system performance (maximum diclofenac removal of ∼99.5% and mineralization of ∼69%). 

Nonetheless, the variation in removal efficiencies found for the different water matrices (ultrapure water, 

tap water, and groundwater) highlights the significance of feedwater properties. 

1.3.1.2 Effect of membrane properties on CECs removal 

Another important factor for PMR is the selection of the most suitable substrate support (membrane), 

which must include high specific surface area, high abrasion, chemical resistance, high stability against 

photolysis and reactivity with reactive oxygen species (ROS) [109]. The substrate materials must have 

a physical structure that facilitates liquid-solid separation and junctions between the substrate and 

photocatalyst, which must be able to withstand the strain from interactions between particles and fluid 

mechanics. Other factors to consider when selecting the best membrane substrate are pore size or 

molecular weight cut-off (MWCO), zeta potential, contact angle, and roughness [55]. Materials such as 

alumina, polyvinylidene fluoride (PVDF), poly(sulfone) (PSF), poly(ethersulfone) (PES), 

poly(acrylonitrile) (PAN), and stainless steel are used as substrate materials to prepare photocatalytic 

membranes to be used in PMR [110-114]. 

Polymeric membranes have been extensively employed in PMR because they are readily accessible, 

generally inexpensive, and come in a variety of pore diameters. For example, Lotfi et al. [115] showed 

good results in the removal of steroid hormones in a continuous polyethersulfone–titanium dioxide 

(PES–TiO2) photocatalytic membrane reactor. This efficiency is a result of the nanoscale size of the 

membrane, which offers a large surface area and enhances the interaction between the radicals and CECs 

molecules. However, the majority of polymeric membranes are constrained by one or more working 

parameters (such as pH, temperature, pressure, and chlorine tolerance), which limits the range of their 
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potential uses [23]. Rani et al. [55] also cited in their review a low resistance to UV light and the 

destruction of membrane structure due to hydroxyl radicals. Dzinun et al. [116] suggested that UV 

irradiation has some effect on the stability of the TiO2/PVDF membrane after 30 days of exposure due 

to the appearance of cracks. On the other hand, inorganic membranes, including those made of γ-

alumina/α-alumina, borosilicate glass, pyrolyzed carbon, zirconia, or stainless steel, are very resistant to 

even the most severe working conditions (chemical resistance, thermal stability, low chemical demand, 

low cleaning frequency, and longer lifetime) [117-119]. This technology is crucial for photocatalytic 

membranes because membranes manufactured from these materials are stable at the elevated 

temperatures required for CVD, fixing semiconductors by heat treatment and transforming the 

amorphous TiO2 precursor into the anatase phase [91]. 

Starr et al. [120] evaluated two different deposition methods, layer-by-layer and plasma-enhanced CVD, 

for coating TiO2 nanoparticles on the ceramic membrane surface. A comparison of the photocatalytic 

efficiency of the two types of coating shows that the layer-by-layer coated membrane has significantly 

greater photocatalytic activity than the plasma-enhanced CVD membrane. The type of membrane 

material was a key factor as both impregnation methodologies employed heat treatment with 

temperatures between 300 and 500 °C. Other studies also presented works with ceramic membranes 

[117-119]. 

In turn, due to the possibility of working as filters and anodes, photoelectrocatalytic membranes have 

arisen as a promising approach for wastewater remediation without the need to add chemicals. Diverse 

inorganic membrane materials have been endowed with electrical conductivity by their doping with 

composites such as ZnO, TiO2, either alone or mixed with carbon, sulphur or boron [87, 121, 122]. Once 

the membrane anode is electrified, the generated charge carriers promote the electrochemical generation 

of reactive oxygen species able to degrade the CECs and, at the same time, results in the decomposition 

of H2O into O2 and H2, which induce gas and liquid microflows reducing concentration polarization and 

membrane fouling. Although the synthesis of photo-catalytic/electrocatalytic membranes is still at a 

primitive stage, it appears to be a promising approach for wastewater remediation. Kumari et al. [123] 

proposed a macroporous photoelectrocatalytic membrane prepared using stainless steel metallic 

membrane coated with TiO2 and ZnO via atomic layer deposition. In cross-flow reactors, the 

photoelectrocatalytic efficacy of membranes has been proven for the degradation of methylene blue, 

phenol, paracetamol, and atrazine. These membranes offered higher degradation kinetic factors of 2.9 

and 2.3 compared to photocatalysis and electrocatalysis, respectively. 
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1.3.1.3 Self-cleaning property of PMR 

Fouling is a process that causes a membrane to lose performance due to the deposition of suspended or 

dissolved materials onto its filtration surface [124]. Simply pausing filtration will not eliminate scale 

and is often the main limitation for the application of membranes in wastewater treatment. In general, 

according to Cui et al. [23], fouling mechanisms for porous membranes can be divided into four 

categories: (i) complete pore blocking; (ii) internal pore blocking; (iii) partial pore blocking; and (iv) 

cake filtration. Moreover, as seen in Section 1.3, fouling can be classified into reversible and irreversible. 

In PMR, the action of the photocatalyst with UV irradiation decreases membrane fouling and increases 

the permeate flux. According to Ma et al. [122], the Si-doped TiO2/Al2O3 composite membrane had 

higher permeability to pure water than the membrane that had not been exposed to UV irradiation. 

Moreover, in experiments containing dye wastewater, the membrane flux with UV illumination was 

increased by approximately 30% after 4 h running, compared with that without UV (Figure 1.7). 

 
Figure 1.7. (a) Water purification experiment for Reactive Red ED-2B solution flow treatment with inlet 

concentration of 50 mg L-1; (b) antifouling properties of Si-doped TiO2 composite membrane. Reprinted from Ma 

et al. [122]. 

Similarly, Song et al. [125] studied membranes composed of polyvinylidene fluoride–PVDF doped with 

polyethylene glycol–PEG and TiO2 in the presence of UV irradiation. The authors reported a flux decline 
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of 61% on PVDF–PEG membrane (without TiO2), 56% without UV irradiation (PVDF–PEG–TiO2), 

and only 28% with UV irradiation (PVDF–PEG–TiO2) after 100 min of filtration. The flow of the 

PVDF–PEG–TiO2 membrane, which was exposed to UV light, stabilized after a 20-minute filtering trial. 

Therefore, an efficient UV or solar radiation design must be used to scale up and execute integrated 

photocatalytic membrane processes. This is shown by the fact that membrane fouling was decreased 

when adequate irradiation was provided to the photocatalyst [55]. 
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Table 1.2. Studies on photocatalytic membrane reactor (PMR) identifying CECs or dye removed considering treatment and membrane characteristics. 

CECs 

Treatment Membrane 

Ref. Initial 

concentration 
Source* 

Removal 

range 
Photocatalyst 

Fabrication 

method 
Material Configuration 

Separation 

type 

Di-n-butyl phthalate, 

di(2-ethylhexyl) 

phthalate, cephalexin, 

sulfamethoxazole, 

caffeine 

- UWW 4–99% G-TiO2 Dip-coating Alumina Tubular MF [104] 

Ibuprofen - SC 20–50% ZnO 
Phase Inversion 

Method 

Polyvinylidene fluoride 

(PVDF) 
Flat UF [83] 

Tetracycline and humic 

acid 
20 mg L–1 SC >80% Bi2WO6/CeO2 

Phase inversion 

method 

Polyvinylidene fluoride 

(PVDF) and 

nanocomposite were 

grafted 

Flat UF [84] 

Pharmaceutical 

wastewater 
- UWW 90% ZrO2–SnO2 Sol–gel method Polysulfone (PSF) Flat - [85] 

Rhodamine B 7 mg L–1 SC 70.8% Ti3C2/WO3 
Directly vacuum 

filtration 

Polyvinylidene fluoride 

(PVDF) 
Flat UF [86] 

Oxytetracycline 5 mg L–1 UWW/SC >90% TiO2 Dip-coating Alumina Tubular MF [42] 

Methyl blue, methyl 

orange, Congo red, and 

rhodamine B 

20 mg L–1 SC 31–99.6% β-FeOOH 

Co-deposition 

method followed 

by mineralization 

of a photocatalytic 

layer 

Polyacrylonitrile (PAN) Flat UF/NF [93] 

Fluvastatin 10 mg L–1 SC 60–97.19% ZnIn2S4 

Phase inversion 

method and dead-

end filtration 

Polyvinylidene fluoride 

(PVDF) 
Flat UF [92] 

Methyl orange 5 mg L–1 SC 27.1–41.9 TiO2 
Sol-gel preparation 

and dip-coating 
α-Alumina Flat UF [94] 

Methylene blue, 

phenol, paracetamol 

and atrazine 

5–25 mg L–1 SC >90% TiO2/ZnO 
Atomic layer 

deposition 
Stainless steel Flat MF [123] 
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Table 1.2. Studies on photocatalytic membrane reactor (PMR) identifying CECs or dye removed considering treatment and membrane characteristics (continued). 

CECs 

Treatment Membrane 

Ref. Initial 

concentration 
Source* 

Removal 

range 
Photocatalyst 

Fabrication 

method 
Material Configuration 

Separation 

type 

Methylene blue and 

methyl orange 
2–6.4 mg L–1 SC 2–57% GO-TiO2 Dip-coating γ-Alumina Tubular UF [118] 

Cimetidine, 

sulfamethoxazole, 

propranolol, 

acetaminophen 

10 µM SC 40–90% TiO2 Electrospinning 
Polyvinylidene fluoride 

(PVDF) 
Flat UF [126] 

Carbamazepine, 

diclofenac, iopromide, 

gemfibrozil, 

metoprolol, 

sulfamethoxazole, 

trimethoprim and 

warfarin 

0.2–0.4 mg L–1 GW/UWW 70–90% TiO2 
Co-extrusion 

technique 

Polyvinylidene fluoride 

(PVDF) 
Tubular UF [127] 

Congo red 0.1 g L–1 SC ~95% TiO2 Spin-coated Alumina Flat UF [95] 

Carbamazepine 1 mg L–1 SC/SW ~75% N-doped TiO2 Sol-gel method α-Alumina Flat MF [128] 

Ciprofloxacin 10 mg L–1 SC 26.26–59.95% 

Reduced 

graphene oxide 

– Bi2WO6 

Double-layer 

coating method 

Polyvinylidene fluoride 

(PVDF) 
Flat MF [129] 

Carbamazepine, 

venlafaxine, fluoxetine, 

atenolol, 

sulfamethoxazole, 

ibuprofen, atorvastatin, 

naproxen, triclosan, 

triclocarban, 

carbamazepine-10,11-

epoxide, norfluoxetine, 

p-hydroxy atorvastatin, 

o-hydroxy atorvastatin 

2 µg L–1 SC 15–72% TiO2 

Dip-coating and 

thermal-chemical 

oxidation 

Quartz fibre filters and 

porous titanium sheets 
Flat MF [130] 

Oestradiol, oestrone, 

progesterone and 

testosterone 

50 ng L–1–

1 mg L–1 
SC 33–80% TiO2 Dip-coating Polyethersulfone (PES) Flat MF [115] 
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Table 1.2. Studies on photocatalytic membrane reactor (PMR) identifying CECs or dye removed considering treatment and membrane characteristics (continued). 

CECs 

Treatment Membrane 

Ref. Initial 

concentration 
Source* 

Removal 

range 
Photocatalyst 

Fabrication 

method 
Material Configuration 

Separation 

type 

Estrone, 17β-estradiol, 

progesterone, 

testosterone 

50 ng L-1 SC 5–80% Pd(II)-porphyrin Adsorption 
Polyvinylidene fluoride 

(PVDF) 
Flat MF [131] 

Rhodamine B 10 µM SC ~90% 
Poly(phenylene 

butadiynylene) 
Phase inversion Polysulfone (PSF) Flat NF [78] 

Bisphenol A 10 mg L–1 SC ~90% Fe-doped TiO2 
Interfacial 

polymerization 
Polysulfone (PSF) Flat UF [105] 

Methylene blue and 

chlorhexidine 

digluconate 

35–

1000 mg L–1 
SC 30–40% TiO2 Sol-gel method 

Polyethersulfone (PES) 

and polyvinyl-

chloride/polyacrylonitile 

(PVC/PAN) 

Hollow fibre UF [132] 

Ibuprofen 10 mg L–1 SC ~86% TiO2 Electrodeposition Polysulfone (PSF) Flat UF [133] 

17β-estradiol, estrone, 

testosterone and 

progesterone 

100 ng L–1 SC 15–90% 
Pd, Zn, Mn-

porphyrins 
Impregnation 

Polyvinylidene fluoride 

(PVDF) 
Flat UF [134] 

Note: *UWW – Wastewater; SC – Synthetic wastewater; SW – surface water; GW – groundwater. 
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1.3.2 Pressure-driven membrane process and graphene film for water desalination 

Another application for PMP is in water desalination. Technologies aimed at the desalination of sea and 

brackish water are crucial for meeting future demand and improving drinking water quality. In this 

context, among the various technologies employed, continuous G films together with PMP can serve to 

develop the ultimate membranes for water desalination since the one-atom thickness represents the 

physical zero-depth limit for any membrane [135, 136]. The major advantages of continuous G as a 

membrane that would be used as a disruptive technology are its high mechanical strength, high elasticity 

and wide range of chemical stability. Adequate porosity on the G sheet should allow to combine a high 

flux due to the zero depth and high solute removal [137, 138]. On the other hand, the main barriers that 

limit the general application of desalination technologies to produce fresh water are the high pressures 

required to overcome osmotic pressure and low permeate fluxes, resulting in a high energy consumption. 

These limitations are closely related to the development of more efficient strong continuous membranes 

that withstands high pressures and exhibits a high salt rejection rate. 

Kim et al. [139] deposited GO nanosheets followed by amino GO nanosheets on the surface of amino 

polyethersulfone (PES) membrane. The obtained membrane exhibits a good salt rejection of 98% for a 

water flux of 28 L m-2 h-1 at a pressure of 55 bar. Also, Cohen-Tanugi et al. [140] reported theoretical 

studies based on classical molecular dynamics simulations on the behaviour of multilayer graphene 

membrane for desalination. Their study on models varying the number of overlapped holey graphene 

layers concluded that a ~ 200 nm thick nanoporous multilayer graphene membrane should have rejection 

efficiency and permeate flux like those of a single-layer graphene membrane. 

1.4 Membrane contactor (MC) 

Membrane contactor (MC) are suitable modules that can aid in the transfer of a constituent between 

gas/liquid (GLMC) or liquid/liquid (LLMC) phases and are often used in environmental processes [141] 

(Figure 1.8). Contrary to the basic principles of separation membranes, MCs do not offer any selectivity, 

working just as a convenient barrier between the two phases, keeping them separated and allowing their 

contact in a large (as compared to volume) and well-defined interfacial area [142]. As with any 

technology, MCs have both advantages and disadvantages [141, 143]. The advantages are: (i) higher 

interfacial area; (ii) higher mass transfer; (iii) operating flexibility; (iv) scale-up simplicity; (v) compact 

structure; (vi) operation with low-pressure drops; (vii) overall higher efficiency. On the other hand, the 

disadvantages are: (i) mass-transfer resistance from the membrane itself; (ii) the membrane lifespan. 
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Figure 1.8. Schematic diagram of (a) gas/liquid membrane contactor (GLMC) and (b) liquid/liquid membrane 

contactor (LLMC). Note: P – Pressure. Modified from Bazhenov et al. [144]. 

1.4.1 Gas/liquid membrane contactor (GLMC) 

A reliable technology called a gas-liquid membrane contactor (GLMC) has long been used in post-

combustion plants and the petrochemical industry to remove acid gases, mainly CO2 [144, 145]. 

Recently, a particularly intriguing approach for treating water has also been the use of GLMC for ozone 

diffusion [146-148]. The focus of this dissertation is to evaluate GLMC in ozonation processes. 

Therefore, only this category of contactors will be discussed in this section. 

Ozonation is a technique most successfully applied in several fields of water/wastewater treatment [149], 

such as disinfection [150, 151], oxidation of CECs [152-155], and removal of colour, odour, and taste 

[156]. A major obstacle to the broader use of O3 technology is the relatively high energy consumption 

(around 7.2 to 12.3 kW/kg O3) [149], rather large footprint treatment unit, and operational issues related 

to the dispersion of ozone gas in water. GLMC is an emerging alternative to traditional O3 injection 

methods, such as fine bubble diffusers, for which O3-liquid transport is a rate-limiting factor due to the 

size and distribution of O3 bubbles. While the principles of direct gas-liquid mass transfer of O3 into the 

aqueous phase are well understood, bubbling methods bear several disadvantages, such as locally 

inaccurate O3 dosages due to short-circuiting, low ozone mass transfer rates from gas to liquid phase, 

foam formation in treatment reactors, bubble coalescence and uneconomic off-gas recovery (mainly O2) 

[149]. Moreover, conventional ozonation systems result in the need to use deeper tanks to obtain a higher 

dissolution efficiency of ozone gas into the water, as also as unconsumed/unreacted ozone losses and, 

consequently, higher operational costs and footprints. 

Compared to traditional contactors, GLMC has the following advantages [157-161]: (i) the specific 

surface area of MC is much higher than in conventional contactors and may result in a higher volumetric 

mass transfer coefficient (KLa); (ii) microscale bubble operation that prevents foaming phenomena; (iii) 
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greater control on the dosing of ozone to the water; (iv) reduced losses of unreacted ozone; (v) scale-up 

to almost any size is easily possible by adding modules of the same type and size without losing transfer 

efficiency since a constant O3 concentration can be established at the gas/liquid interface. Also, no 

changes in the specific energy dissipation are caused, which is crucial in the scale-up of direct gas 

reactors, and membrane reactors have a small footprint. Table 1.3 compares the characteristics between 

the GLMC and some conventional contactors. The membranes can be used in small cross-section 

contactors with high linear flow rates, resulting in compact units with good plug-flow characteristics. 

Ozone membrane contactors offer potential economic benefits such as increased ozone transfer 

efficiencies and reduced energy requirements when compared to traditional processes. 

Table 1.3. Comparison of some traditional contactors versus membrane contactor (MC) [162]. 

Contactor type 
Surface area 

(m2/m3) 

Mass transfer coefficient (KLa) 

(min–1) 

Gas/liquid flow ratio 

(%) 

Bubble column 50 – 600 0.3 – 7.2 60 – 98 

Packed column 10 – 350 0.02 – 4.2 2 – 25 

Venturi 150 – 2500 4.8 – 15 5 – 30 

Membrane contactor 

(MC) 
1000 – 10000 3 – 30 1 – 99 

The GLMC may be operated in several different configurations, including flat sheet [148, 163], hollow 

fibre [164, 165], and tubular [166] membrane modules. Membrane resistance to ozone is one important 

point to be considered in the selection of the membrane material. Mori et al. [167] studied ozone 

resistance of various organic materials for hollow fibre membranes, for example, polyethylene (PE), 

polyvinylidene fluoride (PVDF), and polytetrafluorethylene (PTFE), and reported that the ozone 

resistance was in the following order: PTFE > PVDF > PE. In this same sense, for the ozonation of dye 

wastewater, Bamperng et al. [168] compared the efficiency of a MC with a PVDF or PTFE membrane. 

The findings showed that PTFE had higher stability since its performance was only slightly reduced. On 

the other hand, a 30% reduction in the performance was observed for the PVDF membrane. Other studies 

also demonstrated the applicability of ceramic, borosilicate glass, and stainless-steel membranes in 

ozonation [169, 170]. 

1.4.1.1 Mass transfer in GLMC 

Gas-liquid mass transfer in a GLMC is divided into various steps, as described by Bamperng et al. [168] 

(Figure 1.9). Firstly, there is the gas diffusion from the bulk to the interface between the gas phase and 

the membrane surface. Secondly, the transport of gas through the membrane pores. And finally, the 

dissolution of a gas component into a liquid with or without the reaction. 
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Figure 1.9. Mass transfer regions and resistance-in-series in gas/liquid membrane contactor. Note: Ci – dissolved 

gases concentrations; 1/(kGH), 1/kM, and 1/kL are the mass transfer resistances in the gas boundary layer, membrane 

matrix, and liquid boundary layer, respectively. Adapted from Schmitt et al. [161]. 

Utilizing the resistance-in-series model, the mass transfer mechanism in the GLMC process can also be 

stated as Equation (1.5): 

where KL is the overall mass transfer coefficient based liquid phase (m/s); kG, kM, and kL are the individual 

mass transfer coefficients of the gas phase, membrane, and liquid phase, respectively. 1/(kGH), 1/kM, and 

1/kL are the mass transfer resistances in the gas boundary layer, membrane matrix, and liquid boundary 

layer, respectively. H represents Henry’s constant. It is important to highlight that there are a number of 

notations and variants in studies to characterize series resistances in GLMC, depending on the 

assumptions used, such as neglecting gas-side resistance [168], neglecting gas-side and membrane 

resistance [171, 172], or accounting for all contributions [173]. 

It's also crucial to remember that while the passage of gas through dry pores has a minimal impact on 

the membrane resistance, the entry of water into the pores causes this resistance to grow [172, 174]. 

Hence, an additional resistance for wet pores can be optionally included in Equation (1.5). Consequently, 

the TMP must be higher to overcome this resistance created by a stagnant film that interferes with 

transfer [161]. Ozone transfer is encouraged when the gas/liquid contact is kept near the membrane 

surface because ozone diffusivity is better within the gas (2 × 10-5 m2 s-1
 [168]) than inside the liquid 

(1.76 × 10-9 m2 s-1 [175]). Furthermore, the kM for porous membranes depends on the gas diffusion via 

the pores or its obstruction by the membrane walls and may be roughly estimated with regard to 

membrane specificities (pore size, membrane thickness, and hydrophobicity) using Equation (1.6). 

1

𝐾𝐿
=  

1

𝑘𝐺𝐻
+ 

1

𝑘𝑀
+  

1

𝑘𝐿
 (1.5) 
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𝑘𝑀 =  
𝐷𝑀 × 𝜀

𝜏𝑝 × 𝛥𝑥
 (1.6) 

where DM is the effective diffusion coefficient of ozone in the membrane (m2 s-1), ε is the porosity of the 

membrane, τp is the pore tortuosity, and Δx is the membrane thickness (m). DM is characterized by 

molecular diffusion and Knudsen diffusion (DK) and can be expressed as Equation (1.7) [176]. 

𝐷𝑀 =  
1

1
𝐷𝑂3

+
1

𝐷𝐾

 
(1.7) 

Typically, membrane contactors are better suited for use with hydrophobic porous membranes. 

Kukuzaki et al. [172] investigated hydrophilic and hydrophobized Shirasu porous glass (SPG) tubular 

membranes to better understand the membrane's role in ozone transfer. They concluded that, due to the 

presence of water in the pores, the mass transfer resistance (1/kM) in the hydrophilic membrane was 

higher than in the hydrophobic membrane under identical circumstances. A breakthrough pressure, also 

known as a liquid entry pressure (LEP, kPa), is typically used to describe a membrane's capacity to resist 

wetting and is controlled by the Young-Laplace equation (Equation (1.8)). 

𝐿𝐸𝑃 =  −
𝐵𝛾𝐿

𝑑𝑝
 (1.8) 

where B is the form factor of the pore (B = 1 is for cylindrical pores, while 0 < B < 1 is for irregular 

pores), γL is the liquid surface tension (N m–1), and dp is the diameter of the largest pore (m). In GLMC 

systems that aim to generate a contactor bubbleless, the liquid pressure must be greater than the gas 

pressure, but less than the rupture transmembrane pressure [161]. Microporous membranes, for instance, 

are only suitable for low transmembrane pressure applications since bubble formation is possible at 

higher pressures (>3 psi) [177]. 

Furthermore, in studies carried out by Vladisavljević [178], the kM was obtained from the “Wilson plot”, 

where the values of 1/KL were plotted against 1/QL. Thus, the mass transfer resistance in the membrane 

(1/kM) was determined by extrapolating the linear fit of the data to 1/QL = 0, implying QL → ∞ and thus 

1/kL ≈ 0 (Equation (1.5)). 

1.4.1.2 Effect of different parameters on mass transfer 

The gas-liquid mass transfer can be affected by several factors, and they can influence positively or 

negatively (Table 1.4). This section will summarize the main effects and discuss the main parameters 

already reported in the literature. 
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Table 1.4. Effect of different parameters on mass transfer. Modified from Schmitt et al. [161]. 

Parameters 
Influence on the ozone mass transfer when the 

parameter increases 
Reference 

Initial pH – [168, 179, 180] 

Water temperature – [181-183] 

Liquid flow rate + [182, 184] 

Inlet ozone gas flow rate + [183, 185] 

Applied ozone concentration = [172, 183, 184] 

Operating gas pressure + [183, 186] 

Chemical reaction + [180, 187, 188] 

Water pH and temperature 

Several studies have revealed that the pH of the liquid phase has a significant impact on ozonation and, 

consequently, on mass transfer [146, 168, 189]. With an increase in pH, free radical processes are 

accelerated, and the presence of hydroxide anions speeds up the breakdown of ozone (Equations (1.9) 

and (1.10)) [189]. Consequently, leading to lower concentrations of dissolved ozone in ozonated 

effluents. 

𝑂3 + 𝑂𝐻− → 𝐻𝑂2
− + 𝑂2 (1.9) 

𝑂3 + 𝐻𝑂2
− → 𝑂𝐻• + 𝑂2 + 𝑂2

− (1.10) 

The increase in O3 decomposition can be a negative point for mass transfer, but the ozonation of resistant 

compounds has positive points, as they can react by indirect reaction thanks to the formation of hydroxyl 

radicals, which are non-selective oxidants. 

The temperature of the liquid can also directly impact the solubility and half-life of the O3 molecule, 

according to Henry's law. Therefore, increasing temperature causes two things to happen: (i) the 

decomposition of O3 is accelerated, and the stability of O3 in water is decreased [181]; and (ii) certain 

properties of the liquid are changed, such as lower surface tension and viscosity [182]. Huang et al. [183] 

investigated the effects of different temperatures on ozone concentration and OH• concentration in the 

liquid phase (Figure 1.10). The results confirmed that the ozone concentration in the liquid phase 

decreases significantly with increasing temperature. On the one hand, an increase in temperature 

accelerates ozone decomposition and thus decreases ozone stability in the water, resulting in lower 

concentrations of dissolved ozone in the liquid phase. On the other hand, the concentration of OH• in 

water increases with temperature when the temperature is between 20 and 35 °C. 
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Figure 1.10. Effect of liquid phase temperature on the concentration of O3 (a) and OH• (b) in water. Reprinted 

from Huang et al. [183]. 

Liquid flow rate 

The liquid flow rate is regarded as a key design factor for GLMCs, since it significantly impacts mass 

transfer, dissolved ozone concentration, and pressure drop in the system. Increasing the liquid flow rate 

results in a higher ozone mass transfer [179, 182, 184]. This phenomenon may be explained by the fact 

that as QL increases, there is more liquid turbulence, or a higher Reynolds number, which leads to the 

formation of smaller gas bubbles or thinner liquid films, increasing the interfacial area and decreasing 

the resistance to O3 transfer in the water phase boundary layer. This statement is supported by Zoumpouli 

et al. [190], in which the authors reported that liquid flow rate is the most important factor in ozone mass 

transfer, followed by membrane thickness and ozone gas concentration. 

It is highly recommended to implement a high liquid velocity in wastewater treatment applications in 

order to have a high mass transfer and significant shear stress on the membrane surface that might reduce 

potential fouling. Nevertheless, higher liquid flow rates indicate lower residence time. It's noteworthy to 

note that a particular amount of dissolved ozone concentration is necessary for many applications to 

achieve a satisfactory degree of disinfection or a sufficient kinetic response. Therefore, it is necessary 

to find a balance between high liquid velocity, i.e., high mass transfer, and high dissolved ozone content. 

Applied ozone concentration 

The relationship between O3 in the gas-phase ([O3]G,inlet) and soluble O3 in the liquid-phase ([O3]L) can 

be represented by Henry’s law. The equilibrium concentration (solubility) of ozone in water ([O3
*]) 

increases with the enhancement of equilibrium pressure and O3 gas concentration due to the higher O3 

diffusion rate (Equation (1.11)). Figure 1.11 presents the results obtained by Kukuzaki et al. [172] with 

tubular hydrophilic and hydrophobized SPG membranes. The authors made experiments for different 

ozone concentrations in the gas phase (1.1–3.8 mol m-3). The dissolved ozone concentration, as 
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measured at the contactor output in the liquid phase, rises in proportion to the amount of ozone in the 

gas phase (Figure 1.11a), associated with a higher driving force. This is mainly caused by an increase in 

the amount of imported ozone, which raises the mass transfer driving force from the gas phase into the 

liquid phase and enhances ozone concentration in the liquid phase [183]. In contrast, the overall mass 

transfer coefficient based on the water phase was virtually independent of the amount of ozone in the 

gas phase (Figure 1.11b) [172, 184]. 

[𝑂3
∗] =  

[𝑂3]𝐺,𝑖𝑛𝑙𝑒𝑡

𝐻
 (1.11) 

 

 
                   (a) (b) 

Figure 1.11. (a) Concentration of ozone dissolved in water at the steady state as a function of ozone concentration 

in the gas phase for (●) the hydrophilic and (■) hydrophobized SPG membranes; (b) Overall mass transfer 

coefficient for ozone dissolution as a function of ozone concentration in the gas phase for (●) the hydrophilic and 

(■) hydrophobized SPG membranes. The volumetric water flow rate inside the membrane was kept at 8 dm3 min-

1. Adapted from Kukuzaki et al. [172]. 

Inlet ozone gas flow rate 

The mass transfer and the ozone concentration in the water are positively influenced by the increase in 

the inlet ozone gas flow rate. According to several studies, the mass transfer results indicate that a higher 

ozone gas flow rate decreases the required time to reach the dissolved O3 equilibrium in the reactor and 

slightly improves the equilibrium concentration [183, 185]. The amount of O3 injected per unit of time 

increases with an increase in ozone gas flow rate, speeding up the rate at which O3 dissolves until 

equilibrium. Additionally, a greater gas flow rate improves the turbulence at the gas-liquid interface, 

increasing the number and velocity of the produced bubbles and dispersing the liquid more effectively 

[172]. This results in a higher gas-liquid interface area and increases the mass transfer resistance. 
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1.4.1.3 Application of the GLMC in the removal of CECs 

Gas-liquid contact systems can be an excellent strategy to increase the effectiveness of ozone-based 

treatment methods for CECs removal. The homogeneous distribution of the O3 gas stream into the liquid 

phase through virtually unlimited dosing points along the membrane length can raise the transformation 

rate of target contaminants [191], reducing O3 consumption and avoiding bromate formation [169]. 

Furthermore, due to its operational benefits of high interphase surface and independent gas/liquid 

management, membrane contactors make it easier to deliver the required ozone dose to achieve treatment 

efficiency [172, 180]. Several studies have investigated the removal of CECs through membrane 

contactors using ozonation processes (Table 1.5). Most of these works have focused on the following: 

• Treatment of synthetic effluents contaminated with dyes [146, 147, 164, 191]; 

• Using high initial contaminant concentrations (mg L-1) [146-148, 160, 164, 165, 168, 191]; 

• Using a single model pollutant [147, 148, 152, 160, 164, 165, 190, 191]; 

• Using polymer hollow fibre membranes, such as polytetrafluoroethylene (PTFE) [148, 152, 160, 

165, 191], polyvinylidene fluoride (PVDF) [146, 147, 164], polydimethylsiloxane (PDMS) 

[190]. 

PVDF membranes can get entirely or partially wet, which causes their pores to fill with liquid and lower 

the mass-transfer efficiency (as seen in Section 1.4.1.1). Hence, hydrophobic membranes are necessary 

for ozonation in order to prevent this wetness. Hanh Le et al. [164] prepared PVDF membranes modified 

by pulse inductively coupled plasma and grafting by chloroalkylsilanes for hydrophobicity enhancement 

and applied in the treatment of dye wastewater using ozonation (Figure 1.12). In comparison to the 

original membrane, the modified membrane had a greater and more consistent ozone flux. After 90 

minutes, Direct Blue 71 (DB 71) removal by ozonation with the membrane contactor showed values 

above 90%. Removals of COD and TOC were 63% and 20%, respectively. 
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Figure 1.12. Schematic of a modified hydrophobic PVDF hollow fibre membrane for dye effluent treatment by 

ozonation membrane contactor. Note: MTCS – methyltrichlorosilane; PVDF – polyvinylidene fluoride. Modified 

from Hanh Le et al. [164]. 

In a ceramic tubular membrane contactor with gas on the shell side, Stylianou et al. [169] investigated 

the removal of carbamazepine (CBZ), benzotriazole (BZT), p-chlorobenzoic acid (pCBA), atrazine 

(ATZ), as well as bromate formation. At 0.4 mg O3 mg DOC–1, the carbamazepine concentration was 

reduced to below 0.1 M, removing >90%. On the other hand, BZT, pCBA, and ATZ were eliminated at 

70, 57, and 49%, respectively. The authors emphasized that the sequence of the compounds' reactivity 

with O3 reflected the removal effectiveness. 

Merle et al. [152] studied the use of a membrane contactor in conjunction with an advanced oxidation 

process (presence of H2O2) to reduce bromate generation and decrease CECs. The authors used the 

reactor “MEMBRO3X”, in which ozone is transferred to the water through the pores of 

polytetrafluoroethylene (PTFE) hollow fibre membranes (Figure 1.13). Compared to the conventional 

peroxone process (O3/H2O2), the MEMBRO3X procedure performs better in terms of CECs abatement 

(95% removal for pCBA) and bromate reduction (<0.5 μg/L BrO3
–) for the treatment of groundwater 

and surface water. 

Ozone membrane contactor
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Figure 1.13. Scheme of the MEMBRO3X process at laboratory scale. PTFE hollow fibre membranes were placed 

in a glass reactor fed with an ozone/oxygen gas mixture. The water flows inside the fibres without permeation 

through the membranes, while ozone gas diffuses through the membranes by a chemically driven transfer. 

Downstream from the reactor, residual ozone is quenched with SO3
2–. 

In addition, membranes can be functionalised with nanoparticles or catalysts to improve membrane 

performance (nano-enhanced membranes – NEM) and the removal of water contaminants by catalytic 

ozonation [148, 160, 192]. This approach has proved successful in recent research, e.g., Mansas et al. 

[193] demonstrated the enhanced catalytic ozonation activity of a commercial NF ceramic membrane 

functionalized with mesoporous maghemite (γ-Fe2O3). Also, Liu et al. [194] applied a CuMn2O4/g-C3N4 

catalytic ceramic membrane that increased more than 3-fold the degradation rate of benzophenone-4 

when compared to O3-only, and Lee et al. [195] developed a Ce-doped TiOx ceramic membrane that 

proved to be effective in degrading and mineralizing a mixture of micropollutants with low specific O3 

consumption. 
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Table 1.5. Studies on GLMCs in ozonation processes identifying CECs or dyes removed considering treatment, membrane characteristics, and evaluated 

parameters. 

CECs 
Initial 

concentration 
Source* 

Removal 

range 
Type of membrane Evaluated parameters Ref. 

Carbamazepine, benzotriazole, p-

chlorobenzoic acid, atrazine 
1 µM SW 49–90% Tubular α-Al2O3 

• Impact of hydrogen peroxide 

(peroxide treatment) 
[169] 

p-chlorobenzoic acid 0.5 µM SW >90% 
Polytetrafluoroethylene 

(PTFE) hollow fibre 

• Ozone dose 

• Inlet ozone concentration in the gas 

stream 

• Hydrogen peroxide dose 

[152] 

Direct Blue 71 and reactive Red 239 100 mg L–1 SC >90% 
Polyvinylidene fluoride 

(PVDF) hollow fibre 

• Dye concentration 

• Comparison of different membranes 

• Effect of dye types 

[146] 

Direct blue 71 100 mg L–1 UWW >90% 
Polyvinylidene fluoride 

(PVDF) hollow fibre 

• Ozone fluxes 

• Ozone dose 

• Hydrophobicity 

[164] 

Reactive blue 19 75 mg L–1 SC 65–97% Polyvinylidene fluoride 

(PVDF) hollow fibre 
• Influence of Fenton reagents 

• Initial pH 

• Dye concentration 

• Gas flow rate 

• Liquid flow rate 

• Ozone concentration 

[147] 

Nitrobenzene 30 mg L–1 SC ~80% Polytetrafluoroethylene 

(PTFE) flat sheet 
• Ozone concentration 

• Gas flow rate 

• Initial pH value 

• Membrane matrix 

• Presence of current 

[148, 

160] 

p-chlorobenzoic acid 10 µM SC/UWW 15–80% 

Non-porous tubular 

polydimethylsiloxane 

(PDMS) 

• Ozone concentration 

• Membrane size 

• Liquid flow rate 

• Presence of H2O2 

[190] 
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Table 1.5. Studies on GLMCs in ozonation processes identifying CECs or dyes removed considering treatment, membrane characteristics, and evaluated parameters 

(continued). 

CECs 
Initial 

concentration 
Source* 

Removal 

range 
Type of membrane Evaluated parameters Ref. 

Direct red 23, acid blue 113, reactive 

red 120 
100 mg L–1 SC 72–97% 

Polyvinylidene fluoride 

(PVDF) and 

polytetrafluoroethylene 

(PTFE) hollow fibre 

• Liquid flow rate 

• Gas flow rate 

• Operating temperature 

[168] 

Acid orange 7 5 mg L–1 SC 34% 
Polytetrafluoroethylene 

(PTFE) hollow fibre 

• Ozone concentration 

• Liquid flow rate 

• Gas flow rate 

[191] 

Sulfolane 200 mg L–1 SC 96.5% 
Polytetrafluoroethylene 

(PTFE) hollow fibre 

• Ozone concentration 

• Liquid flow rate 

• Temperature 

• Ultrasonic power 

• Presence of sodium chloride 

[165] 

Note: *UWW – Wastewater; SC – Synthetic wastewater; SW – surface water.  
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1.4.2 Liquid/Liquid membrane contactor (LLMC) 

Liquid/Liquid membrane contactor (LLMC) is a device that brings two liquid fluids into contact at the 

entrance of pores and has been studied as a potential technology for wastewater treatment. LLMCs 

generally utilise hydrophobic hollow fibre membranes to transfer species, particularly ammonia, across 

the membrane from the feed side to the permeate side. This enables the concentration and recovery of 

nutrients from wastewater [196]. 

LLMC has also been studied for injecting liquid oxidants such as hydrogen peroxide (H2O2), 

peroxydisulfate (PDS), and iron (photo-Fenton) combined with radiation (UVA/UVC) for wastewater 

treatment with the main focus on CECs removal [10-12, 14, 197-199]. Commonly, the oxidant is 

typically delivered upstream of the photoreactor intake with the use of static mixers, which can enhance 

the in-line mixing of the chemical product with the effluent to be treated [200, 201]. The homolytic 

cleavage of the oxidant by UV photons and its subsequent breakdown with the organic and inorganic 

species present in the effluent cause the oxidant concentration to drop throughout the length of the 

reactor. This triggers an inhomogeneous reaction rate within the photoreactor and limits the length of 

reactors that can be utilized in full-scale applications. An oxidant concentration profile is therefore seen 

along the length of the reactor. Hence, higher dosages of oxidant are needed in the feed stream in order 

to reduce the radial and axial concentration gradients within the annular reaction zone and so maximize 

the effectiveness of the photochemical process. Nevertheless, a high concentration of oxidants can 

function as a radical scavenger mainly at the reactor intake [202], and increasing levels of residual 

oxidants constitute waste and need to be removed before discharging the treated water into the 

environment [203]. 

Membrane technology can be also used to deliver the bare minimum of oxidant required for the reaction. 

Vilar et al. [10] proposed an LLMC for UVC/H2O2 photochemical reactions where the chemical is 

injected radially for more uniform distribution along the length of the reactor. Cui et al. [204] proposed 

a theoretical analysis indicating the validity and promise of a continuous LLMC for the catalytic N-

oxidation of alkylpyridines with hydrogen peroxide. For real-scale applications, a single LLMC model 

and a multiunit reactor bundle utilising a ceramic membrane for segregated H2O2 feeding were 

presented. Likewise, Buba et al. [205] used a liquid-liquid tube-in-tube semipermeable membrane 

microreactor to synthesize N-Methylated amino acids. In this experiment, a Teflon AF 2400 membrane 

was employed as a better mixing method, with the solvent being injected via a syringe pump in the 

reactor's annulus. 
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1.4.2.1 Application of the LLMC in the removal of CECs 

Vilar and co-workers presented an LLMC, also called a tube-in-tube membrane reactor, for 

photochemical UVC-UVA/Oxidant (H2O2; PDS; Fe2+), in a continuous-mode operation (Table 1.6; 

Figure 1.14). This reactor comprises an inner UF membrane and an outer quartz tube that receives UVC 

or UVA light from four lamps. The primary innovation of this technology is the radial insertion of an 

oxidant along the whole porous membrane length. According to the authors, the water's helical motion 

around the membrane shell-side improved the oxidant radial mixing, promoting a more uniform 

distribution of the oxidant in the annular reaction zone of the membrane microreactor. The suggested 

new reactor demonstrated performance that warrants further study, with oxytetracycline (OTC) removal 

efficiencies of roughly 36% and 7% in a single-pass mode ([OTC]0 = 2 mg L–1, [H2O2]0 = 15.8 mg L–1) 

utilizing ultrapure (SC) and UWW as solution matrices, respectively [10]. 

 

Figure 1.14. a) Reactor scheme; b) reactor flanges design; c) images of the helical motion of the tracer solution 

(methylene blue dye solution) in the annular reaction zone; d) sketch of the proposed setup. Reprinted from Vilar 

et al. [10]. 

To improve the removal of CECs, Castellanos et al. [11] proposed the use of a tube-in-tube membrane 

reactor for continuous dosing of small amounts of H2O2 to the active catalyst sites immobilized in the 

membrane shell-side (heterogeneous H2O2/TiO2 photocatalysis), improving its contact with the catalytic 

sites and pollutants to be oxidized, also avoiding catalyst deactivation. In SC and UWW, tests were 

conducted using 100 µg L-1 of 17-estradiol (E2) and 17-ethinylestradiol (EE2). The UVC/H2O2/TiO2 

system demonstrated the maximum oxidation capacity with radial H2O2 addition, which led to E2 and 

EE2 elimination percentages of 51/32% and 48/30%, respectively, for the SC/UWW. In the same sense, 

Diório et al. [197] evaluated the effect of several parameters in the removal of a CEC target molecule, 

a)

c)

b) d)
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amoxicillin (AMX), using SC and UWW ([AMX]inlet = 2.0 mg L-1). The UVC/H2O2/TiO2 system with 

radial addition of H2O2 (20 mg L-1) and 9-TiO2-P25 layers provided the highest AMX removal efficiency 

(72.2 ± 0.5%) with a UV fluence of 45 mJ cm–2 (residence time of 4.6 s). The authors also report that 

due to the presence of ROS scavengers and light-filtering species, the UWW matrix demonstrated a 

detrimental influence on AMX removal (~44%). Likewise, the oxidation of four pharmaceuticals, 

paracetamol (PCT), furosemide (FRS), nimesulide (NMD), and diazepam (DZP) (200 µg L-1 each), was 

performed using photochemical and photocatalytic processes, driven by UVA or UVC photons [198]. 

At steady state regime, the UVC/H2O2/TiO2 system, with radial H2O2 addition (20 mg L-1), showed the 

highest pharmaceuticals removal percentage, PCT (27.4%), FRS (35.0%), NMD (24.2%) and DZP 

(30.0%) in SC. 

Díaz-Angulo et al. [12] presented the same tube-in-tube membrane reactor to promote a highly efficient 

photo-Fenton process at neutral pH under continuous mode operation. The membrane's lumen side 

supplies an acidic ferrous ion (Fe2+) solution that is dosed and evenly distributed to the membrane shell 

side by permeating through the membrane pores (inside-out mode). In the reactor annulus, contaminated 

water that contains the antibiotic AMX and the oxidant H2O2 flows continually (space between the 

membrane shell-side and an outer quartz tube). With a residence time of only 4.6 seconds, the photo-

Fenton reaction with Fe2+ radial addition, powered by UVC light, demonstrated the maximum AMX 

elimination for SC (65%; using [Fe2+] = 2 mg L–1 and [H2O2] = 10 mg L–1) and UWW (45%; using 

[Fe2+] = 5 mg L–1 and [H2O2] = 40 mg L–1). 

Castellanos et al. [14] studied the performance of the UF ceramic membrane as photocatalyst support 

and oxidant-catalyst/water contactor to promote sulphate radical advanced oxidation processes by 

activation of peroxydisulfate (PDS). The PDS stock solution is supplied by the membrane's lumen side, 

permeates the membranes pores and reaches the annular reaction zone, where the catalyst and PDS are 

activated by UV light. For two endocrine-disrupting substances, E2 and EE2, spiked (100 µg L–1 each) 

in SC and UWW, the UVC/PDS/TiO2 system demonstrated the highest removal efficiency. Similar 

results were also found by Lumbaque et al. [199] but for the removal of 4 pharmaceuticals (PCT, FRS, 

NMD, DZP; 200 μg L-1 of each). 
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Table 1.6. Summary of the main studies on LLMC for injection of different oxidants in the removal of CECs. 

CECs 
Initial 

concentration 
Sourcea 

Removal 

range 

Oxidantb – 

Catalyst 

Oxidant 

concentration 
Ref. 

Oxytetracycline 2 mg L–1 SC/UWW ~36% H2O2 7.9–63 mg L–1 [10] 

17β-estradiol, 17α-

ethinylestradiol 
100 µg L–1 SC/UWW 30–51% H2O2 – TiO2 5–80 mg L–1 [11] 

Amoxicillin 2 mg L–1 SC/UWW 18–72% H2O2 – TiO2 5–80 mg L–1 [197] 

Paracetamol, 

furosemide, nimesulide, 

diazepam 

200 µg L–1 SC/UWW ~35% H2O2 – TiO2 5–80 mg L–1 [198] 

Amoxicillin 2 mg L–1 SC/UWW ~90% H2O2 – Fe2+ 
0.5–5 mg L–1/ 

2–40 mg L–1 
[12] 

Paracetamol, 

furosemide, nimesulide, 

diazepam 

200 µg L–1 SC/UWW 2–43% S2O8
2- – TiO2 0.15–2.36 mM [199] 

17β-estradiol, 17α-

ethinylestradiol 
100 µg L–1 SC/UWW 8–46% S2O8

2- – TiO2 0.15–2.35 mM [14] 

Note: aUWW – Urban wastewater; SC – Synthetic wastewater; bH2O2 – Hydrogen peroxide; Fe2+ – Ferrous ion; S2O8
2- – Peroxydisulfate;  

1.5 Overview and future outlook 

By 2050, the rate of urbanization in Europe is projected to rise from its current level of 75% to 

approximately 84% [206]. This growth will increase the demand for water in quantity and quality and, 

consequently, increase pollution concentration if new and effective environmental measures are not 

implemented. Therefore, as part of the European Green Deal's Zero Pollution Action Plan [207], the EU 

2030 Biodiversity Strategy [208], and the EU Urban Agenda [209], a substantial emphasis on water is 

needed to progress toward zero pollution. The best approach to conserve our water resources is to take 

immediate action to combat pollution from urban runoff and to address emerging issues like plastics 

(particularly plastic littering and uncontrolled discharge of microplastics), dangerous chemicals, 

bacteria, diseases, viruses, and other CECs. This calls for a systemic perspective that results in the 

creation of long-term projects to redesign society as a whole in a circular and resilient mode, which is 

reflected in the creation of new technologies, solutions, business models, and governance structures. 

In this introductory section, some new treatment technologies that employed membranes were discussed 

based on the removal of CECs in the environment. Additionally, an overview of the main advantages 

and disadvantages of the application of membrane reactors was described, in which the membrane was 

used either as a filtering medium or as a means to dose oxidants (gaseous/liquid) combined with AOPs 

processes. The following can be highlighted based on the information provided: 

i) Membrane filtration is one of the most efficient methods for removing CECs from water and 

wastewater because it may reject CECs in multiple ways depending on the chemistry of the input 

water, the membranes, and the characteristics of the solute. However, the main challenges in 
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using this technology are membrane fouling and the production of retentate. Combining 

membrane separation with AOPs not only removes resistant CECs, but also integrates their 

positive properties with each other. 

ii) MCs are an interesting alternative to intensify wastewater treatment. Using MC, the oxidant is 

added uniformly to the water to be treated through many dosing points and with a high mass 

transfer surface area. It leads to a better transformation rate of CECs than with conventional 

processes. For example, many parameters influence mass transfer during ozonation using MCs. 

Consequently, when appropriately selected, the process efficiency may be considerably 

increased. On the other hand, the development of more effective membrane materials with 

hydrophobic properties is extremely relevant to enhance mass transfer. 

1.6 Aim of the work and thesis outline 

The present thesis focuses on the design and evaluation of two membrane reactors using innovative 

functionalized membranes for use in treatment processes. The two experimental units of membrane 

reactors were distinguished by their modes of operation: (i) filtration mode (the membrane acts as a filter 

medium and catalyst support) and (ii) dosing mode (the membrane acts as an ozone injector and catalyst 

support). DW and UWW, after secondary treatment, were fortified with several CECs with different 

characteristics. 

The main objectives addressed in this thesis were: 

i) Assessment of the efficiency of two membrane reactors (PMR and MC) for tertiary treatment of 

UWW, regarding the elimination of a mixture of CECs, towards wastewater reuse and, consequently, 

to have a positive effect on human health. 

ii) Assessment of the influence of several operational variables on the efficiency of reactor systems, 

including the initial concentration of pollutants, TMP, liquid flow (hydraulic residence time, 

Reynolds), pH, temperature, oxidant dosage, amount of photocatalyst, radiation source (UVA/UVC), 

among others. 

In addition, other objectives were covered, such as: 

a) Preparation of a large area graphene membrane with subnanometric porosity for application in water 

desalination and in other membrane filtration applications. 

b) Development of ceramic or borosilicate NEM through functionalization with TiO2 and graphene 

codoped with TiO2 (G-TiO2) to promote their photocatalytic properties. 
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c) Minimization of membrane fouling by two mechanisms: photo-induced hydrophilicity of 

membranes, which may facilitate the adsorption of water on the membrane surface rather than 

fouling, and in situ degradation of contaminants on the membrane surface. 

d) Evaluation of the PMR/MC efficiency for the removal of CECs from synthetic and real aqueous 

matrixes and optimization of the operational variables. 

e) Quality assessment of treated effluents with toxicity tests using zebrafish embryo bioassay and 

microbiological inactivation efficiency. 

The present thesis is structured into 7 chapters: 

Chapter 1 corresponds to the present introductory section, wherein the water pollution problem by CECs 

and the treatment technologies that use membrane reactors are addressed. An exhaustive review of the 

most varied membrane reactors with different configurations and photocatalysts is presented, focusing 

mainly on the removal efficiency of CECs and their applicability/viability of the process. 

Chapter 2 describes all chemical reagents, modelling of degradation kinetics, experimental units, and 

procedures, as well as the employed analytical determinations used within this thesis. 

Chapter 3 focuses on the study of a continuous multilayer graphene prepared on ceramic microporous 

support with an area over 80 cm2, 109 larger area than the previous reports. Subnanometric pores in the 

membrane have been formed by B and N doping and subsequent removal of the dopant elements creating 

vacancies. These pores can allow the translocation of H2O molecules but no hydrated Na+ or K+ cations. 

The membrane exhibits over 95% removal for NaCl and KCl in high concentrations and high permeation 

flow. 

Chapter 4 discloses the fabrication of a continuous multilayer graphene-TiO2 nanocomposite prepared 

on ceramic microporous support using two different methods. The membrane exhibits a high permeate 

flux and CECs rejection, associated with size exclusion, Donnan exclusion, and reactivity towards 

hydroxyl radicals. The combination of filtration and oxidation (G-TiO2-UVA) provided a higher-quality 

permeation and minimized membrane fouling. 

Chapter 5 proposes a novel ozone membrane contactor to intensify ozone gas/water mass transfer and, 

simultaneously, allow the use of light and catalyst to activate ozone in a single unit. In this tubular porous 

borosilicate membrane distributor, the O3 stream is fed by the lumen side and quickly delivered to the 

liquid through “virtually” unlimited dosing points along the membrane length. This technological 

approach enables a more homogeneous distribution of the injected gas, generating O3 microbubbles in 
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the water and increasing the rate of ozone mass transfer, thus improving the reaction with the pollutants 

and reducing O3 consumption. 

Chapter 6 presents a disruptive ozone membrane contactor to promote highly efficient tertiary treatment 

of UWW, targeting disinfection and CECs removal under continuous mode operation. The effects of 

ozone dose, ozone inlet concentrations, O3/UVC/TiO2 process, and hydraulic residence time were 

investigated. Wastewater toxicity after treatment was also assessed. 

Finally, Chapter 7 displays a discussion of the most relevant results and conclusions of this thesis, as 

well as some suggestions for future work. 
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2 Materials and Methods 

This chapter presents a detailed description of all chemical reagents, analytical determinations, 

modelling of degradation kinetics and experimental units used throughout this thesis, as well as of the 

experimental procedures implemented to meet the proposed objectives. Microbiological assays, 

zebrafish embryonic toxicity bioassays, and actinometry measurement procedures are also described in 

detail. Two experimental membrane reactor units with different modes of operation were used on a 

laboratory scale: (i) PMP: filtration mode (the membrane acts as a filter medium and catalyst support) 

and (ii) MC: dosing mode (the membrane acts as an ozone injector and catalyst support). 

The experimental work in Chapters 4 to 6 was mostly developed in the Laboratory of Separation and 

Reaction Engineering – Laboratory of Catalysis and Materials (LSRE-LCM) at the Department of 

Chemical Engineering, Faculty of Engineering of the University of Porto. Results reported in Chapter 

3 were carried out at the Instituto Universitario de Tecnología Química (CSIC), Universitat Politècnica 

de València (UPV), Spain. 
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2.1 Chemicals and materials 

Different types of membranes were selected for the development of the functionalized membranes in 

terms of composition and porosity, which characteristics are listed in Table 2.1. AvistaClean® P611 

(Avista Technologies, United Kingdom) and HCl (Fisher ChemicalTM) solutions were used to clean the 

ceramic and the glass membranes after each experiment, respectively, according to the procedure 

recommended by the manufacturer. 

Table 2.1. Characteristics of the selected membranes. 

Information 
Ceramic membrane Glass membrane 

  

Manufacturer Inopor® Robu® 

Material α-Al2O3 Borossilicato VitraPOR® 

Pore size 100 nm 5 µm 

Porosity (%) 40 – 55 45 

Outer diameter (mm) 20 21 

Internal diameter (mm) 16 10 

Length (mm) 200 200 

Maximum temperature (°C) 1000 500 

Maximum pressure (MPa) n.d.* 0.1 
* Not determined. 

Chitosan (CS) of low molecular weight and boric acid (H3BO3) from Sigma Aldrich (Sigma-Aldrich, St. 

Louis, MO, USA) were used as a precursor to graphene films (Chapters 3 and 4). In Chapter 3, potassium 

chloride (KCl) and sodium chloride (NaCl) salts were added in the required amount to reach a final 

50 mM concentration. KCl and NaCl were obtained from Scharlau (Scharlab Chemie, S.A., Barcelona, 

Spain). Salt concentration was measured using a calibrated CRISON conductivity meter 524. 

TiO2 Aeroxide® P25 (Evonik, Germany, ≥ 99.5% (w/w) purity, 80% anatase and 20% rutile crystalline 

phases, average crystal size of 25 nm, specific surface area of 50 m2 g-1, and density of 3.9 g cm-3) was 

used as a photocatalyst (Chapters 4, 5 and 6). The surfactant TritonTM X-100 was purchased from Sigma-

Aldrich and used to prepare the TiO2-P25 suspension for membrane coating. 

To evaluate the photonic flow in both membrane reactors (Chapters 4, 5 and 6), 2-Nitrobenzaldehyde-

2NB (99% purity) provided by Labbox Labware, S.L and ferric chloride hexahydrate from Merck were 

used. 

Ultrapure water (UPW; Millipore Direct-Q®, 18.2 MΩ cm-1 at 25 °C) was used to prepare all solutions 

and to simulate wastewater in Chapter 4. Demineralised water (DW; Panice®) was used in all tests in 

Chapter 3 and to simulate wastewater in Chapters 5 and 6. 
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The ozone probe was validated by the iodometric method with the use of potassium iodide (KI, Merck), 

sodium thiosulfate (Na2S2O3, Pronalab) and amide (Sigma). In addition, the 2% KI solution was used to 

destroy any remaining ozone (O3) in the outlet gas stream (Chapters 5 and 6). Sulfuric acid (H2SO4, 

Pronalab) and sodium hydroxide (NaOH, Merck) solutions were used to adjust the solution pH. 

Table 2.2 summarizes the physicochemical properties and suppliers of the CECs used in Chapters 4, 5 

and 6. 

Table 2.2. List of the 20 CECs selected for testing in this thesis and respective abbreviations and chemical 

composition. 

Contaminants 

Groups 
Contaminants Abbreviation 

Chemical 

Composition 
CAS Chapter 

Penicillin 

antibiotic 
Amoxicillin AMX C16H19N3O5S 26787-78-0 4 

Hormones 

17-beta-estradiol E2 C18H24O2 50-28-2 

4, 5 and 6 

17-alpha-

ethynylestradiol 
EE2 C20H24O2 57-63-6 

Non-Steroidal 

Anti-

Inflammatory 

Drugs 

Diclofenac DCF C14H11Cl2NO2 15307-86-5 

Short-chain 

perfluoroalkylated 

substances 

(PFAS) 

Heptafluorobutyric acid HFBA C4HF7O2 375-22-4 

5 and 6 

Nonafluoro-1-

butanesulfonic acid 
PFBS C4HF9O3S 29420-49-3 

Perfluorooctanoic acid PFOA C8HF15O2 335-67-1 

Trifluormethanesulfonic 

acid 
TFMS CHF3O3S 1493-13-6 

Angiotensin II 

Receptor 

Blockers 

Valsartan VSTN C24H29N5O3 137862-53-4 

Irbesartan ISTN C25H28N6O 138402-11-6 

Losartan LSTN C22H23ClN6O 124750-99-8 

Flame Retardant Melamine MLN C3H6N6 108-78-1 

Herbicide Diuron DRN C9H10Cl2N2O 330-54-1 

Insect Repellent DEET DEET C12H17NO 134-62-3 

Artificial 

Sweeteners 

Acesulfame AC-K C4H4KNO4S 55589-62-3 

Saccharin SCH C7H5NO3S 81-07-2 

Carbamazepine 

and Metabolites 

Carbamazepine CBZ C15H12N2O 298-46-4 

10,11 Carbamazepine-

epoxide 
CBZ-EPX C15H12N2O2 36507-30-9 

Beta blockers 
Atenolol ATNL C14H22N2O3 29122-68-7 

Bisoprolol BSPL C18H31NO4 66722-44-9 
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2.2 Preparation of functionalized membranes 

2.2.1 Fabrication of continuous multilayer boron, nitrogen-codoped defective graphene film on 

porous α-Al2O3 membrane 

Continuous multilayer boron and nitrogen-codoped defective graphene [(B,N)G] films supported on α-

Al2O3 membrane were prepared similarly to a previous report for (B,N)G as powders [1]. Briefly, CS 

(2.5 g) was dissolved in UPW (250 mL) by adding 1.7 mL of acetic acid. The viscous gel was filtered 

under pressure through a Nylon filter (250 µm) to remove insoluble impurities that could be present in 

the commercial sample. The prepared solution was used to coat the alumina membrane following a dip-

coating method with 1 min of contact time. This CS film on the alumina membrane was immersed in 

250 mL of 25% aqueous ammonia solution containing H3BO3 (1.0 g). The CS film impregnated with 

ammonium borate was pyrolyzed under an argon/hydrogen (5 vol% of H2) flow (200 mL min-1), 

increasing the temperature to 900 °C at a heating rate of 0.9 °C min-1. 

2.2.1.1 Characterisation techniques 

Raman spectra were recorded with a Horiba Jobin YvonLabram HR UV–Visible–NIR (200–1600 nm) 

Raman Microscope Spectrometer, using a 632 nm laser as an excitation source. Atomic force 

microscopy (AFM) images were recorded with a Veeco apparatus working in tapping mode, using mica 

as substrate. X-ray photoelectron spectroscopy (XPS) was recorded on a SPECS spectrometer with a 

Phoibos 150 9 MCD detector using a non-monochromatic X-ray source (Al and Mg) operating at 200 W. 

For the calculation of the binding energies, the peak appearing at 284.4 eV (C1s peak) was used as a 

reference. 

The morphology of the (B,N)G sample, film continuity and thickness were analysed by scanning 

electron microscopy (SEM) using a JEOL JSM 6300 apparatus equipped with an X-MAX detector of 

Oxford Instruments and coupled to a fast ion bombardment (FIB) technique. The crystallinity and 

structural ordering of the (B,N)G sample were determined by transmission electron microscopy (TEM). 

TEM images were recorded in a Philips CM300 FEG system with 100 kV operating voltage. TEM 

samples were obtained by scratching a piece of the membrane with a cutter, suspending it in ethanol by 

sonication. A microdrop of this suspension was cast onto a carbon-coated copper TEM grid and the 

solvent evaporated before introducing into the microscope. 

2.2.2 Fabrication of continuous G-TiO2 thin-films on membrane shell-side 

Continuous multilayer defective G-TiO2 thin-films over the ceramic membrane shell-side were 

prepared in situ following the procedure detailed described in Section 2.2.1. A CS solution was prepared 
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by slowly adding 5 g of CS in 250 mL of UPW acidified with acetic acid (25%). A photocatalyst aqueous 

suspension was prepared by adding 5 g of TiO2-P25 powder and two drops of TritonTM X-100 in 

250 mL of UPW. 

G-TiO2 nanocomposite thin films were prepared using two methods: (i) membrane A (MA): TiO2-P25 

incorporated in the G preparation stage; and membrane B (MB): TiO2-P25 thin-film uniformly coated 

over the G film surface (Table 2.3). For MA, different amounts of TiO2-P25 (1% [MA-1], 2% [MA-2] 

and 3% [MA-3] [w/v]) were added to the CS solution. For values higher than 4% w/v, the film was not 

continuous. A detachment and peeling of the resulting G-TiO2 film from the alumina membrane were 

visibly observed. Hence, a maximum of 3% TiO2 (w/v) was used in this work. Before use, the prepared 

suspensions were magnetically stirred for 24 h and sonicated for 15 min at 50 kHz. The suspensions 

were used to coat the membrane shell-side with one immersion using a dip-coating method with an 

immersion rate and withdrawing speed of 8 cm min-1 and an immersion time of 1 min (Dip-Coater RDC 

15, Bungard Elektronik GmbH & Co. KG). The G-TiO2 decorated membrane was dried by placing it in 

a horizontal position over a heating plate at 100 °C for 30 min, at a rotation speed of 40 rpm, followed 

by another 30 min in an oven at 100 °C. Subsequently, the membranes were subjected to compressed air 

flow (inside-outside mode) at 5 bar for 10 min, providing a physical opening of the pores. Then, the 

membrane with CS-TiO2-P25 film was pyrolyzed under argon flow (300 mL min-1), at a heating rate of 

5 °C min-1 until reaching 600 °C for 4 h [2]. 

Table 2.3. Summary of membrane nomenclature. 

Membrane* Fabrication conditions Nomenclature 

Membrane A (MA) 

CS + 1% of TiO2-P25 + pyrolysis  MA-1 

CS + 2% of TiO2-P25 + pyrolysis MA-2 

CS + 3% of TiO2-P25 + pyrolysis MA-3 

Membrane B (MB) 

CS + pyrolysis + 3 coating layers (TiO2-P25) MB-1 

CS + pyrolysis + 6 coating layers (TiO2-P25) MB-2 

CS + pyrolysis + 9 coating layers (TiO2-P25) MB-3 
Note: *MA: TiO2-P25 incorporated in the G preparation stage; MB: TiO2-P25 thin-film uniformly coated over the G film 

surface; CS – Chitosan; G – Graphene. 

For the preparation of MB, the same procedure described above was repeated using a CS solution 

without TiO2-P25; after which the G-decorated membrane was immersed in a TiO2-P25 solution using 

the same dip-coating procedure. Following each immersion, the membrane was dried in an oven at 

100 °C for about 30 min and this procedure was repeated for coating layers of 3 [MB-1], 6 [MB-2], and 

9 [MB-3]. 

Regardless of the deposition method (A or B), the membrane functionalized with G-TiO2 was inserted 

into the reactor and cleaned through the permeation of UPW for 1 h. The total mass of catalyst deposited 
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on the membrane was calculated by weighing the membrane prior to catalyst deposition and after the 

cleaning and drying process (as the procedure described above). Furthermore, the membranes before 

and after the reactions were weighed (dry mass) to measure the possible leaching of TiO2, and the 

difference was <1% of the total mass of TiO2. Also, the absorbance of the concentrate and permeate 

streams at 500 nm, characteristic of TiO2, was negligible during the permeation studies. 

2.2.2.1 Characterisation techniques 

Raman spectra were recorded at room temperature with a Horiba Jobin YvonLabram HR UV–Visible–

NIR (200 – 1600 nm) Raman Microscope Spectrometer, using a 632 nm laser as the excitation source. 

Raman spectra were recorded in random points of a 1 × 1 cm2 film. 

The morphology of the sample was analysed by SEM using a JEOL JSM 6300 apparatus equipped with 

an X-MAX detector of Oxford Instruments and coupled with energy dispersive X-ray (EDS) analysis. 

To determine the surface porosity and pore size distribution on the G-TiO2 functionalized samples, SEM 

images from randomly chosen area (around 100 points) were analysed by Image Pro software. The 

textural properties of tested samples were analysed using liquid nitrogen porosimetry or the Brunauer-

Emmett-Teller (BET) adsorption-desorption isotherms, measured by Micrometrics ASAP 2020 V 1.05H 

surface area analyser. 

The surface morphology was investigated by AFM with NanoScope 3D (Veeco, USA) microscope 

operated in taping mode under ambient conditions. Etched silicon probes with spring constants 

20 – 80 N m-1 were used. Image analysis was done by Nanoscope image processing software. The 

roughness surface morphology (RSM) is calculated as the root mean square average of height deviations 

taken from the mean data plane (Equation (2.1)): 

𝑅𝑆𝑀 =  √
∑ 𝑍𝑖

2

𝑛
 (2.1) 

where Zi is the maximum vertical distance between the highest and lowest data points in the image and 

𝑛 is the number of samples. 

Fourier transform infrared spectra (FTIR) of samples were recorded on ATR-FTIR Nicolet iS10 

(Thermo Scientific) spectrometer in the range 4000–500 cm-1 with a resolution of 4 cm-1 and at room 

temperature. The UV–Visible diffuse reflectance spectra (DRS) were recorded on a Shimadzu 2600 

UV–Visible spectrometer with an integrating sphere attachment within the wavelength range from 200 
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to 700 nm. An Attension Theta optical tensiometer with an automated liquid pumping system was used 

for the contact angle measurements. UPW was used as the probe liquid. 

The point of zero charge (pHpzc) of the G-TiO2 film was determined following a pH drift test as described 

elsewhere [3]. Briefly, an amount (5 mL) of 0.01 M NaCl solution was placed in a flask and the pH was 

adjusted to a value between 2 and 10 by the addition of 0.01 M HCl or 0.01 M NaOH. Then, 15 mg of 

G-TiO2 film powder was added and the final pH was measured after 24 h under stirring at room 

temperature. After the shaking process, the final pH of the suspensions was recorded. The difference 

between the final and initial pH values (ΔpH) was plotted against the initial pH. The point of intersection 

of the resulting curve with ΔpH = 0 gives the value of pHpzc. 

X-ray powder diffraction (XRD) data for the quantitative phase analysis were acquired on a Shimadzu 

XRD-7000 diffractometer with Cu Kα radiation (40 kV and 30 mA). 

2.2.3 Preparation of the photocatalytic borosilicate membrane 

2% (w/v) TiO2-P25 suspension (250 mL) with two drops of TritonTM X-100 was stirred for 24 h and 

placed in an ultrasonic probe (Vibra-CellTM VCX 130 from Sonics) with a frequency of 20 kHz (80% 

amplitude) for 15 min. The prepared suspension was used to coat the external surface of the membrane 

following an immersion coating method, employing an automatic dip-coating unit (RDC 15 from 

Bungard-Elektronik) with an immersion rate of 8 cm min-1 and immersion time of 1 min. After each 

immersion, the membrane was dried in an oven at 100 ºC for 30 min. The process was repeated four 

times and, afterwards, the membrane decorated with TiO2-P25 was taken for heat treatment in a furnace 

(up to 450 ºC for 2 h). Before its use in photocatalytic tests, the coated membrane was placed inside the 

reactor and UPW was recirculated throughout the system in the dark for 1 h to remove unbounded TiO2-

P25 particles. The total mass of the catalyst deposited on the membrane was calculated by weighing the 

membrane before catalyst deposition and after the cleaning and drying process. 

2.2.3.1 Characterisation techniques 

The membrane surface morphology was observed by SEM. A Jeol JSM 7401F Field Emission Scanning 

Electron Microscope equipped with Gentle Beam mode was employed to characterise the developed 

modified membranes' surface morphology. XRD patterns of the samples that performed the phase 

identification were recorded on a D/max 2550Pc automatic diffractometer of polycrystalline (Cu K𝛼 

radiation, Rigaku-D/MAX2500/PC, Japan) that operated at 40 keV and 100 mA over the range of 

20 º < 2𝜃 < 90 º at a scanning rate of 0.02ºs-1. Mercury intrusion porosimeter equipment (PoreMaster 60, 

Quantachrome Inst.) was used to determine the pore size and porosity of the membrane after TiO2-P25 

deposition. 
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2.3 Experimental units and procedures 

The various sets of experiments performed during this thesis were executed in two different membrane 

reactors described below. Table 2.4 assigns each reactor to the respective chapter where it was employed. 

Table 2.4. List of reactors employed in each chapter. 

Reactor Description Chapter 

Pressure-driven membrane process 

(PMP) 

Water desalination 
3 and 4 

Photocatalytic membrane reactor 

Membrane contactor (MC) Ozone contactor 5 and 6 

2.3.1 Pressure-driven membrane process 

2.3.1.1 Water desalination: Permeation test and salt rejection 

The experiments were conducted in a laboratory-scale cross-flow membrane filtration reactor (MFR). 

Figure 2.1 shows a schematic diagram of the experimental equipment. A thermostated tank (5 L 

capacity) was used to feed the solution into the MFR and the water temperature was maintained at 25 °C. 

The solution was constantly stirred magnetically at 250 rpm. During the experiment, the feed solution 

was pumped to the MFR using a gear pump (Tuthill Pump Group, DGS.68). The MFR comprises an 

inner-tubular membrane and an outer borosilicate glass tube (length: 15.5 cm; internal diameter: 6 cm; 

thickness: 8 mm; maximum pressure: 12.5 bar). In addition, the system has a pressure control system 

connected to a data collector. The MFR worked at a transmembrane pressure (TMP) of 5, 8 and 10 bar 

and a cross-flow velocity (CFV) of 10 cm s-1. The whole system was connected by 

polytetrafluoroethylene (PTFE) tubes. 
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(a) (b) 

Figure 2.1. Schematic diagram of the laboratory-scale cross-flow membrane filtration unit (a) and photograph of 

the MFR (b). Note: TM – thermometer, (B,N)G – multilayer (B,N)G membrane (for preparation procedure of the 

(B,N)G membrane on porous alumina see Section 2.2.1). 

The permeate was collected in a glass container and its conductivity was measured to determine salt 

concentration. Salt concentrations were confirmed by ICP analyses. The permeate flux was estimated 

by measuring the volume that crosses the membrane in a certain period of time. The maximum pure 

water flux by the MFR (without (B,N)G film coating) was 4.2, 6.8 and 8.5 m3 m-2h-1 for TMP of 5, 8 

and 10 bar, respectively. 

After each reaction, the MFR was washed with UPW and the system flushed for a sufficiently long 

period of time until the conductivity measurements did not detect the presence of salt in either the feed 

tank or permeate. 

The desalination efficiency of the prepared membrane was evaluated by measuring water flow and salt 

rejection. The water flux (J; L m-2 h-1) was determined from the volume collected through the membrane 

(V; L), the effective membrane area (A; m2) and a certain experiment time (t; h) using the following 

Equation (2.2): 

𝐽 =  
𝑉

𝐴 × 𝑡
 (2.2) 

The salt concentrations of the feed (Cf ; µS cm-1) and the permeate (Cp; µS cm-1) were determined from 

conductivity measurements using a calibrated plot. The salt rejection (R; %) efficiency was determined 

by Equation (2.3): 

𝑅 (%) =  
𝐶𝑓 − 𝐶𝑝

𝐶𝑓
 × 100 (2.3) 
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2.3.1.2 Photocatalytic membrane reactor 

Preliminary photocatalytic tests in a batch reactor 

As there is an impossibility to compare G-TiO2 membranes with a TiO2 membrane in continuous 

filtration mode, since there are significant differences in size and distribution of the pores (discussed in 

more detail in Section 4.3.1), batch tests were carried out to evaluate the oxidation ability of the different 

catalyst thin-films over the membrane shell-side. Hence, a tubular MF membrane was cut into small 

pieces of 1 cm in length. G-TiO2 and TiO2 films were produced on the external surface of the small 

pieces of MF membrane using the methods described in Section 2.2.2. Under batch conditions, the 

following catalyst films/system were tested and compared towards CECs oxidation: pristine membrane 

piece, G membrane piece, UVA + pristine membrane piece, UVA + G membrane piece, 

UVA + TiO2 membrane piece, and UVA + G-TiO2 membrane pieces (MA or MB). 

The batch experimental system was composed mainly of a 200 mL thermostatic glass vessel, a magnetic 

stirrer, and a UVA lamp (Philips TL 6 W, λmax = 365 nm) located above the vessel. 150 mL of CECs 

solution prepared with UPW ([CEC]0 = 500 µg L-1 of each; DCF, E2, EE2 and AMX) was added to the 

vessel (25 °C) and mixed by magnetic stirring. The MF membrane piece was inserted into the bottom of 

the vessel. CECs adsorption on the catalyst film was evaluated for 10 min and, immediately afterwards, 

the UVA lamp was switched on, starting the reaction for 180 min. CECs photolysis was evaluated in the 

absence of the membrane pieces. Samples were collected at a predefined series of time intervals and 

then analysed in terms of CECs concentration. 

A pseudo-first-order model (Equation (2.4)) was fitted to experimental data of CECs oxidation in the 

batch system, as a simple mathematical model, using a nonlinear regression method (Fig. P software for 

Windows from Biosoft). 

[𝐶𝐸𝐶]𝑡 = [𝐶𝐸𝐶]0 ×  𝑒−𝑘𝐶𝐸𝐶×𝑡 (2.4) 

where [CEC]t and [CEC]0 are CEC concentration (µM or µg L-1) after a certain time (t) and just before 

reaction beginning (t = 0), respectively, and kCEC (min-1) is the pseudo-first-order kinetic constant. The 

goodness of fitting was evaluated considering the relative standard deviations, the residual variance (S2
R) 

and coefficient of determination (R2). 

Photocatalytic membrane reactor's setup and experimental procedure 

The lab-scale system integrates: (i) a photocatalytic membrane reactor (vertical position) equipped with 

four UVA lamps (Philips TL 6 W, λmax = 365 nm, photonic flux of 1.19 ± 0.02 J s-1) located externally 

to the reactor window; (ii) a 5 L feed tank (cylindrical glass vessel) coupled to a thermostatic bath 
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(Julabo, model F12-EH) and a magnetic stirrer (CAT, model M5); (iii) a gear pump (Tuthill Pump 

Group, DGS.68) to feed the membrane module; (iv) a system to control the pump, lights and flow rate; 

and (v) a back pressure regulator (BPR) connected to a personal computer to regulate the TMP. The 

PMR unit comprises an inner-tubular ceramic membrane and an outer borosilicate glass tube (length: 

15.5 cm; internal diameter: 6 cm; thickness: 8 mm; maximum pressure: 12.5 bar), as reactor window, 

allowing UVA light to penetrate into the annular reaction zone until the membrane 

surface. Polytetrafluoroethylene (PTFE) tubes were used to connect the whole system units (Figure 2.2). 

 
(a) 

 
(b) 

 
(c) 

Figure 2.2. Schematic representation of laboratory-scale photocatalytic membrane reactor (a) and photograph of 

the reactor with membrane A (MA) (b) and membrane B (MB) (c). Note: BPR – back pressure regulator; CPC – 

compound parabolic collector; FT – feed tank; GP – gear pump; MS – magnetic stirrer; MSB – magnetic stirrer 

bar; PC – computer; pH – pH-meter; PS – power supply; SCR – system controller; SP1 – feed sampling point; 

SP2 – permeate sampling point; TC – temperature controller; TM – temperature meter. 
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First, the feed tank was filled with 5 L of CECs solution, which was maintained at 25 °C. The CECs 

solutions were prepared using UPW or UWW fortified with the same amount of CECs 

([CEC]0 = 500 µg L-1 of each). No pH correction was performed for the UWW fortified with CECs. 

The CECs adsorption on the membrane surface was evaluated for 30 min (without permeation), in which 

the solution passed through the entire system in the dark (recirculation mode). Immediately, the CFV 

and the TMP were set to 0.01 m s-1 and 10 bar, respectively, and the UVA lamps were switched on, 

starting the reaction time. The CECs solution filtration was carried out in outside-inside mode. Before 

the photocatalytic experiments, all membranes were first stabilized with UPW filtration (J0; L m-2 h-1) 

water at a TMP of 10 bar for 1 h. The membrane's permeability was evaluated using UPW at multiple 

TMP (3, 6, 10 bar). The permeate flux (JCECs; L m-2 h-1) was determined by collecting a volume of 

permeate during a certain period of time. Samples were collected at predefined times (0, 15, 30, 45, 60, 

90, 120, 150, 180 and 210 min). The retentate was continuously recirculated to the feed tank. Permeate 

samples were collected under time intervals until steady-state conditions (90 min) were achieved and 

then analysed in terms of CECs. 

In order to investigate the antifouling properties of the G-TiO2 membranes, the flux recovery ratio 

(FRR), the relative flux reduction ratio (RFR), the reversible fouling ratio (Rr) and the irreversible 

fouling ratio (Rir) were determined. After the experiment, the membranes were washed with UPW for 

1 h to remove loosely attached organics. Then, the flux of the cleaned membrane (JCM; L m-2 h-1) was 

measured again at 10 bar. The FRR (Equation (2.5)), RFR (Equation (2.6)), Rr (Equation (2.7)) and Rir 

(Equation (2.8)) were calculated as follows [4]: 

𝐹𝑅𝑅 (%) = (
𝐽𝐶𝑀

𝐽0
) × 100 (2.5) 

𝑅𝐹𝑅 (%) =  (
𝐽0 − 𝐽𝐶𝐸𝐶𝑠

𝐽0
) × 100 (2.6) 

𝑅𝑟 (%) =  (
𝐽𝐶𝑀 − 𝐽𝐶𝐸𝐶𝑠

𝐽0
) × 100 (2.7) 

𝑅𝑖𝑟 (%) =  (
𝐽0 − 𝐽𝐶𝑀

𝐽0
) × 100 (2.8) 

The photonic flow was determined by the actinometry of 2NB (10 mM) [5]. 2 L of 2NB solution was 

placed in the reactor vessel, recirculated in all system for 10 min in the dark, and a control sample was 

taken. Then, the 4 UVA lamps were turned on and samples were collected at predefined times (0, 7.5, 

15, 22.5, 30, 37.5, 45 min). The BPR was fully open, and no permeation occurred. 
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2.3.2 Membrane contactor 

The schematic diagram of the lab-scale prototype is shown in Figure 2.3. The apparatus consists of an 

ozone system and an ozone membrane reactor. 
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(a) 

 
(b) 

Figure 2.3. Schematic representation of laboratory-scale setup (a) and photography (b). Note: DEH – 

dehumidifier; GEN – ozone generator; GP – gear pump; H-CAT – heat catalyst (ozone destruction); KI – 2% KI 

solution; MFC – mass flow controller; MS – magnetic stirrer; MSB – magnetic stir bar; O2 – oxygen; O3AN – 

ozone analyser; OMC – ozone measuring cells; pH – pH-meter; TC – temperature controller; TM – temperature 

meter; Continuous lines – water; Dotted lines – water + ozone gas stream; Dashed lines – ozone gas stream. 

2.3.2.1 Ozone system 

O3 was generated from oxygen (O2, 99.995% supplied by Air Liquide) using a corona discharge 

generator (BMT 802 N) with a production capacity of up to 4 g O3 h
-1 (at 100 g Nm-3, 20 ºC). The input 
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gas flow rate (QG = 0.15-1.00 Ndm3 min-1) was controlled with the aid of a digital mass flow meter 

(Alicat Scientific). The O3 concentration in the gas flow ([O3]G,inlet = 20-200 g Nm-3) was controlled by 

changing the power input to the O3 generator and was monitored with an O3 analyser (BMT 964). Before 

passing through the analyser, the residual O3 leaving the reactor passes through a column to separate the 

liquid and gas phase. The gas phase was directed to a sample gas dehumidifier (BMT DH3b), vented 

through the catalytic O3 destruction unit (Heated Catalyst BMT) and sequentially to an O3 destroyer 

bottle (containing a 2% KI solution) before going into exhaustion. The concentration of O3 in water was 

monitored using a measuring cell AQC-D12 with a reference electrode for ozone (Grundfos Alldos) 

connected to a controller Conex DIA-1 (Grundfos Alldos). According to the manufacturer's 

specifications, the measuring range was 0.05–50 g O3 m
-3, sensitivity <0.02 g O3 m

-3, and 

accuracy < ± 5%. The O3 probe was calibrated using the iodometric method, based on the oxidation of 

iodide with O3 and posterior evaluation of the produced iodine or its ion in solution [6, 7]. The analysis 

of iodine was made by titration with Na2S2O3. The iodometric method is described in detail in Section 

2.4.1. 

2.3.2.2 Ozone membrane reactor 

The ozone membrane reactor comprises an inner tubular borosilicate MF membrane (ASTM VitraPOR 

from ROBU; outside diameter: 20.9 mm; internal diameter: 10.5 mm; wall thickness: 5.2 mm; useful 

length: 174 mm; porosity: 45%; BET: 1200 m2 g-1) with 5 µm pore size adequately installed in an outer 

quartz tube (outside diameter: 42.2 mm; internal diameter: 38.2 mm; length: 200 mm) vertically fixed 

in a stainless-steel structure. The borosilicate membrane and quartz tube ends were tightly sealed by two 

movable polypropylene flanges. The membrane outlet was connected to a shut-off valve to allow gas 

permeation through the porous glass membrane. In this system, the O3 gas stream is fed by the lumen 

side of the membrane, while the water to be treated is introduced in the shell side of the membrane, and 

the gas/water contact takes place at the outer membrane surface. DW (with or without CECs) or UWW 

(with or without CECs) was pumped from a jacketed vessel to the annular reaction zone (ARZ) using a 

gear pump (ISMATEC BVP-Z pump). Viton O-rings (ozone-resistant) were used to ensure sealing 

conditions within the reaction module. Polytetrafluoroethylene (PTFE) and stainless-steel tubes were 

used to connect the liquid and gas units of the system, respectively. 

To assess the effect of combining the ozonation process with photocatalysis in the removal of CECs, 

four UVC lamps (Philips TL 11 W, λmax = 254 nm) were located externally to the reactor window. UVC 

radiation was chosen since it is able to effectively activate both TiO2 and O3. O3 has an absorption band 

at 200-300 nm with a maximum at λ of 254 nm [8, 9]. A photon flow (2.89 ± 0.08 W) inside the ARZ 

was measured by ferrioxalate actinometry [10, 11] (Fe3+ = 6 × 10-3 M; overall quantum yield, 
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ΦT = 1.39 ± 0.02; optical path length = 8.65 mm;). An aluminium shell enclosed the illuminated reactor 

setup to prevent light escape to the surroundings. 

Ozone gas/water mass transfer was determined in continuous mode operation and the effect of water pH 

and temperature (T), the concentration of O3 in the gas stream ([O3]G,inlet), liquid (QL) and gas (QG) flow 

rates in the volumetric mass transfer coefficient (KLa) were assessed. To begin the experimental trial, 

the borosilicate membrane was filled internally with the ozone gas stream with the shut-off valve fully 

open (Figure 2.3). This procedure ensures that the entire interior of the membrane was filled with the 

gas. The residual O3 stream was directed to a 2% KI solution in an O3 destroyer bottle. Subsequently, 

DW or UWW was pumped and the shut-off valve was immediately closed. The concentration of 

dissolved O3 in the water at the reactor outlet was analysed in situ, and the data were collected at regular 

time intervals. 

2.3.2.3 Gas/liquid mass transfer calculations 

The two-film theory was used for the modelling of the O3 mass transfer, typically controlled by 

resistance on the liquid side. As O3 is slightly soluble in water, resistance to mass transfer is located in 

the liquid film [12]. Thus, the KLa can be calculated from the mass balance of O3 in the liquid, 

considering plug flow conditions, and represented by Equation (2.9): 

𝑑[𝑂3]

𝑑𝑡
=  𝐾𝐿𝑎 × ([𝑂3

∗] − [𝑂3]) − 𝑘𝑑[𝑂3] (2.9) 

where, 
d[O3]

dt
 is the variation of dissolved O3 concentration in water as a function of time (g m-3 min-1), 

KLa is the product of the O3 mass transfer coefficient (min-1) through the liquid phase (KL) and the 

interfacial area (a), [O3
*] is the O3 saturation concentration in the liquid in equilibrium with the gas 

phase (g m-3) at the experimental temperature and kd is the self-decomposition constant of O3 (min-1). 

For a negligible self-decomposition of O3, the integration of the Equation (2.9) leads to Equation (2.10), 

considering the following boundary conditions for continuous mode operation: [O3] = 0 at t = 0; 

[O3] = [O3]L at t = τ: 

𝐾𝐿𝑎 =  −
1

𝜏
𝑙𝑛  (1 −

[𝑂3]𝐿

[𝑂3
∗]

) (2.10) 

where [O3]L is the dissolved ozone concentration in the outlet liquid stream at steady-state conditions (g 

m-3), and τ is the liquid residence time (min), calculated taking into account the gas holdup (εG; %). 
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The [O3
*] with the gas phase were experimentally determined in batch mode (Figure 2.4) with DW at 

water pH of 3.0 ± 0.2, T = 20 ºC, QG = 0.75 Ndm3 min-1, [O3]G,inlet = 20 g Nm-3, QL = 50 L h-1, by 

recirculating the outlet gas/liquid stream to a column for 45 min. 

 

Figure 2.4. Schematic representation of laboratory-scale setup of the batch system. Note: DEH – dehumidifier; 

GEN – ozone generator; GP – gear pump; H-CAT – heat catalyst (ozone destruction); KI – 2% KI solution; MFC 

– mass flow controller; MS – magnetic stirrer; MSB – magnetic stir bar; O2 – oxygen; O3AN – ozone analyser; 

OMC – ozone measuring cells; TC – temperature controller; Continuous lines – water; Dotted lines – water + 

ozone gas stream; Dashed lines – ozone gas stream. 

After the saturation, the injection of the ozone gas stream in the system was stopped. Then, the value of 

kd was calculated by the kinetic profile of ozone concentration decay as a function of time. As reported 

by other authors [13-15], the decrease of ozone concentration was considered as a first-order process 

and the self-decomposition constant kd could be calculated from the following equation: 
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𝑑[𝑂3]

𝑑𝑡
=  −𝑘𝑑 × [𝑂3] (2.11) 

Similarly, integrating Equation (2.11) gives Equation (2.12): 

𝑙𝑛
[𝑂3

∗]

[𝑂3]
=  𝑘𝑑 × 𝑡 (2.12) 

The interfacial area (a; m-1) is one of the essential parameters for processes involving gas-liquid mass 

transfer (Equation (2.13)) and requires the determination of εG and the Sauter mean diameter (d32, mm), 

which can be obtained from the bubble size distribution data (Equation (2.14)). 

𝑎 = 6
𝜀𝐺

𝑑32
 

(2.13) 

𝑑32 =
∑ 𝑛𝑖𝑑𝑒𝑞

3𝑛
𝑖=1

∑ 𝑛𝑖𝑑𝑒𝑞
2𝑛

𝑖=1

 (2.14) 

where 𝑛𝑖 is the number of bubbles of diameter deq (mm). 

Further details on bubble size distribution and mean bubble size are provided in Section 2.3.2.4. 

In O3 membrane contactors, the membrane creates an additional mass transfer resistance, significantly 

reducing process efficiency. For a conventional membrane contactor with a hydrophilic membrane, the 

overall mass transfer resistance (1/KL) is given by Equation (1.5) [14]. 

In a GLMC, the resistance to mass transfer in the liquid boundary layer has already been proved to be 

the dominant step of overall mass transfer resistance for the case of low liquid Reynolds number and 

low gas solubility [16]. As a result, the simpler model can be obtained when the mass transfer resistance 

in the gas phase is neglected (i.e., 1/(kGH) ≅ 0), owing to the ozone diffusion coefficient in the gas phase 

is 4 orders of magnitude higher than in the water [17, 18] (Equation (2.15)). 

1

𝐾𝐿
=  

1

𝑘𝑀
+  

1

𝑘𝐿
 (2.15) 

2.3.2.4 Determination of bubble size distribution, mean bubble size, gas holdup and specific 

interfacial area 

The acquisition of bubble images was performed using a high-speed digital video camera (Photron, 

FASTCAM SA-Z) in three different axial zones of the reactor (top, middle and bottom), under the same 

conditions of KLa determinations. During image acquisition, a light source and a black sheet (behind the 
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reactor) were used to improve the image's quality and differentiate the boundaries of the gas bubbles. 

The digital camera was positioned at approximately 30 cm from the reactor wall. Thus, in the axial zone, 

a filming of 30 s was performed and 10 frames were taken as images (same position as the camera, but 

at different times of image acquisition). The best images acquired, with at least 500 marked bubbles, 

were treated, analysed and the results were extracted using the ImageJ software coupled with the 

"Analyze Particles" tool. 

The numerical descriptors resulting from the software image analysis are the projected bubble area (Ap, 

mm2). Considering that the bubbles are homogeneous, without deformations and symmetrical, it can be 

considered for the calculations that the bubbles generated by the ozone contactor are spherical. 

Therefore, deq can be calculated by Equation (2.16). 

𝑑𝑒𝑞 = √
𝐴𝑝

𝜋
 (2.16) 

With the same digital images, the volume fraction of the gas phase, also known as εG, was calculated 

according to Equation (2.17). The methodology involves measuring the height of the liquid without the 

presence of gas (h0, mm) and the corresponding level (h, mm) when the gas is continuously introduced 

into the reactor at a given flow rate. The gas-phase volume fraction was measured at least 10 times with 

a mean error of less than 2%. 

𝜀𝐺 =  
ℎ − ℎ0

ℎ
 (2.17) 

2.3.2.5 Evaluation of CECs removal 

CECs removal was evaluated in continuous mode using DW or UWW contaminated with 19 CECs 

(10 µg L-1 each) and different oxidation processes: (i) ozonation (with O3 permeation and light 

irradiation off); (ii) photocatalysis UVC/TiO2 (no O3 permeation), and (iii) photocatalytic ozonation 

(O3/UVC/TiO2). The following operational conditions were applied: CECs solution inlet flow rate 

(QL = 50-150 L h-1; hydraulic residence time–τ = 3.9 – 11.6 s), O3 concentration at the gas inlet 

([O3]G,inlet = 6, 20, 40, 60, 100 or 200 g Nm-3), and gas flow rate (QG = 0.15, 0.50 or 0.75 Ndm3 min-1), 

corresponding to different inlet O3 doses (DA-O3 = 2, 6, 12 or 18 g m-3). Furthermore, the effect of 

increasing the contact time on CEC removal and the consumption of residual ozone in the liquid phase 

was evaluated using a 1.5 L retention column after the reactor (contact time = 1 min). 
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The ozone concentrations in the inlet and outlet of the system were monitored and the transferred ozone 

dose (DT-O3; g m-3) was calculated according to Equation (2.18): 

𝐷𝑇−𝑂3
=  

([𝑂3]𝐺,𝑖𝑛𝑙𝑒𝑡 − [𝑂3]𝐺,𝑜𝑢𝑡𝑙𝑒𝑡) × 𝑄𝐺

𝑄𝐿
 

(2.18) 

where [O3]G,outlet is the O3 concentration in the outlet gas stream (g Nm-3). 

The [O3]L was measured in-line as described in Section 2.3.2.1 to allow the assessment of consumed 

ozone dose (DC-O3, g m-3) by Equation (2.19): 

𝐷𝐶−𝑂3
=  𝐷𝑇−𝑂3

−  [𝑂3]𝐿 
(2.19) 

The samples were taken at pre-determined time intervals and the residual ozone was removed 

immediately by placing the samples in a water bath at 80 ºC. After each experiment, the ozone membrane 

contactor was washed by pumping DW through the ARZ. 

2.3.2.6 Adsorption process 

An adsorption step was used to complement the ozonation treatment, targeting the removal of CECs 

recalcitrant to ozonation and degradation by-products (Figure 2.5). The adsorption step was performed 

in continuous mode using a Chromaflex® jacketed column (borosilicate glass column with acrylic water 

jacket; internal diameter = 4.8 cm; maximum length = 30 cm; maximum pressure of 3.4 bar) with a flow 

adapter to adjust the bed height inside the column. The column was packed with 265 g of commercial 

granular activated carbon in pellets (ORNI-EX, LDA). According to the product specifications, the GAC 

had an appearance of a pelleted black granular solid, iodine number of 1080 mg g-1, an apparent density 

of 0.4–0.5 kg L-1, diameter with an average size of 1.5 mm and BET surface area of 1100 m2 g-1. The 

diameter and shape of the particles were carefully selected as these are factors that affect the phenomena 

of mass transfer within the particle, as well as the axial and radial dispersion within the packed bed 

column [19]. To avoid poor flow distribution and liquid retention, the bed length/particle diameter and 

the bed diameter/particle diameter ratio must be higher than 150 and 30, respectively [20]. Taking into 

account a coal bed height of 27 cm and an average GAC particle size of 1.5 mm, the ratios are 180 and 

32, respectively. The ozonized wastewater (DA-O3 = 18 g m-3; [O3]G,inlet = 200 g Nm-3) was pumped up 

(5 mL min-1) through the column using a peristaltic pump (Gilson Minipuls 2) in upwards mode. 

Samples were collected regularly at the column outlet and analysed for CECs removal (Section 2.4.3.2) 

and zebrafish toxicity assays (Section 2.4.4). 



Chapter 2 

84 

 
(a) 

 
(b) 

Figure 2.5. Sketch of the continuous adsorption system (a) and photography (b). Note: C – column; D – discard; 

GAC – granular activated carbon; MS – magnetic stirrer; MSB – magnetic stir bar; PP – peristaltic pump; 

SP – sampling point. 

2.4 Analytical methods 

2.4.1 Iodometric method for the determination of ozone concentration in liquid phase 

The O3 probe was calibrated by the iodometric method according to the methodology adapted from 

American Public Health Association [6] and Birdsall et al. [7]. The principle of this method consists of 

the oxidation of the iodide ion in excess by O3 to form iodine (Equations (2.20) and (2.21)) and 

measuring the produced iodine concentration by titration with sodium thiosulfate. 

In order to quantify the dissolved O3 in water, 100 mL of a liquid sample containing dissolved O3 was 

added to 50 mL of the KI 2% (w/v), and then 2.5 mL of H2SO4 (0.5 M) was added to acidify the solution. 

Subsequently, the sample of ozonised water and KI solution was immediately titrated with sodium 

thiosulfate, previously standardised with potassium dichromate (0.01 M). In addition, a starch indicator 

MSMS

MSBMSB

SP

C

PP

GAC

D

D

𝑂3 + 3𝐼− + 2𝐻+ ↔ 𝑂2 + 𝐼3
− + 𝐻2𝑂 (2.20) 

𝐼3
− + 2𝑆2𝑂3

2− ↔ 3𝐼− + 𝑆4𝑂6
2− (2.21) 
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solution (1% w/v) was used. The ozone mass was calculated from the amount of thiosulfate consumed 

in the titration (Equation (2.22)) and the ozone concentration (g O3 m
-3) was calculated from the ozone 

mass obtained through Equation (2.23). 

where m is the mass of ozone (mg), Cthi is the nominal concentration of thiosulfate (mol L-1), f is the 

correction factor for thiosulfate, Vthi is the sodium thiosulfate volume (mL), MO3 is the molar mass of 

ozone (g mol-1), C is the ozone concentration (mg L-1), and V is the volume of the ozonized water sample 

(mL). 

2.4.2 Wastewater characterisation 

The UWW samples used in the advanced treatment assays were collected from a full-scale UWWTP 

after secondary treatment in northern Portugal. Turbidity, total nitrogen, total phosphorous, total 

dissolved iron, chemical oxygen demand, total suspended solids, and volatile suspended solids were 

determined according to the American Public Health Association [6]. The total dissolved carbon 

and dissolved inorganic carbon were measured in a Shimadzu TOC-VCSN analyser (Shimadzu, Kyoto, 

Japan). pH and temperature were measured using a Hanna Instruments HI-2020 edge® hybrid. 

Conductivity was determined by Hanna Instruments HI9828 multiparameter meter. The absorption 

spectra were evaluated between 200 and 800 nm using a Merck Spectroquant® Prove 300 UV/Vis 

spectrophotometer. Inorganic anions were analysed by ion chromatography (Dionex ICS-2100 LC) 

equipped with an IonPac® AS11-HC 250 mm × 4 mm column (T = 30 °C) and an anion self-

regenerating suppressor (ASRS® 300, 4 mm) under an isocratic elution of 30 mM KOH at a flow rate 

of 1.5 mL min-1. Inorganic cations were also evaluated by ion chromatography in a Dionex DX-120 LC 

coupled with an IonPac® CS12A 250 mm × 4 mm column at ambient temperature and a CSRS® Ultra 

II cation self-regenerating suppressor (4 mm) under an isocratic elution of 20 mM methanesulfonic acid 

at a flow rate of 1.0 mL min-1. All the effluent samples were stored at 4 °C prior to be used. 

2.4.3 CECs analysis 

2.4.3.1 High-performance liquid chromatography with DAD detector 

AMX, DCF, E2 and EE2 concentrations were followed by a reversed-phase HPLC using a VWR Hitachi 

ELITE LaChrom equipped with a Merck LiChrosorb® RP-18 (5 μm) LiChroCART® 125–4 column 

and an L-2455 diode array detector (DAD). An isocratic elution (48:52 (v/v) acetonitrile/0.014 M oxalic 

𝑚 = 0.5 × 𝐶𝑡ℎ𝑖 × 𝑓 × 𝑉𝑡ℎ𝑖 ×  𝑀𝑂3
 (2.22) 

𝐶 =  
𝑚

𝑉
× 103 (2.23) 
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acid) was used for E2, EE2 and DCF determination. For the AMX quantification, the equipment was 

operated in a gradient mode using acetonitrile/methanol/0.014 M oxalic acid with ratios of 10:5:85 (v/v) 

from 0 to 3 min, 15:5:80 (v/v) from 3 to 5 min, 10:5:85 (v/v) from 5 to 8 min. The flow rate was set at 

1.0 mL min-1, the injection volume at 50 µL and DAD at 230 nm for AMX and 280 nm for E2, EE2 and 

DCF. The retention times for E2, EE2, DCF and AMX were 3.3 min, 4.0 min, 5.1 min and 9.4 min, 

giving detection limits of 10.7 µg L-1, 7.86 µg L-1, 18.8 µg L-1 and 15.2 µg L-1, respectively. The 2NB 

concentration was determined using an isocratic elution with 60% 0.014 M oxalic acid/40% acetonitrile 

at a flow rate of 0.60 mL min-1. The retention time and the detection limit were 7.6 min and 2.4 mg L-1, 

respectively. 

2.4.3.2 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

The analysis of the selected CECs in water/wastewater samples was performed in an Acquity UPLC® 

liquid chromatograph interfaced to a XEVO TQD® triple quadrupole mass spectrometer (LC-MS/MS) 

equipped with an electrospray interface (ESI) from Waters (Milford, MA, USA). A sample volume of 

45 μL was directly injected into a Luna C18 100A column (50 mm × 2 mm, 3 µm particle size) supplied 

by Phenomenex (Torrance, CA, USA) maintained at a constant temperature of 30 °C and 0.2 mL min-1 

flow rate. The quantification in UWW was performed by the standard addition method using standards 

prepared in UWW and direct injection of the samples. The mobile phases consisted of (A) 1 mM 

ammonium fluoride in UPW and (B) 1 mM ammonium fluoride in MeOH. The gradient was as follows: 

0-1 min, 100% A; 1-8 min, linear gradient to 100% B; 7-13 min, 100% B and finally, 13-20 min, 100% 

A. Nitrogen was used as nebulizing and drying gas and Argon was used as collision gas. The analyses 

were determined in the ESI positive and negative polarities, and the acquisition mode was multiple-

reaction monitoring (MRM). Two MRM transitions were used as a quantifier (Q) and qualifier (q) for 

each compound, except in the case of PFBA, where only one intense MRM transition was observed (see 

Table 2.5 for detailed information). The quantification was performed by the standard addition method 

using standards. The method performance parameters are given in Table 2.6 for DW and Table 2.7 for 

UWW. 
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Table 2.5. Instrumental LC-MS/MS parameters. 

Note: Capillary voltages: 3.5 and 1.5 kV in positive and negative polarities, respectively. Source temperature: 350 ºC. 

Desolvation gas (N2) flow: 650 L h-1. Cone gas (N2) flow: 5 L h-1. Collision energy (CE) and cone voltage (CV) were adjusted 

for every transition. (Q) quantifier transition; (q) qualifier transition. 

  

CECs 
Retention 

time (min) 

Precursor 

ion (m/z) 

Product ion 

(m/z) 

Cone 

voltage 

(V) 

Collision 

energy (V) 

ESI 

mode 

CBZ 8.2 237 
194 (Q) 

40 
20 

Pos 
179 (q) 38 

CBZ-EPX 7.5 253 
180 (Q) 

39 
25 

Pos 
210 (q) 12 

DCF 9.5 
294 250 (Q) 33 10 

Neg 
296 252 (q) 33 10 

EE2 9.3 295 
145 (Q) 

60 
37 

Neg 
159 (q) 33 

E2 9.0 271 
145 (Q) 

65 
42 

Neg 
183 (q) 38 

ATNL 5.2 267 
145 (Q) 

38 
30 

Pos 
190 (q) 16 

BSPL 7.5 326 
116 (Q) 

45 
20 

Pos 
204 (q) 18 

DEET 8.5 192 
119 (Q) 

25 
15 

Pos 
91 (q) 25 

ISTN 9.2 434 
179 (Q) 

50 
65 

Neg 
350 (q) 28 

LSTN 9 421 
127 (Q) 

30 
30 

Neg 
157 (q) 25 

VSTN 9.3 427 
193 (Q) 

35 
20 

Neg 
121(q) 25 

DRN 8.6 233 
72 (Q) 

30 
20 

Pos 
160 (q) 20 

MLN 1.5 127 
85 (Q) 

45 
15 

Pos 
69 (q) 20 

AC-K 4.8 162 
82 (Q) 

30 
15 

Neg 
78 (q) 30 

SCH 5.7 182 
42 (Q) 

45 
35 

Neg 
62 (q) 30 

TFMS 2.7 149 
80 (Q) 

46 
20 

Neg 
99 (q) 20 

PFOA 9.7 413 
369 (Q) 

20 
14 

Neg 
169 (q) 20 

PFBS 8.5 299 
80 (Q) 

56 
36 

Neg 
99 (q) 30 

PFBA 7.5 213 169 (Q) 20 10 Neg 
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Table 2.6. LC-MS/MS method performance for DW. 

CECs 
Linearity (R2) 

LOQ*-50 µg L-1 
Precision RSD* (%) 

10 µg L-1 (n=5) 

LOQ* 

µg L-1 

CBZ 0.999 2.2 0.02 

CBZ-EPX 0.999 2.8 0.02 

DCF 0.997 2.3 0.18 

EE2 0.996 6.5 1.50 

E2 0.997 5.7 2.10 

ATNL 0.995 2.6 0.15 

BSPL 0.993 3.2 0.04 

DEET 0.999 3.2 0.03 

ISTN 0.999 3.7 0.05 

LSTN 0.999 4.2 0.15 

VSTN 0.999 4.3 0.28 

DRN 0.999 4.0 0.07 

MLN 0.998 7.1 0.58 

AC-K 0.998 6.2 0.50 

SCH 0.998 7.1 1.00 

TFMS 0.999 6.9 1.00 

PFOA 0.999 4.1 0.02 

PFBS 0.999 2.9 0.09 

PFBA 0.997 2.1 0.14 
Note: *LOQ - Limit of Quantification; RSD - Relative Standard Deviation. 

Table 2.7. LC-MS/MS method performance for UWW. 

CECs 
Linearity (R2) 
LOQ*-50 µg L-1 

Precision RSD* (%) 
10 µg L-1 (n=5) 

LOQ* 
µg L-1 

CBZ 0.998 3.1 0.03 
CBZ-EPX 0.996 2.5 0.02 

DCF 0.996 3.5 0.19 
EE2 0.991 8.5 2.3 
E2 0.995 7.9 3.1 

ATNL 0.998 3.2 0.24 
BSPL 0.992 4.1 0.11 
DEET 0.999 4 0.03 
ISTN 0.999 6.9 0.08 
LSTN 0.999 6.2 0.26 
VSTN 0.999 7.1 0.44 
DRN 0.999 4.6 0.07 
MLN 0.998 6.8 0.75 
AC-K 0.994 8 0.68 
SCH 0.992 8.3 1.1 

TFMS 0.999 7.2 1.2 

PFOA 0.999 5.8 0.02 

PFBS 0.999 3.8 0.09 

PFBA 0.998 3.2 0.14 
Note: *LOQ - Limit of Quantification; RSD - Relative Standard Deviation. 
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2.4.4 Toxicity screening using zebrafish embryo bioassay 

The zebrafish embryo bioassay carried out based on the OECD Fish Embryo Acute Toxicity (FET) Test 

236 [21], was used to evaluate the toxicity of the water samples before and after the treatment. In Chapter 

4, the zebrafish embryo bioassay was evaluated for 10 samples: synthetic matrix (dechlorinated DW - 

control), solvent control (acetonitrile in dechlorinated UPW; the percentage of acetonitrile is equal to 

the amount in the CECs working solution), real matrix (secondary-treated UWW), real 

matrix + acetonitrile, and CECs in UPW and real matrix before and after the treatment with the 

membranes. For Chapter 6, the zebrafish embryo bioassay was performed for six samples: control 

(dechlorinated DW), real matrix fortified with 19 target CECs before and after the ozonation treatment 

(UWW+CECs and UWW+CECs+O3, respectively), and after ozonation plus GAC adsorption 

(UWW+CECs+O3+GAC). Each treatment condition was tested without dilution and with dilutions 

factors of 2 and 4 with dechlorinated water. 

2.4.4.1 Zebrafish maintenance and eggs collection 

Adults zebrafish AB strain were kept in dechlorinated water at 28 ± 1 °C and under a photoperiod of 

12:12 h (light:dark). Animals were fed ad libitum, twice a day, with commercial food Tetramin (Tetra, 

Melle, Germany), supplemented every two days with live Artemia spp. In order to induce zebrafish 

breeding, in the afternoon prior to the beginning of the embryo bioassay, adults in a proportion of 2:1 

(male:female) were allocated in a breading box to reproduce. On the following day, 1.5 h after the 

beginning of the light period, newly fertilized eggs were collected and cleaned in order to start the 

embryo bioassay [22]. 

2.4.4.2 Zebrafish embryo bioassay OECD 236 

The clean zebrafish eggs were observed in a magnifying glass and randomly allocated in 24-well plates 

(one embryo per well) previously incubated with 1.5 mL of each treatment. In each 24-well plate was 

assigned one treatment composed of 20 embryos divided into five replicates plus an internal plate control 

(4 embryos). The plates were randomly maintained in an incubator at 26 °C ± 0.5 for 96 h under the 

same photoperiod as the adults. The treatment solutions were renewed daily in order to maintain oxygen 

saturation and the integrity of the solutions. Embryos were checked every day for mortality and dead 

embryos were removed. Embryo development was checked under an inverted microscope (Nikon 

Eclipse 5100 T) coupled with a digital camera Nikon D5 – Fi2, and morphological abnormalities on the 

head, tail, notochord, pericardial and yolk-sac oedemas, and hatching rate were recorded as present or 

absent at 24, 48, 72, and 96 h post-fertilization (hpf) [22, 23]. At each observation time point, the 

different abnormalities were grouped and presented as total abnormalities. 
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2.4.4.3 Statistical analysis 

Data obtained during the embryo bioassay were computed in Statistica 12.5 (Statsoft, USA). Data were 

tested for homogeneity of variances using Leven's test and transformed if required. If the homogeneity 

of variances was met, a one-way ANOVA followed by Fisher's least significant difference (LSD) test 

was performed in order to evaluate differences between the CECs in DW-UPW/real matrices and the 

DW-UPW/real matrices without the CECs; as well as differences between the CECs in both matrices 

before and after treatment. If the homogeneity of variances was not met even after data transformation, 

data were analysed by Kruskal–Wallis followed by Multiple Comparison Rank Test. Significant 

differences were set at p < 0.05. 

2.4.5 Enumeration of culturable microorganisms 

In Chapter 6, the enumeration of cultivable microorganisms was evaluated. One millilitre of serially 10-

fold diluted sample, or up to 100 mL of sample, was filtered through cellulose nitrate membrane filters 

(0.22 μm porosity; Whatman, UK) in triplicate. Afterwards, the filtering membranes were placed onto 

the appropriate culture media of the target microbial group: Plate Count Agar [PCA; VWR International 

(Pennsylvania, USA); 30 ºC, 48 h] for culturable heterotrophs, m-Faecal Coliform Agar [mFC; Thermo 

Fisher Scientific (Massachusetts, USA); 37 ºC, 24 h] for enterobacteria, and Slanetz Bartley Agar 

(mENT; Thermo Fisher Scientific (Massachusetts, USA); 37 ºC, 48 h] for enterococci. Additionally, m-

Faecal Coliform Agar supplemented with 32 mg L-1 amoxicillin (AMX), 4 mg L-1 cefotaxime (CTX) or 

350 mg L-1 sulfamethoxazole (SUL) were used to assess resistance prevalence before and after 

treatment. These antibiotic concentrations were based on previous studies [24, 25]. Results were 

expressed as colony forming units (CFU) per 100 mL of sample. 
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3 Large Area Continuous Multilayer Graphene Membrane for 

Water Desalination 

This chapter reports the preparation of a large area (84 cm2) desalination membrane based on 

multilayers (11 nm thickness) of B,N-codoped defective graphene. The process consists of coating 

a porous ceramic α-Al2O3 support (100 nm pore size) with a continuous nanometric (50 nm) 

chitosan film containing adsorbed (NH4)3BO3. Subsequent pyrolysis in the presence of hydrogen 

converts chitosan into multilayer defective B,N-codoped graphene. The partial removal of B and N 

dopant atoms by H2 during the pyrolysis causes the generation of subnanometric pores due to atom 

vacancy, as determined by control experiments in the absence of this gas. NaCl and KCl removal 

efficiency from brackish water higher than 95% for a permeate flux of 24.3 L m-2 h-1 at 10 bar was 

achieved. Due to the excellent rejection rate of NaCl and KCl from brackish water and high 

permeate flux at lower transmembrane pressure, as well as the large area, the membrane reported 

herein appears to be easy to implement in water desalination. As far as we know our report 

describes the largest, continuous graphene membrane with subnanometric pores, where the 

membrane and the pores have been formed on site in a single step during the preparation process. 
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Garcia, H. Large area continuous multilayer graphene membrane for water desalination, Chemical 

Engineering Journal, 413 (2021) 127510. DOI: 10.1016/j.cej.2020.127510”.
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3.1 Introduction 

Global demand for fresh water has been increasing in recent years [1, 2]. Therefore, technologies aimed 

at the desalination of sea and brackish water are crucial for meeting future demand and 

improving drinking water quality [3]. In this context, it has been proposed that continuous graphene 

films can serve to develop the ultimate membranes, since the one-atom thickness represents the physical 

zero-depth limit for any membrane [4, 5]. 

Among the many important physical properties of ideal graphene including high electron mobility, 

optical transparency and remarkable mechanical resistance and elasticity [6], one of relevance for 

developing membranes is that ideal graphene constitutes a perfect barrier that does not allow the 

crossover of even the smallest atom or molecule. In particular, it has been proved that a perfect graphene 

layer cannot permeate He or H2 at room temperature [7-10] only in exceptional cases where ripples, 

wrinkles and other defects induce a local curvature that allow the permeation of H2 [11]. The major 

advantages of continuous graphene as membrane that would make its use as a disruptive technology are 

its high mechanical strength, high elasticity and wide range of chemical stability. Adequate porosity on 

the graphene sheet should allow combining a high flux due to the zero depth and high solute removal [12, 

13]. 

The main barriers that limit the general application of desalination technologies to produce fresh water 

are the high pressures required to overcome osmotic pressure and low permeate fluxes, resulting in a 

high energy consumption. These limitations are closely related to the development of more efficient 

strong continuous membranes that withstands high pressures and exhibits a high salt rejection rate. 

In this context, graphene materials have attractive properties for their use in water desalination and 

purification membranes [14-16]. However, the difficulty to obtain a large area graphene membranes on 

appropriate supports, together with the lack of suitable strategies to generate pores of proper dimensions 

to exclude small ions, such as Na+, K+ and Cl-, in a pressurized filtration process are the two major 

limitations to be overcome for the wide use of graphene on desalination. 

High quality graphene films of sufficiently large area are typically obtained by chemical vapor 

deposition on metal surfaces, most commonly Ni or Cu. After preparation, it is necessary to devise 

suitable transfer techniques to deposit this graphene film on the appropriate porous support. 

Subnanometric porosity must be generated by electron or ion impact [17]. Otherwise, porosity on 

graphene has also been generated by a two-step procedure consisting of O2 plasma nucleation of defects 

and subsequent etching and expansion of defects with ozone treatment [18]. The complexity of the 
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process and the need for dedicated equipment reduce the attractiveness and limit the use of graphene as 

membrane. 

To circumvent this limitation, most of the reports so far on the use of graphene and graphene derivatives 

in desalination membranes are employing this material as an additive, rather than as a continuous film, 

to improve the performance of the embedding polymeric matrix [3, 19]. Alternatively, measurements on 

graphene membranes have been made on films of micrometric size [14, 20] or larger areas by 

cumbersome transfer process of costly preformed chemical vapor deposition (CVD) graphene on flat 

substrates [21, 22]. Besides high-quality graphene [14, 20], other related materials that have been also 

employed for the preparation of desalination membranes include graphene oxide (GO) [23, 24] and 

boron nitrite (BN) [25-27]. In one of these examples, Kim et al. [28] deposited GO nanosheets followed 

by amino GO nanosheets on the surface of amino polyethersulfone (PES) membrane. The obtained 

membrane exhibits a good salt rejection of 98% for a water flux of 28 L m-2 h-1 at a pressure of 55 bar. 

Cohen-Tanugi et al. [29] reported theoretical studies based on classical molecular dynamics simulations 

on the behaviour of multilayer graphene membrane for desalination. Their study on models varying the 

number of overlapped holey graphene layers concluded that a ~ 200 nm thick nanoporous multilayer 

graphene membrane should have rejection efficiency and permeate flux similar to those of a single-layer 

graphene membrane. 

There is a clear gap in commercially producing continuous graphene membranes of large area, affordable 

cost and within quality assurance/quality control requisites [30]. In most of the studies in the field of 

membranes, graphene is previously prepared by chemical exfoliation of industrial graphite and then 

deposited on the support [31-33]. Briefly in this method, graphite is oxidized to graphite oxide that after 

neutralization is converted to GO. The product is dried to get the GO powder. Lastly, the membrane is 

immersed in GO solution. However, since graphite particles have, at best, a lateral dimension of a few 

micrometers, the membrane is constituted by the overlap of micrometric flakes, but it is not a continuous 

graphene film. Therefore, an innovative method of fabricating large area graphene films that can be used 

as membranes should be a significant step forward in the area of desalination. 

3.2 Objectives 

The main objective of the work presented in this chapter is to prepare a large area, continuous film of 

multilayer graphene membrane with subnanometric porosity for water desalination. The preparation 

procedure and extensive characterisation of the multilayer graphene will be correlated with its 
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performance in terms of water flux and salt rejection as a function of applied pressure using brackish 

water. 

3.3 Materials and methods 

All the chemicals used in this work, permeation tests, experimental units and procedures, as well as the 

employed analytical determinations, are depicted in Chapter 2. The fabrication of continuous multilayer 

boron, nitrogen-codoped defective graphene film on porous α-Al2O3 membrane is described in detail in 

Section 2.2.1. All the experimental data presented in this chapter was obtained using the MF membrane 

reactor, which is detailed described in Section 2.3.1.1, and will be designated as a membrane reactor 

throughout this chapter. Before submitting for filtration, KCl and NaCl salts were added in the required 

amount to reach a final 50 mM concentration. 

3.4 Results and discussion 

3.4.1 Large area graphene membrane concept and preparation 

The concept of the present desalination membrane has been the preparation of a continuous film of 

multilayer B and N-codoped defective G on a porous (100 nm) α-Al2O3 membrane as support. Rigid 

ceramic α-Al2O3 membrane allows easy handling of the multilayer (B,N)G film and the design of a 

membrane reactor. Notice that the dimension of the cylindrical membrane is over 80 cm2 and the 

procedure can be easily adapted for larger sizes. Thus, the present (B,N)G film corresponds probably to 

the largest example of a continuous multilayer graphene membrane for desalination ever reported that 

proves the efficiency of this technology. It should be noted that previous studies have determined 

graphene performance on micrometric membranes that were 10–9 times smaller than the present one [14, 

20]. 

The thermal stability of the ceramic α-Al2O3 makes possible the preparation of defective multilayer 

(B,N)G by pyrolysis of chitosan (CS) containing adsorbed (NH4)3BO3. CS is a soluble deacetylated 

derivative of chitin that is the most important waste from the fishery industry [34]. Previous studies have 

shown that the pyrolysis of this natural polysaccharide renders a defective N-doped G and that B and N-

codoped defective G can be obtained upon pyrolysis of CS containing (NH4)3BO3 [35]. The surface area 

determined by isothermal N2 adsorption in powders gave values of about 80–150 m2 g–1 with a large 

micropore size distribution, indicating that as a powder the material undergoes extensive stacking due 

to − interactions and van der Waals forces [35]. The success of the continuous multilayer graphene 

preparation process derives from the ability of CS to form conformal, continuous films on arbitrary 
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substrates and its subsequent transformation into defective doped G upon pyrolysis at 900 oC [36]. Of 

note is that during the process of transformation of CS into (B,N)G by thermal treatment at 900 ºC, no 

detachment or peeling of the resulting (B,N)G from the alumina tube was observed. The good adherence 

of graphene film to the Al2O3 membrane could reflect a match of the thermal dilatation behaviour of 

both materials and an adequate interaction among the surface of graphene and Al2O3. Defects on the 

resulting G derived from polysaccharides are due to the presence of a residual O content on the final G 

and the generation of carbon vacancies on the graphene sheet [37]. In addition, the presence of N atoms 

in a percentage of about 5% has also been established by combustion elemental analysis [38]. 

The thickness of the resulting defective G layer depends on the thickness of CS precursor. It has been 

found that during the pyrolysis the thickness of the film decreases by a factor of 5 to 10-fold as a 

consequence of CS dehydration, its structural transformation and packing of the G layers. Although the 

formation of single layers N-doped G has been reported by pyrolysis of very thin CS films on flat 

substrates [38], the texture of α-Al2O3 characterized by a high surface roughness (see SEM images) 

makes it impossible the preparation of continuous CS films of the required small thickness. Continuity 

of the defective G film was considered a crucial parameter for the preparation of the desalination 

membrane, since preliminary experiments with these discontinuous defective G films showed that they 

do not act as barriers for alkali chlorides. For this reason, thicker CS films of 50 nm or larger were 

necessary to obtain, after pyrolysis, continuous G films. In this regard, it should be commented that the 

defective nature of the G films obtained by pyrolysis of CS makes also advisable the stacking of several 

layers, in a way that the defects and vacancies of one layer that would decrease the selectivity can be 

masked by the stacking of other layers on top of the defect. 

Generation of subnanometric pores to allow water permeation was herein designed by the introduction 

of doping elements on the graphene sheet that subsequently could be removed by suitable chemical 

treatments. In this regard, it has been found that dopant B atoms on the graphene sheet can be removed 

either by oxidative treatment and hydrolysis [39] or by thermal hydrogenation [40]. Also, dopant N 

atoms are removed from the graphene sheet by thermal hydrogen treatment [37, 40]. Thus, the 

hypothesis of the present (B,N)G films as membrane is that by preparing doped or codoped defective 

multilayer graphene films, subsequent removal of the dopant elements can result, according to density 

functional theory (DFT) modelling of ideal and one-carbon vacancy sheets (Figure 3.1), in the generation 

of subnanometric pores, able to allow the permeation of H2O (0.275 nm), but not crossover of hydrated 

alkali metal ions with hydrated diameters of 0.72 and 0.66 nm for Na+ and K+, respectively. As it will 

be shown below, the results of the permeation measurements of brackish water are in accordance with 

the above hypothesis. 
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Figure 3.1. Model of an ideal graphene sheet (left) and a model graphene sheet having one or two atom carbon 

vacancies (right). The concept of the present (B,N)G film as desalination membrane is based on the atomic radius 

distances among the carbon atoms around vacancies that are about 0.36 nm, in the range wanted for selective H2O 

permeation. Note that besides C atoms, defective (B,N)G film contains B, N and O heteroatoms. 

3.4.2 Characterisation of multilayer (B,N)G film supported on porous α-Al2O3 membrane 

The morphology of the α-Al2O3 membrane surface was studied by SEM. Figure 3.2 provides two 

representative images of the fresh and (B,N)G coated α-Al2O3 surface. It can be seen there that the fresh 

α-Al2O3 surface is typical of a ceramic material with sintered nanoparticles and significant roughness. 

The presence of pores in the fresh α-Al2O3 membrane is clearly revealed by the images. After forming 

the (B,N)G membrane, the images show that the whole surface has been completely coated by a 

conformal film, smoothing the roughness angles and covering the pores. Importantly, SEM images 

revealed that the film is continuous throughout the whole area. 
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(a) 

 
(b) 

 
 

 
(c) (d) 

Figure 3.2. SEM image of membrane surface (a) without and (b) with (B,N)G film; (c) FIB image to measure 

(B,N)G film thickness indicated by green parallel lines underneath the thick layer needed for taking the image; 

high resolution TEM of (d) (B,N)G film. The inset of panel b shows a small debris scratched from the graphene 

membrane to perform the high resolution TEM images of the (B,N)G film shown in panel d. 

Fast ion bombardment (FIB) can dig into the solid surface and makes it possible to obtain a cross-

sectional image of the surface. A representative image is also shown in Figure 3.2c. It can be seen there 

that underneath the thicker layer needed for ion bombardment, there is a thin continuous (B,N)G film 

with a thickness of 11.14 nm (indicated by the green parallel lines). This thin continuous (B,N)G film 

covers the α-Al2O3 membrane characterized by a nanoparticulate morphology and large porosity. 

Regarding the number of (B,N)G layers corresponding to this thickness, it has been determined that the 

defective graphene layers pack somewhat more loosely than ideal graphene sheets characterized by a 

short interlayer distance about 0.34 nm. It has been determined that graphene oxide layer thickness is 

around 0.5-0.7 nm and similar values are proposed for defective N-doped graphene [41]. Therefore, the 

measured thickness of the multilayer (B,N)G film could correspond most probably to between 15 and 

20 graphene layers. In the present case, the broadness of the XRD peaks, indicating a loose packing and 

low crystallinity of (B,N)G precludes an estimation of the interlayer distance. (B,N)G was obtained as 

powder by pyrolysis at 900 ºC under a flow (200 mL min–1) of 95 vol.% Ar and 5 vol.% H2 of an intimate 

mixture of chitosan and 20 wt.% NaH2PO4 following the pyrolysis procedure previously reported in 
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Dhakshinamoorthy et al. [35]. This sample is analogous to that forming the desalination membrane film 

coating porous alumina but can be subjected to study by XRD. Figure 3.3 presents powder XRD of 

(B,N)G compared to pyrolytic graphite. 

 

Figure 3.3. XRD of defective graphene (a) and pyrolytic graphite (b). 

High-resolution TEM images of the (B,N)G film were taken upon scratching the film from the CS-

coated α-Al2O3 membrane after pyrolysis (see inset of Figure 3.2b for an image of the (B,N)G peeling 

off), dispersion of the small piece in ethanol by ultrasonication and drop casting onto a TEM sample 

holder grid. A representative image of the (B,N)G film coating the α-Al2O3 membrane is also presented 

in Figure 3.2d. As it can be seen there, the TEM image shows the expected hexagonal structural 

arrangement characteristic of graphene, in accordance with the previously reported behaviour upon 

pyrolysis of CS at 900 oC [38]. In addition, the cross-sectional image shows the multilayer stacking of 

the graphene obtained by pyrolysis, with an interlayer spacing of about 0.38 nm corresponding to the 

expected distance between graphene sheets. To image the layered structure of the (B,N)G film, a small 

piece was scratched from the alumina membrane and analysed by TEM. Figure 3.4 shows a) a cross-

section of the film in which the stacking of the layers can be clearly seen. The inset shows the interlayer 

distance based on the contrast change through 4.5 nm in which 12 layers can be counted, and b) high-

resolution frontal view. 
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Figure 3.4. High-resolution TEM image of a) a cross-section of the (B,N)G film, and b) frontal view. 

A representative AFM image of the (B,N)G-coated α-Al2O3 membrane is presented in Figure 3.5. The 

image shows a frontal view (left frame) and a 3D image (right frame) at the micrometric length scale of 

the (B,N)G film as a smooth surface without the presence of pinholes, cracks or pitches. The colour 

codes of the Figure 3.5 refer to differences in height due to the sintering of the coarse grains of 

micrometric size of Al2O3 nanoparticles constituting the substrate on which the (B,N)G film is 

supported. It is noteworthy that while the Al2O3 membrane presents apparent holes among the grains 

corresponding to the submicrometric membrane pores, these discontinuities are coated and not present 

when the (B,N)G film is on top of the membrane. 

 
Figure 3.5. Frontal wide-field AFM image of (B,N)G-coated α-Al2O3 membrane with the height scale colour 

codes. This image shows the continuity of the (B,N)G films and the absence of cracks and pinholes on it. 

Since porous alumina is not a flat surface and in order to better determine the graphene film thickness, 

the preparation procedure of (B,N)-codoped graphene film was also performed on a flat quartz plate. By 

scratching the graphene film with a cutter and measuring the height profile perpendicular to the scratch, 

a thickness of 10 nm was also measured for this film, in good agreement with the 11.14 nm thickness 

determined for the graphene film on porous alumina by FIB in SEM measurement. 

XPS analysis of the (B,N)G-coated α-Al2O3 membrane resulting after pyrolysis at 900 oC revealed the 

presence of C, O, N and B elements. Figure 3.6 presents the high-resolution XPS signals for C1s, O1s, 

B1s and N1s peaks and the best fitting to individual components for each element and their relative 
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atomic proportion. According to XPS analysis over 85% of the atoms present in (B,N)G correspond to 

C atoms in three different environments, namely, graphenic, single bonded to N or O and a minor 

percentage of carboxylate group carbon atoms. The presence of residual O in about 10 at.% from over 

the 50% O content of CS precursor was also recorded, in good agreement with reported data [37]. O 

atoms double bonded to C (carbonyls) interrupt the graphene lattice and are located at the periphery of 

the sheet or at holes. 

  

  
(a) 

 
(b) 

Figure 3.6. (a) High resolution XP spectra of C1s, O1s, B1s and N1s peaks, together with the best fitting to 

individual components, indicating their corresponding binding energy values, atomic proportion and assignment. 

(b) Raman spectra of (B,N)G film on α-Al2O3 membrane upon 632 nm excitation and the assignment of the 

vibrational bands. 

Importantly, the presence of about 2 at.% each B and N was also detected, distributed in graphenic 

dopants and bonded to heteroatoms. In this regard, it has been established that the presence of 5 vol% 

H2 in the flow during pyrolysis decreases the percentage of N, with respect to samples prepared 

following the same procedure in Ar flow that contains a N proportion of about 5% [37]. Similarly, it has 

275 280 285 290 295 300
0

20000

40000

60000

80000

288.5 eV

3.1 %

O-C=O

285.5 eV

31.5 %

C-N or C-O

C
.P

.S

Binding Energy (eV)

284.4 eV

50.46 %

C=C

C1s

520 525 530 535 540 545
10000

15000

20000

25000

30000

533.0 eV

3.59 %

C-O
C

.P
.S

Binding Energy (eV)

531.47 eV

6.76 %

C=O

O1s

180 185 190 195 200 205 210
1200

1400

1600

1800

2000

C
.P

.S

Binding Energy (eV)

191.85 eV

2.189 %

B-N

194.37 eV

0.088 %

B2O3

B1s

390 396 402 408

11000

12000

13000

403.08 eV

0.249 %

400.71 eV

1.356 %

C-NH2

C
.P

.S

Binding Energy (eV)

398.16 eV

0.646 %

N-B

N1s

1000 2000 3000

0

1000

2000

3000

4000

5000

2D

D

In
te

n
si

ty
 (

a.
u
.)

Raman shift (cm
-1
)

G



Chapter 3 

106 

been found that H2 at temperatures of about 300 °C removes dopant elements from graphene, this being 

one reason for doped graphene instability as a hydrogenation catalyst [40]. In the case of N-doped 

defective graphene, evolution of NH3 was confirmed [40]. These data indicate that the B and N dopant 

atoms that otherwise become incorporated into the graphene basal plane are partially removed during 

the pyrolysis by its reaction with H2 and subsequent evacuation in the effluent gas flushing the system, 

generating atom vacancies in the graphene sheet. 

Figure 3.1 shows optimized DFT models of single and double atom vacancy on the graphene sheet 

showing the subnanometric pores generated in the process. Unfortunately, direct imaging at 

subnanometric resolution of the atom vacancies by high-resolution TEM is not routine due to the lack 

of graphene stability under high voltage electron beam. In fact, exposure to these high-energy electrons 

has been proposed as a way to generate nanometric pores on graphene sheet [42]. On the other hand, no 

evidence of larger pores can be obtained by TEM images in the present work or in the precedents that 

reported the transformation of polysaccharides into graphene. The importance of doping and H2 

treatment to generate subnanometric pores will be confirmed when commenting on the performance as 

the desalination membrane of a control membrane prepared similarly but in the absence of H2. 

Raman spectroscopy of the (B,N)G-coated α-Al2O3 membrane exhibit the expected G and D bands 

appearing at about 1590 and 1350 cm-1 characteristic of defective graphene, as well as a broad band 

from 3100 till 2500 cm-1, with maximum about 2700 cm-1 corresponding to the 2D peak (Figure 3.6b). 

The broadness of this band is in agreement with the multilayer arrangement of the (B,N)G film, while 

the relative intensity of the G vs. the D band of 1.2 is coincident to values reported for defective graphene 

obtained by pyrolysis of polysaccharides. Overall the Raman spectrum signature confirms the defective 

graphene nature of the (B,N)G film. 

3.4.3 Performance of (B,N)G films on porous α-Al2O3 ceramics as a desalination membrane 

Preliminary experiments using multilayer N-doped G films on α-Al2O3 formed by pyrolysis at 900 °C 

under Ar (no H2) of 50 nm CS films on α-Al2O3 ceramic showed no water permeation, indicating that 

this film behaves as a barrier. In contrast, attempts to obtain thinner CS films on α-Al2O3 membranes by 

coating porous α-Al2O3 support with CS aqueous solutions of half the concentration indicated in the 

experimental section (Section 2.2.1), resulted in membranes without any permeation efficiency, the 

reason being the lack of continuity of the resulting (B,N)G film. It was also observed that imperfect 

coating or damage of the coating also results in (B,N)G films without desalination efficiency. Thus, the 

presence of H2 in the pyrolysis to partially remove dopant elements and the use of an optimal CS 
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concentration as indicated in the experimental section appear to be conditions necessary to achieve the 

permeation selectivity described below. 

Following the preparation procedure indicated in the experimental section, the resulting (B,N)G films 

were able to achieve selective water transport with high salt rejection. The removal efficiency of NaCl 

and KCl, permeate flux and pressure effects were determined. The results are summarized in Figure 3.7. 

 
Figure 3.7. (a) Effects of transmembrane pressure on (B,N)G-coated α-Al2O3 membrane water flow for NaCl (●) 

and KCl (■) salts as well as the rejection percentage of NaCl (○) and KCl (□) ([NaCl] = [KCl] = 50 mM); (b) 

Effects of feed NaCl concentration on the desalination performance of the (B,N)G-coated α-Al2O3 membrane 

(Pressure = 5 bar). 

One important parameter to be considered in desalination is the pressure dependency of permeate flux 

and salt rejection since industrial desalinization is operated at very high pressure to achieve a sufficiently 

high flux of purified water [43]. In desalination processes, the external pressure must be sufficiently 

greater than the osmotic pressure to make osmosis happen. Usually, the osmotic pressure of seawater is 

around 23–26 bar with a salt concentration of 32,000 mg L-1 [44]. On the other hand, osmotic pressures 

of brackish water range from 1 to 3 bar, for a concentration of 1,000–5,000 mg L-1 [44, 45]. Therefore, 

to achieve osmosis, feed pressures applied to brackish water may vary from 5 [46] to 55 bar [28]. In the 

present study, a concentration in the typical range of brackish waters of 50 mM was selected to prove 

the selectivity in salt removal. This concentration value corresponds to 2,925 and 3,725 mg L-1 for NaCl 

and KCl, respectively. 

As the pressure in the membrane reactor increases, the permeate flow in the (B,N)G-coated α-Al2O3 

membrane increases as expected according to Darcy’s law. The permeation values for (B,N)G-coated α-

Al2O3 membrane were from 12.3 and 7.6 L m-2 h-1 (5 bar) to 24.3 and 15.1 L m-2 h-1 (10 bar) for KCl 

and NaCl, respectively. In this pressure range (5–10 bar), the water flux varies linearly with the pressure. 

However, this linearity between water flux and pressure could not apply to higher pressures, since these 

conditions could decrease membrane permeation due to compaction and morphological changes. 
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The influence of increasing from 8 bar to 10 bar on the permeation flow was insignificant, with an 

increase of 2.1 and 5.2% for KCl and NaCl, respectively. This can be explained by assuming that once 

the external pressure exerted on the reactor is sufficiently high to overcome the osmotic pressure, the 

limiting factor is pore density on the membrane that allows the permeation to happen, approaching a 

plateau for the water flux with the pressure. 

As it can be seen in Figure 3.7, there is a remarkable difference in the water flux as a function of the 

nature of the alkali metal chloride salt. The maximum difference in the water flux for the two salts can 

be as high as 66% larger for KCl with respect to NaCl for the 10 bar pressure measurement. The 

difference in water flux is proposed to be related to the difference in the size of K+ and Na+ ions that 

should be close to the effective pore size of the (B,N)G membrane. In principle, K+ has a larger ionic 

radius (1.32 Å) than Na+ (0.93 Å), because it has a larger number of atomic orbital shells and electrons 

surrounding the nucleus. However, Na+ is a larger ion for hydrated ions, since its higher polarization 

effect determines a stronger attractive force on neighbouring water molecules. As a consequence, 

Na+ (3.60 Å) has a larger hydration radius than K+ (3.30 Å) [47]. Since the radius of hydrated ions is 

significantly larger than the radius of isolated water molecules passing through the membrane, a 

selectivity should be expected for pores of adequate dimensions as those predicted by the models in 

Figure 3.1. The pore sizes of the membrane are very important and critical in this case. Cohen-Tanugi 

et al. [29] found that a graphene membrane with a radius of 0.3 nm exhibited full salt rejection. Other 

authors show that most salt ions can pass through pores of a diameter above 0.55 nm [18]. Thus, the 

available experimental data indicates that in the case of (B,N)G films the pore radius should be around 

0.3 nm, in addition to the presence of residual percentage of B, N and O heteroatoms. Under these 

circumstances, the interaction of hydrated Na+ with the pore rims can result in partial dynamic clogging 

of the pores and, therefore, lower fluxes should be observed for Na+, since the larger radius makes this 

interaction with the pore entrances much weaker. Thus, the different behaviour of NaCl and KCl 

constitutes indirect evidence of the effective pore diameter that should be in a narrow window close to 

the Na+ ions able to discriminate in such a notable percentage between Na+ and K+ sizes. 

As can be seen also in Figure 3.7, (B,N)G membrane exhibited high salt rejection efficiency value for 

both NaCl and KCl around 98.0 and 98.5% for pressures of 5, 8 and 10 bar. Commercial desalination 

membranes generally exhibit more than 98% NaCl rejection, but there is a relationship between water 

flow and salt rejection, as GO membranes with higher rejection efficiency must operate at relatively low 

water flux [14]. Other studies also had high salt rejection rates around 98–99%, but with higher pressures 

or with permeate flow smaller than the current study [48]. Thus, the (B,N)G-coated α-Al2O3 membrane 

reported here outperforms commercial and most of the previously reported graphene desalination 
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membranes by achieving high water flux and high salt rejection rate at pressures of 8 bar for 50 mM salt 

concentration. 

To put the results shown in Figure 3.7 into context, Table 3.1 summarizes the performance data from 

other studies based on the use of graphene and graphene oxide in combination or not with a support. The 

performance of (B,N)G-coated α-Al2O3 membrane showed relatively good performance in terms of 

water flow as well as excellent salt rejection compared to other filtration membranes. It should be, 

however, stressed that the previous report on the performance of single-layer graphene refers to a 

measurement on a membrane of 5 µm diameter that is about 1 billion times smaller area than the one 

under study here. 

Another factor that directly affects the permeate flux is salt concentration. In general, the water permeate 

flux decreases as the solute concentration increases. The same effect is also observed here for (B,N)G-

coated α-Al2O3 membrane with a flux for 12 and 50 mM NaCl solutions of 36.4 and 7.6 L m-2 h-1, 

respectively, at 5 bar pressure; the corresponding values for salt rejection were 95.7 and 98.5%, 

respectively (Figure 3.7b). A change in feed concentration directly affects sorption at the 

liquid/membrane interface. Therefore, hydrated ion concentration on the membrane near or at the pores 

increases with feed solution concentration, causing a decrease in the water flow [49]. Observation of the 

strong influence of NaCl concentration on the permeate flux is again in agreement with the previous 

justification of the different permeate flux between NaCl and KCl based on the assumption that the 

effective pore radius size of (B,N)G film should be close to the hydrated radius of the Na+ ion, about 

0.36 nm. 
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Table 3.1. Overview of reported data on graphene-based water desalination membranes and relevant operation conditions. 

Membrane 

material 
Preparation method 

Membrane 

area (cm2) 

Feed 

concentration 

Flux 

(L·m-2·h-1) 

Pressure 

(bar) 

Rejection 

(%) 
Ref. 

GO-PAN 
Hummers method and vacuum filtration of GO 

particles 
14.7 35000 ppm 14.3 - 65.1 10 99.8 [49] 

GO-PTFE 

CVD graphene on flat substrates and poly 

(methyl methacrylate) (PMMA)-assisted transfer 

of graphene was adopted 

4 70000 ppm 50 - 99.9 [50] 

GO-PA Hummers method and coating method 9.6 2000 ppm 59.4 20 94 [51] 

GO-PSF Brodie method and layer-by-layer method 12.56 300 ppm 28 55 98 [28] 

rGO/TiO2-PSF Hummers method and phase inversion method 36 2000 ppm 51.3 15 99.45 [32] 

GO-PES 
Hummers method and the precursor solution 

were filtered through the membrane 
14.6 2000 ppm 35.6 10 98.5 [46] 

GO-PSF Brodie's method and phase inversion method 19.6 1000 ppm 10 4 40-60 [52] 

GO-PVDF 
Hummers method and pressure-assisted self-

assembly 
4.8 2000 ppm 73.2 15 95.6 [33] 

(B,N)G 
CS film impregnated in the membrane with 

ammonium borate was pyrolyzed 
84 

50 mM 

(± 3725 ppm) 
24.3   10 98.5 

This 

work 
Note: GO – graphene oxide; PAN – polyacrylonitrile; PTFE – polytetrafluoroethylene; PA – Polyamide; PSF – polysulfone; PES - poly(ether sulfones); PVDF – polyvinylidene fluoride; CVD – 

Chemical vapour deposition; (B,N)G – graphene-boron nitride. 
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Regarding the filtration mechanism, it is important to rule out that the selectivity of the salt retention is 

not due to the adsorption of the salt on the graphene. Considering the theoretical graphene density of 

2.26 g cm-3, the area (84 cm2) and the average thickness (11 nm), the graphene mass in the membrane is 

estimated as 0.2 mg, while the total amount of NaCl flushed through the membrane in 5 h at 10 bar is 

18.90 mol, corresponding to 1098.8 g. To further determine the adsorption capacity of (B,N)G for NaCl, 

50 mg of (B,N)G (about 250 times higher amount than the amount of (B,N)G on the alumina membrane) 

was added to 25 mL of a 50 mM aqueous solution of NaCl (same concentration as in the permeation 

measurements), observing a negligible decrease in NaCl concentration. Figure 3.8 provides the temporal 

profile of the isothermal NaCl adsorption. 

 
Figure 3.8. NaCl concentration profile over time on (B,N)G film. 
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3.5 Conclusions 

The present study reports a new concept for the preparation of large area desalination membranes 

based on site formation of multilayer defective graphene with subnanometric pores. The process derives 

from the ability of chitosan to form conformal nanometric films that can be subsequently transformed 

into multilayer doped defective graphene. The pyrolysis conditions can be adapted to form atom 

vacancies on the graphene sample. The (B,N)G membrane exhibits a remarkable permeation selectivity. 

Thus, the present report may constitute a significant advance in desalination technology providing a 

suitable preparation procedure not only on flat but also on curved supports. It can also be anticipated 

that the procedure can be easily adapted to obtain analogous membranes based on defective graphene 

with controlled pore sizes for different applications. 
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4 A Novel Ceramic Tubular Membrane Coated with a 

Continuous Graphene-TiO2 Nanocomposite Thin-film for 

CECs Mitigation 

This chapter reports a ceramic tubular membrane coated with a continuous graphene-

TiO2 nanocomposite thin-film for CECs removal from UPW and real matrix in single-pass flow-

through operation. Microfiltration ceramic membranes were coated in situ with graphene (G)-

TiO2-P25 nano-composite using two different methods: Membrane A (MA) - TiO2-P25 incorporated 

in the G preparation stage (1% [MA-1], 2% [MA-2] and 3% [MA-3] [w/v]), and Membrane B (MB) 

- TiO2-P25 thin-film uniformly coated over the G film surface (coating layers: 3 [MB-1], 6 [MB-2], 

and 9 [MB-3]). After the catalyst deposition and before the pyrolysis step, air was forced to pass 

through the membranes pores (inside-outside mode), providing a porous film. The CECs solution 

(diclofenac-DCF, 17β-estradiol-E2, 17α-ethinylestradiol-EE2 and amoxicillin-AMX) was prepared 

using UPW or UWW fortified with 500 µg L-1 of each CEC. Membranes were characterized by the 

following techniques: Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), 

Fourier-Transform Infrared spectroscopy (FTIR), Diffuse Reflectance UV-Visible spectroscopy 

(DR UV-Vis) and Raman spectroscopy. The membranes coated with MA-3 and MB-2 catalyst films, 

irradiated by UVA light, showed the highest ability for CECs removal. Furthermore, the relative 

flux reduction ratio (RFR) decreased by around 45% in the absence of UVA light, owing to 

membrane fouling. The combination of filtration and oxidation (G-TiO2-UVA) provided a permeate 

with higher quality and minimized membrane fouling. Although MB allowed for a permeate with 

higher quality, MA provided a higher permeate flux. 

 

This chapter is based on the following research article: “Presumido, P.H., Santos, L.F. dos, Neuparth, 

T., Santos, M.M., Feliciano, M., Primo, A., Garcia, H., Đolić, M.B., Vilar, V.J.P. A Novel ceramic 

tubular membrane coated with a continuous graphene-TiO2 nanocomposite thin-film for CECs 

mitigation, Chemical Engineering Journal, 430 (2022) 132639. DOI: 10.1016/j.cej.2021.132639”. 
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4.1 Objectives 

Graphene (G)-TiO2 composites have been prepared through various techniques using more than one 

stage without achieving a continuous G layer in membrane supports [1-3]. Moreover, most of them have 

several limitations, either in the membrane area or in the need to prepare highly expensive chemical 

vapor deposition (CVD) graphene and subsequent transfer graphene to the membrane surface [4]. 

Therefore, the method of preparing graphene-based membranes is the key to the large-scale fabrication 

of nanosheet membranes on tubular substrates for industrial applications. 

The main objective of this chapter is the preparation of a ceramic tubular membrane coated with a 

continuous G-TiO2 nanocomposite thin-film for CECs removal from UPW and real matrix in single-

pass flow-through operation. The functionalization of the MF membranes was optimized using two 

different methods to verify which is the best option regarding the quality and quantity of the permeate: 

membrane A (MA) - TiO2-P25 incorporated in the preparation stage of graphene-G, and membrane B 

(MB) - TiO2-P25 deposited over the G layer. The photocatalytic membranes were assembled in a 

photocatalytic membrane reactor, having an outer borosilicate tube as the reactor window, and UVA 

lamps located around the window, and further tested for the removal of a mixture of four CECs 

(diclofenac-DCF, 17β-estradiol-E2, 17α-ethinylestradiol-EE2 and amoxicillin-AMX) using UPW or 

UWW after secondary treatment from UWWTPs, as reaction matrices. 

4.2 Materials and methods 

All the chemicals used in this work, modelling of degradation kinetics, permeation tests, experimental 

units and procedures, as well as the employed analytical determinations are described in Chapter 2. The 

fabrication of continuous G-TiO2 thin-films on α-Al2O3 membrane shell-side is described in detail in 

Section 2.2.2. All the experimental data presented in this chapter was obtained using the membrane 

reactor, which is detailed described in Section 2.3.1.2, and will be designated as photocatalytic 

membrane reactor or PMR during this entire chapter. Before submitting to treatment, the UPW and the 

secondary UWW were fortified with 500 µg L-1 of each CEC (DCF, E2, EE2 and AMX). 

4.3 Results and discussion 

The best G-TiO2 functionalized membranes towards CECs rejection and permeate quantity were MA-3 

(membrane A) and MB-2 (membrane B) (see Section 4.3.2.2). Therefore, the discussion on membrane 
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characteristics and results is based on these two samples and compared to their respective controls - in 

the absence of light (MA-3UVAoff and MB-2UVAoff). 

4.3.1 Characterisation of the catalyst film immobilized on the porous membrane 

The G-TiO2 nanocomposite films were obtained through a facile and single-step method in which CS 

was used as a precursor to G production. The surface of the ceramic membrane modified with G-TiO2 

was wholly covered by a continuous film without the apparent presence of pinholes or cracks (Figure 

4.1). The preparation method for MA-3 resulted in a continuous film of G interspersed with aggregates 

of TiO2, creating a discontinuity in the G layer, which allows more defects in the catalyst film (Figure 

4.1a). The image also shows that TiO2 was bound together with G at the time of its formation by 

pyrolysis in an oxygen-free atmosphere. On the other hand, Figure 4.1d (MB-2) shows a continuous G 

layer covered by TiO2 nanoparticles. The surface morphology itself presented a slight agglomeration 

caused by the deposition of the photocatalyst over the G layer (Figure 4.1d). Figure 4.1a shows debris 

scratched from the G membrane to visually show a comparison between two different zones of the MA-

3 film. From the analysis of EDS (Figure 4.1b and Figure 4.1e), the two different zones of the 

manufactured membranes indicate the presence of carbon, titanium and alumina, describing the 

materials of the G film, TiO2 film and the ceramic membrane (α-Al2O3), respectively. The EDS results 

show the presence of carbon on the entire surface of the MA-3, even when zone Z2 is analysed, which 

shows strong signs of the presence of both titanium and carbon. This indicates that G and TiO2 are 

incorporated into each other. In contrast, for the manufacturing method of MB-2, the G film was coated 

with a TiO2 layer. In zone Z2, where titanium is the predominant element, the TiO2 film covers the G 

signal (Figure 4.1e). 
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Figure 4.1. SEM images of the top surface of the MA-3 (a) and MB-2 (d) modified membranes with the expected 

EDS spectra (b, e) and surface pore size distribution (c, f). 
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Hence, SEM analysis provides strong evidence that the G-TiO2 was successfully prepared, in which the 

TiO2 was bonded together with G film or coated over the G layer. This structure is beneficial for 

membrane fabrication as G can enhance the connection with TiO2 and improve the strength of the 

membrane to be used as a barrier for the retention of CECs. In addition, the contact between G film and 

TiO2 nanoparticles minimizes charge recombination, enhancing photocatalytic activity (see Section 

4.3.2.1). 

The comparison of the surface porosity and pore size distribution between the TiO2-functionalized G 

samples (Figure 4.1c and Figure 4.1f) are set up to the following values: 1) the sample MA-3 showed a 

mean pore size of 67.3 nm with an average film porosity of 13.3%; and 2) the sample MB-2 presents a 

mean pore size of 48.4 nm with an average film porosity of 12.1%. Although the sample MB-2 presents 

a narrow pore size distribution than MA-3, both are classified as UF membranes. In general, several 

ranges of G-TiO2 micropores have been measured in the sample MB-2, making the catalyst surface more 

accessible/available for the solid–liquid interactions (i.e., the tendency of higher membrane fouling). 

The accumulation of the nanoparticles over the G film increases the surface roughness of MB and 

subsequently reduces membrane fouling resistance. 

The surface profile at the nanometer scale was effectively presented by the AFM technique. The top 

view image displays the selected image from a top-down perspective, where the height information is 

represented by the colour at a given scale from 0.0 to 1200.0 nm, indicating generally low roughness of 

the sample MA-3 (Figure 4.2a) and sample MB-2 (Figure 4.2c). Surface plot image displays the selected 

image with colour-coded height information in a three-dimensional perspective (Figure 4.2b and Figure 

4.2d). The roughness surface morphology (RSM) for the sample MA-3 has shown higher homogeneity 

of the surface, with similar RSM values for the sections of 5 µm × 5 µm × 800 nm 

(RSM1_5µm = 52.9 nm, Figure 4.2b) and 10 µm × 10 µm × 1500 nm (RSM1_10µm = 75.39 nm – data not 

showed). The sample MB-2 has shown slightly higher roughness (RSM2_5µm = 56.38 nm, Figure 4.2d 

and RSM2_5µm = 82.21 nm – data not shown). Additionally, the analytical AFM performance for the 

sample MB-2 was much more time/accuracy demanding, also indicating the higher roughness of the 

membrane surface. 
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(a)  

(b) 

 
(c)  

(d) 
Figure 4.2. Tapping mode AFM image of the sample MA-3: section 5 µm × 5 µm × 800 nm - top view image (a) 

and surface plot image (b); and the sample MB-2: section: 5 µm × 5 µm × 1200 nm - top view image (c) and 

surface plot image (d). 

Similar values of surface porosity and roughness of the tested materials (MA-3 and MB-2) are directly 

reflected in their analytical performances – both membranes resulted in a stable structure with enhanced 

photocatalytic activity (Section 4.3.2). The major difference in membranes' fabrication procedures is 

further demonstrated by the higher accessibility/availability of the TiO2 active sites – manifesting the 

higher CECs abatement of the MB-2 sample (with TiO2 thin-film layer). 

The FTIR spectra of G and G-TiO2-functionalized samples (Figure 4.3a) show the corresponding peaks 

at 1055 cm-1 (C-O), 1067 cm-1(C-O), 1085 cm-1 (C-O), 1137 cm-1 (C-OH), 1207 cm-1 (C-OH), 1236 cm-

1 (C-OH) and 1597 cm-1 (C = C) [5-7]. The surface oxygen-containing functional groups render the 

possibility of covalent linkage of TiO2 onto the G surface [8]. The intensities of those peaks are low for 

the MA-3 sample due to the influence of TiO2 incorporated into CS before pyrolysis and, therefore, less 

exposure of the photocatalyst on the membrane surface. The peak at 3390 cm-1 originates from the 

hydroxyl group of water [5], which also demonstrates the hydrophilic surface of the MB-2 sample [9]. 
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The bands at 2961, 2926 and 2854 cm-1 correspond to the C–H stretch vibrations of the methylene group 

[10]. The slight difference detected in the peak position for the tested samples is due to the difference in 

the degree of hydrogen bonding and other interactions [11]. The low peak of the lattice vibration of TiO2 

(Ti-O-Ti stretching) has been recorded in the wavelength of 703 cm-1 [6] and 1400 cm-1 [5] for the MB-

2 sample. Moreover, Ti-O-C bond has been detected at a wavelength of 1096 cm-1 (MA-3) and 1085 cm-

1 (MB-2) demonstrating an interaction between TiO2 and G [7]; the Ti-element was dominantly present 

on the MB-2 surface of the membrane (previously confirmed by the EDS technique). 

The UV-Vis absorption spectra were measured in the diffuse reflection mode to access the optical 

absorption of composite material (Figure 4.3b). An enhanced absorption capacity of the G-TiO2 

composites in the range of 200–700 nm is shown, and the absorption region is extended to the near-

infrared region. The enhanced absorption of the G-TiO2 composites is attributed to the presence of the 

Ti–C and Ti–O–C bonds. The characteristic absorption band of the graphene centred at 264 nm is 

attributed to the π → π* transition of aromatic C–C bonds [12]. The shoulder present in the G-TiO2-

functionalized samples at 298 nm corresponds to the n → π* transition of C–O bonds. The adsorption 

peak at 315 nm and 385 nm indicates the formation of continuous G-TiO2 nanofilm [9, 13]. It was 

observed that the peak position for the G-TiO2-functionalized composites at 315 nm slightly shifted to 

318 nm compared to the G. This redshift (of 3 nm) results from charge-transfer interactions between G 

and TiO2, which is also confirmed by enhancing the Raman signal [14]. The bandgap energies, Eg (eV) 

of the MA-3 and MB-2 samples obtained from the Tauc Plot method [15], are 2.36 and 2.65 eV, 

respectively, much lower than that of the pure TiO2 – 3.36 eV (mostly in the range of 3.1–3.4 eV) [16]. 

After the interaction of G with TiO2, the Eg is narrowed, and the light absorption range of TiO2 can be 

extended into the visible region. The unique structure of the MA-3 facilitates the electron transfer due 

to the less exposed TiO2 particles (i.e., graphene is providing the space separation of photoelectron and 

hole pairs in rapid electron transfer units), leading to the inhibition of the recombination of the e−–

h+ pairs [9, 17]. 
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(a) 

 
(b) 

 
(c) 

Figure 4.3. (a) The FTIR spectra of graphene (G), TiO2-P25 (T) and G-TiO2-functionalized samples (MA-3 and 

MB-2); (b) The UV-Vis spectra of graphene (G) and G-TiO2-functionalized samples (MA-3 and MB-2); the inset 

of panel (b) shows the bandgap energies of graphene (G), TiO2-P25 (T) and G-TiO2-functionalized samples (MA-

3 and MB-2) (Tauc Plot method); (c) The Raman spectra of graphene and G-TiO2-functionalized sample (MA-

3). 

Raman spectroscopy was applied to determine the crystalline quality of the composite with continuous 

G-TiO2 film – MA-3 (Figure 4.3c). Two sharp picks have been detected for the G and G-TiO2-

functionalized sample: 1360 cm-1 for the D band (disorder carbon) and 1594 cm-1 for the G band 

(graphene carbon) [18]. D-band corresponds to the structural carbon disorders [6], while the G-band can 

be attributed to the first-order scattering of E2g proton of sp2 carbon atoms of graphene [19]. The crystal 
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structure, disorder and defects may be further determined by the relative intensity of D and G peaks. The 

position of D- and G-band (Figure 4.3c) is the same for both samples, where the higher intensity of peaks 

implies the density of structural defects in the G-TiO2 sample (MA-3). The G band in thermally reduced 

TiO2-sample slightly shifts to the lower frequencies, showing the broader peaks with higher intensities 

[10]. The intensity ratio ID/IG of the G sample (0.64) increased for the MA-3 sample (0.69) due to the 

removal of oxygenated groups after the thermal treatment (reestablishment of conjugated graphene 

network) [18]. Further analysis showed marginal G-band shift (~ 5 cm-1) to a lower frequency at 

1589 cm-1 (from 1594 cm-1), which confirms the interaction (charge transfer) between graphene and 

TiO2 [5]. The broad 2D peak at 2960 cm-1 is typically present in the graphene spectra, indicating the 

possible formation of the multi-layer structure and the presence of the amorphous carbon phase [9, 19]. 

The phase structures of the TiO2-P25 samples after pyrolysis were confirmed by XRD and compared to 

pure TiO2-P25, as shown in Figure 4.4. The characteristic diffraction peaks appear at 2θ = 25.3 and 

2θ = 27.4 diffraction planes for the anatase and rutile, respectively [20]. The results before and after 

pyrolysis at 600 °C are similar. Kim et al. [21] reported that the anatase-rutile phase transformation 

occurred at temperatures above 600 °C. Therefore, the characterisation data indicated that the thermal 

treatment did not affect the TiO2 crystallinity. 

 
Figure 4.4. XRD patterns of pure TiO2-P25 before and after pyrolysis at 600 ºC. 

4.3.2 Performance of the photocatalytic membranes 

4.3.2.1 Batch tests 

Preliminary CECs removal experiments using small membrane pieces were carried out in a batch reactor. 

All these experiments are laid out in Table 4.1. Experiments with a pristine membrane showed negligible 

CECs removal, indicating insignificant i) photoactivity of the membrane material and ii) photolysis of 
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However, the functionalized membranes boosted the CECs removal, where G-TiO2 thin-films performed 

better than TiO2 thin-film, indicating that the incorporation of TiO2 nanoparticles on G nanosheets can 

improve the photocatalytic activity of the membrane surface. MB showed better results than MA (a 1.3-

fold increase on kCEC, #C11 and #D11) due to the better exposure of the TiO2 nanoparticles to the UVA 

light. Although the increment in the amount of photocatalyst deposited on the membrane showed a 

positive effect on CECs oxidation, the reaction rate will reach a maximum value with further film 

thickness increase, as it will be discussed in the following sections [22]. 

Table 4.1. Pseudo-first-order kinetic constants for CEC removal (kCEC) along with the corresponding residual 

variance (S2
R) and coefficient of determination (R2). 

# 
Fabrication 

conditions a 
UVA CEC 

Removal 

(%) 

kCEC 

(10-4 min-1) 

S2
R 

(µg2 L-2) 
R2 

A.1 

Pristine membrane Off 

DCF 1.4 0.82 ± 0.04 6.0 × 10-8 0.993 

A.2 AMX 1.3 0.63 ± 0.08 3.5 × 10-7 0.933 

A.3 E2 1.0 1.2 ± 0.3 1.3 × 10-7 0.999 

A.4 EE2 0.8 1.5 ± 0.4 4.0 × 10-6 0.894 

A.5 

Graphene membrane Off 

DCF 4.4 2.4 ± 0.5 9.4 × 10-6 0.875 

A.6 AMX 4.9 2.9 ± 0.2 1.6 × 10-6 0.984 

A.7 E2 4.2 2.2 ± 0.8 3.2 × 10-5 0.721 

A.8 EE2 1.7 1.2 ± 0.2 2.7 × 10-6 0.864 

A.9 

Pristine membrane  On 

DCF 5.8 3.5 ± 0.3 5.3 × 10-6 0.958 

A.10 AMX 4.8 2.7 ± 0.3 3.2 × 10-6 0.974 

A.11 E2 1.9 1.0 ± 0.3 7.8 × 10-6 0.823 

A.12 EE2 0.8 0.6 ± 0.1 6.5 × 10-5 0.748 

A.13 

Graphene membrane On 

DCF 5.6 3.4 ± 0.3 6.6 × 10-6 0.948 

A.14 AMX 5.2 4.3 ± 0.9 4.9 × 10-5 0.781 

A.15 E2 2.3 4.8 ± 0.3 6.5 × 10-6 0.839 

A.16 EE2 3.1 4.4 ± 0.5 7.4 × 10-6 0.797 

B.1 

MT-1a On 

DCF 10.6 10.4 ± 0.6 1.8× 10-5 0.977 

B.2 AMX 15.0 12.3 ± 0.7 2.3 × 10-5 0.978 

B.3 E2 19.1 14.1 ± 1.5 1.2× 10-4 0.922 

B.4 EE2 17.6 14.9 ± 1.0 5.7 × 10-5 0.964 

B.5 

MT-2a On 

DCF 23.6 14.6 ± 0.5 1.2 × 10-5 0.992 

B.6 AMX 23.8 14.6 ± 1.3 8.5 × 10-5 0.939 

B.7 E2 27.4 17.9 ± 1.1 7.7 × 10-5 0.970 

B.8 EE2 26.4 15.9 ± 1.0 5.4× 10-5 0.970 

B.9 

MT-3a On 

DCF 27.8 19.1 ± 0.5 1.5 × 10-5 0.995 

B.10 AMX 28.8 18.0 ± 1.5 1.3 × 10-4 0.947 

B.11 E2 31.4 19.4 ± 1.0 5.7× 10-5 0.980 

B.12 EE2 30.0 19.2 ± 1.0 5.0× 10-5 0.980 
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Table 4.1. Pseudo-first-order kinetic constants for CEC removal (kCEC) along with the corresponding residual 

variance (S2
R) and coefficient of determination (R2) (continued). 

# 
Fabrication 

conditions a 
UVA CEC 

Removal 

(%) 

kCEC 

(10-4 min-1) 

S2
R 

(µg2 L-2) 
R2 

C.1 

MA-1b On 

DCF 22.8 14.3 ± 0.7 3.0× 10-5 0.982 

C.2 AMX 23.7 14.3 ± 0.7 3.2× 10-5 0.981 

C.3 E2 27.9 18.1 ± 0.8 3.5 × 10-5 0.987 

C.4 EE2 27.3 17.6 ± 0.3 4.0× 10-6 0.998 

C.5 

MA-2b On 

DCF 27.6 16.2 ± 3.8 6.5× 10-4 0.813 

C.6 AMX 29.6 20.0 ± 1.4 9.6× 10-5 0.972 

C.7 E2 32.9 23.0 ± 1.8 2.5 × 10-4 0.961 

C.8 EE2 31.7 21.9 ± 1.9 2.2 × 10-4 0.953 

C.9 

MA-3b On 

DCF 30.2 20.0 ± 0.9 5.1 × 10-5 0.984 

C.10 AMX 30.0 18.1 ± 1.8 1.7 × 10-4 0.932 

C.11 E2 34.3 22.5 ± 0.7 3.5 × 10-5 0.992 

C.12 EE2 32.8 20.1 ± 1.1 6.5 × 10-5 0.977 

D.1 

MB-1c On 

DCF 23.6 14.4 ± 0.7 2.9 × 10-5 0.985 

D.2 AMX 25.0 16.6 ± 0.4 1.0× 10-5 0.995 

D.3 E2 28.2 17.6 ± 0.7 4.3× 10-5 0.987 

D.4 EE2 26.3 16.1 ± 1.6 1.4 × 10-4 0.926 

D.5 

MB-2c On 

DCF 28.8 19.3 ± 0.7 2.9× 10-5 0.990 

D.6 AMX 31.6 20.1 ± 0.6 8.8 × 10-6 0.994 

D.7 E2 36.3 24.9 ± 1.9 2.0 × 10-4 0.960 

D.8 EE2 37.3 27.6 ± 1.3 8.5 × 10-5 0.983 

D.9 

MB-3c On 

DCF 32.4 22.2 ± 0.8 3.7 × 10-5 0.991 

D.10 AMX 35.8 24.0 ± 0.5 4.7× 10-6 0.997 

D.11 E2 42.1 31.6 ± 2.2 2.5× 10-4 0.965 

D.12 EE2 40.3 28.0 ± 2.0 1.9× 10-4 0.961 
aMembrane with TiO2: 2 wt.% of TiO2-P25 powder + two drops of TritonTM X-100 (500 mL) + 3 (MT-1), 6 (MT-2) or 9 (MT-3) coating 

layers. 
bMembrane A: CS + 1 (MA-1), 2 (MA-1) or 3% (MA-1) of TiO2 + pyrolysis. 
cMembrane B: CS + pyrolysis + 3 (MB-1), 6 (MB-2) or 9 (MB-3) coating layers. 

4.3.2.2 PMR tests using synthetic CECs solutions 

Prior to CEC oxidation experiments, the hydraulic permeability of each membrane was evaluated by the 

slope of the straight line obtained by plotting the water flux (J, L m–2 h–1) values, measured in fixed 

conditions of temperature (25 °C), as a function of the transmembrane pressure (TMP =3, 5 and 10 bar), 

according to Darcy's law (Figure 4.5). The hydraulic permeability computed from the slope flux for MA-

3 and MB-2 were 7.8 ± 0.3 L m-2 h-1 bar-1 and 2.6 ± 0.1 L m-2 h-1 bar-1, respectively. 
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Figure 4.5. Hydraulic permeability of membranes MA-3 (a) and MB-2 (b) obtained by plotting the water flux 

values as a function of the TMP computed from Darcy’s law. Note: Experimental data = symbols; Slope flux = 

dashed line. 

The membrane hydrophilicity or wetting capacity is one of the most important factors for improving the 

pure water flux and reducing fouling. The membrane with less water-contact angle has better 

hydrophilicity properties [23]. The addition of TiO2 nanoparticles on the membrane surface decreased 

the contact angle for MA-3 and reached a value of zero for MB-2 (Table 4.2). This can be attributed to 

the presence of TiO2 hydrophilic nanoparticles in the upper layer of MB-2. The presence of TiO2 

nanoparticles containing a large number of hydrophilic hydroxyl groups on the surface of the membrane 

increases its hydrophilicity [24]. The outermost surface of MB has a layer of TiO2, which is highly 

wettable. However, below the layer of TiO2, there is a layer of graphene that has hydrophobic 

characteristics. Although MB-2 has a smaller apparent contact angle than MA-3, the high TiO2 content 

on the surface of MB caused a high decrease in the permeate flux. This permeate flux decline could be 

attributed to pore blocking by the TiO2 nanoparticles, correlated with the reduction in porosity and mean 

pore radius (see Figure 4.1c and Figure 4.1f). 

Table 4.2. Contact angle and zeta potential of membranes. 

Membrane Contact angle (º) Zeta potential (mV) 

Pristine membrane 0 0 

G membrane 83.6 ± 0.4 - 17.3 

MA-3 62.6 ± 0.8 

- 10.6 
MB-2 

The drop is immediately 

absorbed by the surface of the 

material 

In continuous-flow experiments using PMR, the pristine/commercial MF membrane could not reject 

CECs molecules due to its larger pore size when compared with the diameter of the target organic 

compounds and its non-photoactive characteristic. Furthermore, tests were carried out with the BPR 

fully open (no permeation) in the absence of light, in order to evaluate the possible adsorption of the 

CECs in the experimental setup. CECs adsorption on the membrane with and without a catalyst thin-
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film was negligible (<1%). However, in the presence of light and catalyst thin-film, CECs rejection 

achieved maximum values of nearly 60% (Figure 4.6a and Figure 4.6c). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4.6. CECs removal efficiency (a) and removal rate in µmol h-1 (b) from an UPW and, permeate flux as a 

function of the reaction time for the different catalyst films using membrane A: MA-3UVAoff ( ; ), MA-1 

( ; ), MA-2 ( ; ) and, MA-3 ( ; ); CECs removal efficiency (c) and removal rate in µmol h-

1 (d) from an UPW and, permeate flux as a function of the reaction time for the different catalyst films using 

membrane B: MB-2UVAoff ( ; ), MB-1 ( ; ), MB-2 ( ; ) and MB-3 ( ; ); e) Permeate 

flux in L m-2 h-1 after 210 min of reaction (J210). Conditions: [CEC]0 = 500 µg L-1; T = 25 ºC; Cross Flow Velocity 

(CFV) = 0.01 m s-1; TMP = 10 bar. 

The membranes coated with multi-layer G-TiO2 films (A or B) without physical treatment showed no 

water permeation (maximum pressure of 10 bar), confirming the hypothesis that the pores were created 

by the passage of an air stream through the membrane (inside-outside mode). This procedure creates 

nanogaps in the CS film after the catalyst deposition and before the pyrolysis step. The success of the 
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pore preparation process in multi-layer graphene membrane derives from the ability of CS to form 

conformal, continuous films on arbitrary substrates and its subsequent transformation into defective 

doped G upon pyrolysis at 600 °C. Pyrolysis causes a profound structural change of the polysaccharide 

forming doped G even after physical treatment. The goal was to achieve a membrane able to reject CECs 

and allow the permeation of nutrients, producing a safe and nutrient-rich permeate for irrigation in 

agriculture [25]. For example, recent experimental investigations using a MF membrane proved that 

physical opening methods using an electron beam or a laser could be an excellent approach to create 

variable-sized graphene nanopores to tune selectivity and molecular diffusivity [26]. 

As expected, in the presence of UVA light, the functionalized membranes exhibit an improvement in 

the membrane permeate flux and quality and reduced membrane fouling (Figure 4.6), due to the 

synergetic functions for CECs oxidation and self-cleaning process. Maximum CECs rejection coupling 

continuous filtration with photocatalysis were as follows: (i) 48 and 53% (DFC); (ii) 56 and 65% (E2); 

(iii) 54 and 62% (EE2); 49 and 45% (AMX) for membranes MA-3 and MB-2, respectively. MB enables 

a slightly higher CECs rejection than MA, which can be explained mainly by the better exposure of the 

photocatalyst to light. As the preparation method of MB only inserts TiO2 after the formation of the G 

layer in the membrane shell-side, a greater amount of catalyst is susceptible to being activated by UVA 

light. Although an increment on the catalyst film thickness improved the CECs rejection efficiency, 

permeate flux declined (Figure 4.6c, to be further discussed below), leading to a maximum CECs 

removal rate (μmol h-1) (Figure 4.6d) for the catalyst film with 6 layers. 

For MA, CECs removal efficiency (Figure 4.6a), permeate flux (Figure 4.6e) and consequently, CECs 

removal rate (Figure 4.6b) increased with the increment on TiO2 mass (1, 2 and 3% w/v) used in the 

preparation of the CS solution (before pyrolysis). For values higher than 4% w/v, the film was not 

continuous and for that reason, 3% w/v was considered the optimum concentration of TiO2. 

According to the data presented in Figure 4.6b and 4d, the CECs removal rate followed the sequence 

E2 > EE2 > DCF > AMX. CECs have starkly different chemical properties, and their particle size can 

vary [27-29]. Under the experimental conditions (pH = 6.9), DCF and AMX are both negatively charged 

molecules. Also, the pHpzc for the G-TiO2 film powder, for both fabrication conditions, was found to be 

6.4 (Figure 4.7). As the solution pH is higher than the catalyst zero-point charge, the surface of the G-

TiO2 film is negatively charged, providing selective rejection of the negatively charged CECs. These 

results were confirmed by the zeta potential analyses (Table 4.2). Regarding hormones, neutral 

molecules for the pH working conditions, their rejections positively correlated with their larger 
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molecular dimension (size exclusion) and fairly hydrophobic characteristics (log KOW = 4.01 and log 

KOW = 3.67, respectively). 

 

Figure 4.7. Zero-point charge of G-TiO2 powder. 

In the presence of light, the CECs rejection can be correlated with its reactivity towards hydroxyl radicals 

(E2 - k•OH = (1.2 ± 0.3) × 1010 M-1 s-1; EE2 - k•OH = (1.5 ± 0.2) × 1010 M-1 s-1); DCF - k•OH = (9.29 ± 0.11) 

× 109 M-1 s-1; AMX - k•OH = (3.93–7.95) × 109 M-1 s-1) [30-33] and higher driving force for the catalyst 

surface ([E2]feed = 2.1 ± 0.2 mM > [EE2]feed = 1.8 ± 0.1 mM > [DCF]feed = 1.64 ± 0.09 mM > [AMX]feed 

= 1.29 ± 0.08 mM). During the usual membrane filtration process, solutes are transported from the 

surface of the membrane (Csurface) to the bulk crossflow by convective transport (JConvection) as a part of 

the permeate flow. Solutes that are rejected accumulate (Cbulk) near the surface, forming either deposits 

or a gelatinous-type layer (fouling). This solute build-up will cause a steep concentration gradient within 

the boundary layer, causing a back-transport of solute into the bulk stream due to diffusion (Jdiffusion) 

[34]. Consequently, there is an exponential increase in the concentration of organic compounds near the 

membrane surface (Figure 4.8), which are oxidized by the action of reactive species, such as superoxide 

radicals (O2
–•), photogenerated holes (h+), and hydroxyl radicals (OH•), generated when the G-TiO2 film 

is exposed to light (UVA) [2]. Therefore, a hybrid system that couples membrane filtration and 

photocatalytic processes appear to be an alternative pathway to preclude fouling and improve CECs 

removal. 
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Figure 4.8. Schematic illustration of the proposed photocatalytic mechanism of G-TiO2 membrane under UVA 

irradiation. 

In this study, the permeate flux changes were monitored for 210 min where the starting point of the 

reaction was carried out by permeation of UPW and the following points were accomplished with a CEC 

solution. The permeability performance of G-TiO2 membranes was investigated and presented in Figure 

4.6a and Figure 4.6c. As can be seen, the highest permeate flux decline was observed at the beginning 

of the experiments and after 30 min of reaction time, the permeate flux achieved steady-state conditions 

in the presence of UVA light (MA-1, MA-2, MA-3, MB-1, MB-2 and MB-3). In the absence of UVA 

light (MA-3UVAoff and MB-2UVAoff), the decline in the permeate flux was continuous and did not reach a 

steady-state condition even after 210 min of reaction. Generally, the reduction in permeate flow is 

attributed to the fouling phenomenon in which size exclusion, hydrophobic interaction and electrostatic 

repulsion are the mechanisms responsible for the fouling of the membrane surface [35]. In the absence 

of UVA light, the RFR of MA-3 or MB-2 membranes decreased by 40 and 45% owing to membrane 

fouling, respectively. 

As shown in Figure 4.9, the G-TiO2-UVA system (MA-3 and MB-2) has a lower RFR and higher FRR 

than the G-TiO2 system (MA-3UVAoff and MB-2UVAoff). Generally, lower RFR and higher FRR values 

indicate better membrane antifouling properties. Additionally, fouling can be divided into reversible (Rr) 

and irreversible (Rir) fouling. Rr is a fouling that could be cleaned by re-washing and is caused by the 

rejected contaminant molecules adsorbed or deposited on the surface of the membrane. Rir fouling is 

mainly removed by chemical washing or enzymatic degradation and is formed by various compounds 

that strongly bind with the membrane. Figure 4.9 shows that both Rr and Rir fouling strongly decreased 

with the use of the G-TiO2-UVA system. For example, Rir decreased from 42.3 and 46.6% for MA-

3UVAoff and MB-2UVAoff to 5.7 and 9.2% for MA-3 or MB-2, respectively. The G-TiO2 membranes have 

not only a lower RFR value but also a lower Rir value, which indicates a higher longevity of the 

fabricated membranes. Similar results were also obtained by Xu et al. [36], using a PVDF UF membranes 

based on the synergy of GO and TiO2. 
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Figure 4.9. Flux recovery ratio (FRR), relative flux reduction ratio (RFR), reversible fouling ratio (Rr) and 

irreversible fouling ratio (Rir) to assess antifouling performance of G-TiO2 membranes with (MA-2 and MB-3) 

and without (MA-3UVAoff and MB-2UVAoff) UVA irradiation. Conditions: [CEC]0 = 500 µg L-1; T = 25 ºC; 

CFV = 0.01 m s-1; TMP = 10 bar. 

Hence, the G-TiO2-UVA system presents a better permeability and antifouling properties when 

compared to the system in the absence of light. Figure 4.6e also presents the permeate flux during the 

filtration of CECs solution through the examined membranes. After 210 min, the permeate flux reached 

maximum values of 91 L m-2 h-1 and 23 L m-2 h-1 for the MA-3 and MB-2 membranes, respectively. MA 

shows the highest water permeability, which may be attributed to the pyrolysis of the CS with TiO2 

nanoparticles, resulting in more defects in the continuous G film. The results showed that the 

permeability of MA increased according to the concentration of TiO2 nanoparticles up to 3% [w/v], 

when the film started to create gaps in the continuous film. On the other hand, when the photocatalyst 

was added over the G film (MB), there was a significant decrease in the permeate flux after 210 min 

(J210) for increasing amounts of TiO2 (J210-MB-1 = 23 L m-2 h-1; J210-MB-2 = 18 L m-2 h-1; J210-MB-3 = 11 L m-

2 h-1). Therefore, the accumulation of nanoparticles may lead to porosity reduction, which affects the 

flux through the membrane. 

The long-term stability of the G-TiO2 nanocomposite thin-film was evaluated for an operation period of 

12 h. The relative permeate flux (JCECs/J0) of MA and MB with/without UVA radiation (MA-3UVAoff, 

MB-2UVAoff, MA-3 and MB-2) versus time is displayed in Figure 4.10. The obtained results reveal that 

a considerable flux decline for all membranes is observed during the first minutes of operation. However, 

after 60 min of filtration, the membranes with UVA radiation reached an almost constant flux, and the 

membranes without UVA radiation had a steep slope up to approximately 60% within 300 min. 

Moreover, although all the membranes showed a flux decline during the filtration process, at the end of 

the 12-hour filtration, MA-3 and MB-2 membranes in the presence of UVA light reveal about 40 and 

50% higher permeate flux than the respective membranes without UVA radiation, suggesting the 

superior potential of membranes with catalyst activation. The stability of catalyst films was also 

evaluated based on the CECs removal for a period of 12 h. Figure 4.10b shows the treatment level 
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achieved for each CEC throughout the experiment. In general, the CECs removal percentage level was 

stable throughout the monitored period, with no evident trends of decreased treatment performance. 

Mean levels of treatment ranged from 45% removal for AMX to 65% removal for E2 using the G-TiO2-

UVA systems. 

 
(a) 

  

  
(b) 

Figure 4.10. Long-term stability of the G-TiO2 nanocomposite thin-films of both membranes types based on the 

permeate decline (a) and CECs concentration in the permeate (b) as a function of reaction time. Conditions: 

[CEC]0 = 500 µg L-1; T = 25 ºC; CFV = 0.01 m s-1; TMP = 10 bar. 
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4.3.2.3 PMR tests using UWW matrix fortified with CECs 

The effectiveness of the PMR system, using MA-3 and MB-2 membranes, was evaluated towards CECs 

removal from a secondary effluent from an UWWTP fortified with 500 µg L-1 of each CEC (Figure 

4.11). The main characteristics of the UWW sample are presented in Table 4.3. 

Table 4.3. Main physicochemical characteristics of the urban wastewater (UWW) collected after secondary 

treatment from an UWWTP (Northern Portugal). 

Parameter (units) Values 

Colour Pale yellow 

pH 7.2 

Temperature (ºC) 16.7 

Conductivity (µS cm-1) 198 

Turbidity (NTU) 0.9 

Absorbance at 254 nm (AU) 0.15 

Transmittance at 254 nm (%) 70.8 

Dissolved organic carbon (mg L-1) 6.2 

Dissolved inorganic carbon (mg L-1) 2.9 

Specific UV Absorbance (SUVA) at 254 nm (L mg-1 m-1) 2.4 

Chemical oxygen demand (mg O2 L-1) 26 

Total dissolved iron (mg L-1) 0.2 

Total suspended solids (mg L-1) 1.5 

Volatile suspended solids (mg L-1) 0.5 

Total nitrogen (mg L-1) 35 

Total phosphorous (mg L-1) 1.9 

Nitrite – N-NO3
− (mg L-1) 0.1 

Sulfate – SO4
2− (mg L-1) 19.0 

Chloride – Cl− (mg L-1) 17.4 

Bromide – Br- (mg L-1) < 0.08a 

Fluoride – F- (mg L-1) < 0.03a 

Phosphate – PO4
3− (mg L-1) <0.5b 

Sodium – Na+ (mg L-1) 0.93 

Ammonium – NH4
+ (mg L-1) < 0.02a 

Potassium – K+ (mg L-1) 5.2 

Magnesium – Mg2+ (mg L-1) 1.7 

Calcium – Ca2+ (mg L-1) 15.4 
Note: aLimit of detection; bLimit of quantification 

Figure 4.11b and Figure 4.11c show high RFR values of 70–75%, using the UWW matrix, nearly 12 

times higher than when using synthetic CECs solutions. This is associated with the presence of organic 

matter in the UWW, resulting in the formation of a dense cake layer around the membrane shell-side, 

contributing to a rapid deterioration of the permeate flux. UWW components include a broad range of 

organic (e.g., natural organic matter composed of humic and fulvic acids, carbohydrates, proteins) and 

inorganic species (e.g., carbonate, bicarbonate, nitrite, sulphate, chloride), which react with OH• and O2
-

• radicals, either competing with CECs for oxidation or forming the respective radicals with lower 

oxidation potential [37, 38]. Moreover, the presence of cation ions (Ca2+, Mg2+ and K+) in the UWW 

solutions (Table 4.3), might lead to a less negative G-TiO2 membrane surface due to charge shielding 

and chemical adsorption [39]. As expected, in the presence of the UVA light, pollutants are oxidized on 
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the membrane surface, showing a lower decline in the permeate flux when compared with the system in 

the absence of UVA light (RFR higher than 90%) (Figure 4.11b and Figure 4.11c). Regarding the 

permeate flux, as observed during the filtration of a pure synthetic CECs solution, MA-3 presents higher 

values than MB-2 (inset graphics of Figure 4.11b and Figure 4.11c). 

 
(a) 

 
(b) 

 
(c) 

Figure 4.11. a) CECs removal from an UWW and permeate flux as a function of the reaction time for the best 

catalyst conditions using membrane A (b): MA-3UVAoff ( , ); MA-3 ( , ); and membrane B (c): MB-

2UVAoff ( , ), MB-2 ( , ). Conditions: [CEC]0 = 500 µg L-1; T = 25 ºC; pH = 6.7; CFV = 0.01 m s-1; 

TMP = 10 bar. 

Although the UWW matrix negatively affects the permeate flux, CECs rejection was not significantly 

impaired, achieving maximum values of: (i) 31 and 34% (DFC); (ii) 43 and 49% (E2); (iii) 41 and 45% 

(EE2); and 29 and 31% (AMX), respectively for MA-3 and MB-2 membranes irradiated by UVA light 

(Figure 4.11a). The decline in CECs rejection can be associated with: (i) the existing contaminants 

(organic and inorganic matter) in the UWW matrix that are capable of inhibiting the rate of CECs 

removal; (ii) the deposited/adsorbed pollutants onto the catalyst's film, preventing the catalyst contact 

with light, oxygen and water, hindering the photocatalytic activity. 

As in the CECs synthetic solution studies, MB-2 behaves better than MA-3, considering the CECs 

removal. The well-controlled morphology (the pore exposure/accessibility, the 

functionality/hydrophilicity of the surface), efficient TiO2 interactions with the graphene and good 

material stability disclose the role of multicomponent hybrid photocatalytic-membrane system. 
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4.3.3 Toxicity 

The zebrafish embryo bioassays met the OECD FET test 236 criteria: overall survival and hatching rate 

in control and solvent control at the end of the 96 h exposure were ≥ 90% and 80%, respectively. 

Moreover, no significant differences were observed between the control and solvent control. 

Mortality, total abnormalities, and hatching rate observed on zebrafish embryos exposed to the CECs in 

UPW or real matrices before and after the treatment using MA-3 or MB-2 are presented in Table 4.4. A 

significant increase of total abnormalities (sum of pericardial and yolk-sac oedemas and notochord 

malformation) was observed in embryos exposed to the CECs plus UPW or real matrices when compared 

with both matrices without CECs. After 48 h of exposure to CECs in the real matrix, 100% of the 

embryos showed pericardial and yolk sac oedemas, and abnormalities in the notochord (Table 4.4, Figure 

4.12) compared with 5% abnormalities in the real matrix. At 72 and 96 h, 35 and 100% of embryos died, 

respectively, in the real matrix with CECs. Similarly, although less severe, the embryos exposed to CECs 

in the UPW matrix also presented a significant increase of abnormalities (88.3%) at 96 h (Table 4.4, 

Figure 4.12) compared with no abnormalities recorded in the UPW matrix alone at this time point. The 

mortality rate for the CECs plus UPW matrix reached 15% at 72 h and 20% at 96 h compared to 2.1% 

in the UPW matrix alone in these time points. With regard to the hatching rate, no embryos hatched after 

exposition to CECs in the real matrix and all of them died at 96 h. The hatching rate for the embryos 

exposed to CECs in the UPW matrix was significantly reduced at 96 h with only 10% of the embryos 

hatched, compared to 97.9% in the UPW matrix alone. 

The abnormalities and mortality reported for the CECs in both matrices were significantly reduced after 

the treatment using MA-3 or MB-2 with values similar to the UPW and real matrices (p > 0.05) (Table 

4.4, Figure 4.12). The same effect was observed for the endpoint hatching rate that was significantly 

increased after the treatment using both types of membranes. It is evident that the filtration + oxidation 

treatment process increased the fitness of zebrafish embryos and led to a significant decrease in the 

toxicity produced by CECs present in the UPW and real matrices. 
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Table 4.4. Toxicological effects observed in zebrafish embryos exposed to the CECs, in ultrapure water (UPW) and real matrix (dechlorinated UPW and UWWTP 

secondary effluent, respectively) before and after the treatment with the functionalized ceramic membranes MA-3 and MB-2. 

Hours post fertilization (hpf) Treatment 
Endpoints 

Mortality (%) Total abnormalities (%) Hatching (%) 

24 

Synthetic matrix (dechlorinated UPW - control)  2.1 ± 0.6 0 ± 0 0 ± 0 

Synthetic matrix + acetonitrile (sol. control) 5 ± 5 0 ± 0 0 ± 0 

Synthetic matrix + CECs 15 ± 6 * 0 ± 0 0 ± 0 

Synthetic matrix + CECs + MA-3 10 ± 6 0 ± 0 0 ± 0 

Synthetic matrix + CECs + MB-2 5 ± 5 0 ± 0 0 ± 0 

Real matrix (secondary-treated UWW) 5 ± 5 0 ± 0 0 ± 0 

Real matrix + acetonitrile 5 ± 5 0 ± 0 0 ± 0 

Real matrix + CECs 5 ± 5 10 ± 6 0 ± 0 

Real matrix + CECs + MA-3 5 ± 5 0 ± 0 0 ± 0 

Real matrix + CECs + MB-2 5 ± 5 0 ± 0 0 ± 0 

48 

Synthetic matrix (dechlorinated UPW - control)  2.1 ± 0.6 0 ± 0 0 ± 0 

Synthetic matrix + acetonitrile (sol. control) 5 ± 5 0 ± 0 0 ± 0 

Synthetic matrix + CECs 15 ± 6 * 7 ± 7 0 ± 0 

Synthetic matrix + CECs + MA-3 10 ± 6 5 ± 5 0 ± 0 

Synthetic matrix + CECs + MB-2 5 ± 5 0 ± 0 0 ± 0 

Real matrix (secondary-treated UWW) 5 ± 5 0 ± 0 0 ± 0 

Real matrix + acetonitrile 5 ± 5 0 ± 0 0 ± 0 

Real matrix + CECs 5 ± 5 100 ± 0 * # & 0 ± 0 

Real matrix + CECs + MA-3 5 ± 5 0 ± 0 0 ± 0 

Real matrix + CECs + MB-2 5 ± 5 0 ± 0 0 ± 0 

72 

Synthetic matrix (dechlorinated UPW – control)  2.1 ± 0.6 0 ± 0 17 ± 2 

Synthetic matrix + acetonitrile (sol. control) 5 ± 5 0 ± 0 (3±1) × 101 

Synthetic matrix + CECs 15 ± 6 * 27 ± 2 * # & 0 ± 0 # 

Synthetic matrix + CECs + MA-3 10 ± 6 0 ± 0 (4 ± 1) × 101 

Synthetic matrix + CECs + MB-2 5 ± 5 5 ± 5 10 ± 6 

Real matrix (secondary-treated UWW) 5 ± 5 5 ± 5 (6 ±2) × 101 

Real matrix + acetonitrile 5 ± 5 0 ± 0 (4 ± 1) × 101 

Real matrix + CECs (4 ± 1) × 101 * # & 100 ± 0 * # & 0 ± 0 * 

Real matrix + CECs + MA-3 5 ± 5 0 ± 0 (2 ± 1) × 101 

Real matrix + CECs + MB-2 5 ± 5 5 ± 5 10 ± 6 
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Table 4.4. Toxicological effects observed in zebrafish embryos exposed to the CECs, in ultrapure water (UPW) and real matrix (dechlorinated UPW and UWWTP 

secondary effluent, respectively) before and after the treatment with the functionalized ceramic membranes MA-3 and MB-2 (continued). 

Hours post fertilization (hpf) Treatment 
Endpoints 

Mortality (%) Total abnormalities (%) Hatching (%) 

96 

Synthetic matrix (dechlorinated UPW - control)  2.1 ± 0.6 2.1 ± 0.6 97.9 ± 0.6 

Synthetic matrix + acetonitrile (sol. control) 5 ± 5 10 ± 6 95 ± 5 

Synthetic matrix + CECs 20 ± 5 * &  88 ± 7 * # & 10 ± 6 * # &  

Synthetic matrix + CECs + MA-3 10 ± 6 5 ± 5 90 ± 6 

Synthetic matrix + CECs + MB-2 5 ± 5 5 ± 5 95 ± 5 

Real matrix (secondary-treated UWW) 5 ± 5 5 ± 5 95 ± 5 

Real matrix + acetonitrile 5 ± 5 5 ± 5 95 ± 5 

Real matrix + CECs 100 ± 0 * # &  a a 

Real matrix + CECs + MA-3 5 ± 5 0 ± 0 100 ± 0 

Real matrix + CECs + MB-2 5 ± 5 5 ± 5 80 ± 9 

“*” indicates significant differences (p < 0.05) between CECs in UPW or in real matrix and control or UWWTP; “#” and “&” indicate significant differences between treated and 

non-treated groups (i.e., CECs in UPW or real matrices before and after the treatments with the MA-3 and MB-2, respectively); a – not measured because all embryos died. Data 

are expressed as mean ± standard error (N = 10 for control; N = 5 for the other treatments). 
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Figure 4.12. Abnormalities observed in the zebrafish embryo bioassay: Pericardial oedema – black arrow; yolk 

sac oedema – red arrow at 48 hpf exposition to CECs + real matrix (A); Abnormal notochord formation at 96 hpf 

exposition to CECs + UPW matrix (B); normal development at 96 hpf recorded in CECs + real matrix + MA-3 

(C), CECs + real matrix + MB-2 (D) and control – UPW (E). 
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4.4 Conclusions 

The PMR with the functionalized membranes, activated by UVA light, operated in a single-pass flow-

through mode for the treatment of synthetic CECs solutions, exhibits a substantial improvement in the 

membrane permeate quality and quantity compared to its performance in the absence of light. The G-

TiO2-UVA systems present high stability for at least 12 h of continuous operation and reduced reversible 

and irreversible fouling due to the synergetic functions for CECs oxidation and self-cleaning process. 

Overall, the results in this study indicate that the G-TiO2-UVA systems investigated achieved good 

removal of CECs and could effectively reduce toxicity to zebrafish embryos. MB enables a slightly 

higher CECs rejection than MA, which can be explained mainly by the better exposure of the 

photocatalyst to light. However, the accumulation of the nanoparticles over the G film increases the 

surface roughness of membrane MB-2, confirmed by AFM analysis, reducing its resistance to fouling 

compared to membrane MA-3. Although the UWW matrix showed a significant negative effect on 

permeate flux when compared to UPW, mainly due to the presence of substances that may deposit or 

adsorb onto the membrane's surface (blocking the membrane pores), the CECs rejection was similar to 

the one obtained with UPW. 
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5 Ozone Membrane Contactor to Intensify Gas/liquid Mass 

Transfer and Contaminants of Emerging Concern Oxidation 

In this chapter, a tubular porous borosilicate membrane contactor was investigated for ozone 

gas/water mass transfer and the removal of CECs in water. Ozone gas/water contact occurs on the 

membrane shell-side, which is coated with a photocatalyst (TiO2-P25), as the ozone gas stream is 

fed from the lumen side and permeates through the pores generating micro-sized ozone bubbles 

pseudo-uniformly delivered to the annular reaction zone where the contaminated water to be treated 

flows. Under continuous flow, water pH at 3.0 and temperature at 20 ºC, the volumetric mass 

transfer coefficient (KLa) ranged from 3.5 to 9.0 min-1 and improved with the increase of gas flow 

rate (QG, 1.5-fold from 0.15 to 1.0 Ndm3 min-1) and liquid flow rate (QL, 2.0-fold from 20 to 50 L h-

1), due to enhanced turbulence on the membrane shell-side and annular zone. The main resistances 

to ozone transfer were in the water phase boundary layer (53–76%) and in the membrane (24–

47%; kM = (1.14 ± 0.01) × 10-4 m s-1). For an ozone dose of 12 g m-3 and residence time of 3.9 s, 

removals ≥ 80% were achieved for 13 of 19 CECs spiked in DW (each 10 µg L-1), demonstrating 

the applicability of this membrane contactor for ozonation treatment. Photocatalytic ozonation 

(O3/UVC/TiO2) did not significantly improve the treatment performance due to the low residence 

time inside the contactor. 
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5.1 Objectives 

In this chapter, a novel ozone membrane contactor is proposed to intensify ozone gas/water mass transfer 

and, simultaneously, allow the use of light and catalyst to activate ozone in a single unit. In the tubular 

porous borosilicate membrane distributor, the O3 stream is fed by the lumen side and quickly delivered 

to the liquid through virtually unlimited dosing points along the membrane length. An outer quartz tube 

allows light penetration through the annular reaction zone (ARZ), where the membrane shell-side is 

coated with titanium dioxide (TiO2-P25). The increased performance of the proposed membrane 

contactor was assessed by measuring the volumetric mass transfer coefficient (KLa), determined in 

continuous mode from a mass balance for O3 in the gas and the liquid phases, considering the water pH 

and temperature (T), the O3 concentration in the gas phase ([O3]G,inlet), the liquid (QL) and gas (QG) flow 

rates. Furthermore, the mass transfer efficiency (MTE), i.e., the fraction of O3 that dissolves into the 

aqueous solution, was also determined. Lastly, also in continuous mode, the ozone membrane contactor 

was applied to treat a mixture of 19 CECs spiked in DW at low concentrations (10 µg L-1) to simulate 

the concentrations and the range of contaminants typically found in water and wastewater. The primary 

aim was to determine CECs degradation efficiency envisaging its application in water/wastewater 

treatment. 

5.2 Materials and methods 

All the chemicals used in this work, gas/liquid mass transfer modelling, experimental units and 

procedures, as well as the employed analytical determinations, are described in Chapter 2. The 

preparation of the photocatalytic membrane on a tubular borosilicate membrane shell-side is described 

in detail in Section 2.2.3. All the experimental data presented in this chapter (Table 5.1) was obtained 

using the membrane contactor, which is detailed described in Section 2.3.2.2. Before submitting to 

treatment, the DW was fortified with 10 µg L-1 of each 19 CECs. The CECs were selected within the 

scope of the NOR-WATER project (http://nor-water.eu/pt/home/), according to their occurrence and 

persistence in the river basins and UWWTP effluents located in Northern Portugal and Galicia. The 

target CECs include four short-chain perfluorinated compounds-PFAS (HFBA, PFBS, PFOA, TFMS), 

three angiotensin II receptor blockers (VSTN, ISTN, LSTN), two beta-blockers (ATNL and BSPL), two 

hormones (E2 and EE2), an anti-inflammatory (DCF), two artificial sweeteners (AC-K and SCH), a 

flame retardant (MLN), an herbicide (DRN), an insect repellent (DEET), carbamazepine (CBZ) and its 

metabolite (CBZ-EPX). 
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Table 5.1. Experimental conditions employed in all ozone mass transfer tests. 

QG 

(Ndm3 min-1) 

[O3]G,inlet 

(g Nm-3) 

QL 

(L h-1) 

τ 

(s) 
pH 

Temperature 

(ºC) 

[𝑶𝟑
∗ ]a 

(g m-3) 

[O3]L
a 

(g m-3) 

KLaa 

(min-1) 

Effect of pH 

0.75 21.0 50 10.1 3.28 20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 

0.75 21.6 50 10.1 5.00 20 3.02 ± 0.02 1.86 ± 0.01 5.70 ± 0.08 

0.75 20.8 50 10.1 6.96 20 2.55 ± 0.01 1.39 ± 0.01 4.69 ± 0.07 

0.75 20.6 50 10.1 9.00 20 1.16 ± 0.05 0.58 ± 0.02 4.13 ± 0.04 

Effect of Temperature 

0.75 21.4 50 10.1 3.28 15 4.8 ± 0.1 3.54 ± 0.04 8.02 ± 0.08 

0.75 21.0 50 10.1 3.28 20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 

0.75 21.2 50 10.1 3.29 25 4.5 ± 0.1 3.02 ± 0.03 6.59 ± 0.05 

Effect of QL 

0.75 20.3 20 25.2 3.28 20 4.65 ± 0.07 3.57 ± 0.04 3.51 ± 0.01 

0.75 20.3 30 16.8 3.21 20 4.65 ± 0.07 3.42 ± 0.03 4.79 ± 0.02 

0.75 20.1 35 14.4 3.14 20 4.65 ± 0.07 3.28 ± 0.09 5.13 ± 0.03 

0.75 20.0 40 12.6 3.24 20 4.65 ± 0.07 3.20 ± 0.04 5.59 ± 0.05 

0.75 21.0 50 10.1 3.28 20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 

0.75 20.0 60 8.4 3.20 20 4.65 ± 0.07 2.81 ± 0.07 6.83 ± 0.02 

0.75 20.1 150 3.4 3.12 20 4.65 ± 0.07 1.36 ± 0.02 6.18 ± 0.06 

Effect of [O3]G,inlet 

0.75 21.0 50 10.1 3.28 20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 

0.75 40.0 50 10.1 3.20 20 11.15 ± 0.06 8.06 ± 0.07 7.64 ± 0.02 

0.75 60.3 50 10.1 3.14 20 21.14 ± 0.08 14.8 ± 0.1 7.12 ± 0.08 

0.75 80.3 50 10.1 3.08 20 30.7 ± 0.2 22.3 ± 0.1 7.7 ± 0.2 

Effect of QG 

0.15 80.8 50 10.1 3.21 20 30.7 ± 0.2 19.3 ± 0.2 5.9 ± 0.1 

0.30 81.8 50 10.1 3.17 20 30.7 ± 0.2 19.7 ± 0.2 6.1 ± 0.1 

0.50 80.0 50 10.1 3.09 20 30.7 ± 0.2 21.2 ± 0.9 7.0 ± 0.2 

0.75 80.3 50 10.1 3.08 20 30.7 ± 0.2 22.3 ± 0.1 7.7 ± 0.2 

0.75 21.0 50 10.1 3.28 20 4.65 ± 0.07 3.18 ± 0.05 6.86 ± 0.03 

0.85 23.0 50 10.1 3.30 20 4.65 ± 0.07 3.45 ± 0.03 8.1 ± 0.7 

1.00 22.0 50 10.1 2.90 20 4.65 ± 0.07 3.63 ± 0.04 9.0 ± 0.4 
Note: aStandard Error 

5.3 Results and discussion 

5.3.1 Characterisation of TiO2 coated borosilicate membrane 

The membrane prior to and after catalyst immobilization was examined using the SEM technique (Figure 

5.1). The fresh borosilicate surface (Figure 5.1a) is typical of a silica-based material with the presence 

of nanoparticles and significant roughness. On the other hand, the surface of the membrane with TiO2-

P25 composite (Figure 5.1b) became more uniform and presented fewer imperfections and roughness 

compared to the unmodified membrane. Uniform deposition of c.a. 623 mg of TiO2-P25 over the entire 

membrane was obtained after 4 immersions in the catalyst suspension, which allowed not only the 

occurrence of thin-films of the catalyst on the membrane surface but also an accumulation of large 

amounts of TiO2-P25 particles in the membrane pores (not attained with fewer immersions). 
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TiO2-P25 films deposited on the membrane surface were subjected to thermal treatment (at 450 ºC) to 

stabilize the catalyst on the membrane surface. The XRD pattern of the material before and after thermal 

treatment (Figure 5.1c) confirmed a mixed anatase crystal structure (JCPDS file No.73–1764) and rutile 

crystal structure (JCPDS file No.78–1510). The distinct diffraction peaks observed in the 2θ values of 

25.3 º, 37.8 º, 48.0 º, 54.0 º, 55.1 º, 68.9 º, 70.3 º, and 75.0 º correspond to (101), (004), (200), (211), 

(105), (204), (116), (220) and (215) of the anatase crystal planes. The distinct diffraction peaks for rutile 

are observed at 27.5 º, 36.1 º, and 41.3 º, corresponding to the (110), (101), and (111) planes, 

respectively. Consequently, the expected photocatalytic activity of the TiO2-450ºC immobilised on the 

membrane surface is very similar to TiO2-P25. 

 

(a) (b) 

 
(c) 

Figure 5.1. SEM images of the (a) unmodified borosilicate membrane, (b) borosilicate membrane after deposition 

of TiO2-P25 (2% w/v), and (c) XDR patterns of pure TiO2-P25 and after thermal treatment. 

5.3.2 Determination of bubble size distribution, mean bubble size, gas holdup and specific 

interfacial area 

After the addition of the TiO2 surface layer, the membrane showed a pore size of 3.8 µm, meaning a 

decrease in the initial pore size of the pristine membrane (5 µm). This allows reducing the size of the 
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O3 bubbles generated by the contact between the membrane surface and the liquid phase. Figure 5.2a 

shows the average distribution of equivalent bubble diameters. The bubble diameter distribution is 

detailed using histograms with 5 classes. The first frequency peak appears with bubbles <0.1 mm 

(representing more than 60% of the bubble size) and the second between 0.1 and 0.3 mm (>30%). The 

average size of the ozone bubbles formed by the new ozone membrane contactor is approximately 0.20 

± 0.04 mm (Conditions: QL = 150 L h-1; QG = 0.75 Ndm3 min-1; T = 20 ºC). The average bubble 

diameter for the bubble column can vary between 2 and 4 mm [1]. 

 
Figure 5.2. a) Bubble size distribution in the tubular porous borosilicate membrane contactor. Conditions: 

QL = 150 L h-1; QG = 0.75 Ndm3 min-1; T = 20 ºC. b) Influence of the gas flow rate (QG) on the gas holdup εG (%). 

The volume fraction of the gas phase, also known as gas holdup (εG), was calculated according to 

Equation (2.17) and values between 9.0 and 13.5% were obtained (Figure 5.2b). Finally, images obtained 

allowed the determination of the bubble size distribution and mean bubble size (Conditions: 

QL = 150 L h-1; QG = 0.75 Ndm3 min-1; T = 20 ºC), corresponding to Sauter mean diameter (d32 

= 0.38 mm), gas holdup (εG = 13.5%) and specific interfacial area (a = 2131.6 m-1). 

5.3.3 Determination of self-decomposition constant of O3 and dissolved O3 concentration at 

saturation 

The experiments to determine the self-decomposition constant of O3 were carried out, in batch mode, 

with DW at water pH of 3.0 ± 0.2, T = 20 ºC, QG = 0.75 Ndm3 min-1, [O3]G,inlet = 20 g Nm-3, 

QL = 50 L h-1 (Figure 5.3). A plot of ln([𝑂3∞]/[𝑂3]) versus t for the self-decomposition data in Figure 

5.3 yielded a straight line (R2 = 0.9850) with a slope of kd of (131 ± 7) ×10-4 min-1, which was close to 

the literature values [2, 3]. The KLa value is notably more significant than the kd value 

(KLa = 0.53 ± 0.02 min-1 >> kd = (131 ± 7) ×10-4 min-1; more than 40 times higher). Thus, the kd value 
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can be considered negligible for these experimental conditions. This means that the mass balance of O3 

in the liquid (Equation (2.9)) can be converted into Equation (5.1): 

𝑑[𝑂3]

𝑑𝑡
=  𝐾𝐿𝑎 × ([𝑂3

∗] − [𝑂3]) (5.1) 

 
Figure 5.3. Time course of ozone dissolution in water and ozone self-decomposition using the tubular porous 

borosilicate membrane contactor. Conditions: QL = 50 L h-1; QG = 0.75 Ndm3 min-1; [O3]G,inlet = 20.0 ±1.0 g Nm-

3; T = 20 ºC; pH = 3; batch mode. 

The ozone concentration at saturation [𝑂3
∗] was 4.65 ± 0.07 g Nm-3 (Figure 5.4) for the following 

operating conditions: [O3]G,inlet = 20 g Nm-3; QG = 0.75 Ndm3 min-1; T = 20 ºC; pH = 3; batch mode. 

The ozone saturated value in water is close to the theoretical value found by Henry's law [4]. 

 
Figure 5.4. Dissolved ozone concentration in the liquid phase as a function of time (a), and the effect of liquid 

flow rate and Reynolds number on the KLa value (b). Note: 50 ( ); 60 ( ); and 150 ( ) L h-1. 

Conditions: QG = 0.75 Ndm3 min-1; [O3]G,inlet = 20.0 ±1.0 g Nm-3; T = 20 ºC; pH = 3; batch mode. 
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5.3.4 Effect of operating parameters on KLa using the ozone membrane contactor under 

continuous mode 

5.3.4.1 Water pH and temperature 

The increase in the water pH (from 3 to 9) negatively influenced KLa values (Table 5.1 and Figure 5.5), 

as reported by Roth and Sullivan [4], who point to a decrease in Henry's constant for O3 in water as the 

pH drops. According to the authors, a lower value of Henry's constant leads to a higher value of solubility 

and, consequently, of KLa. Thus, the concentration of O3 in water ([O3]L) increased gradually as the pH 

dropped (Table 5.1 and Figure 5.5), with [O3]L at pH 3 around 3 times higher than at pH 7. Decreasing 

the pH of the solution can help reduce O3 self-decomposition (since hydroxide ions act as reaction 

initiators, Equations (1.9) and (1.10) [5-7]) and promote the dissolution of O3 in the liquid phase. 

Therefore, for better gas-liquid mass transfer results and increased O3 concentration in the water, the pH 

of the solution must be reduced to create an acidic environment minimising the presence of hydroxide 

ions. Thus, to avoid the decomposition of the molecular ozone into hydroxyl radicals, all the tests to 

assess mass transfer were carried out at a pH value of 3. 

 
Figure 5.5. Effect of water pH value ( ; ) and operating temperature ( ; ) on KLa value (open 

symbols) and on ozone solubility in the liquid-phase-[O3]L (closed symbols). Conditions: QL = 50 L h-1; 

[O3]G,inlet = 20 g Nm-3; QG = 0.75 Ndm3 min-1. 

According to Henry's law, the solubility and half-life of the O3 molecule can be directly affected by the 

liquid temperature. The water temperature was shown to be inversely proportional to the 

O3 concentration in the liquid-phase (Table 5.1 and Figure 5.5). Therefore, by increasing the 

temperature: (i) the O3 decomposition was accelerated and the stability of O3 in water decreased, thus 

reducing the [O3]L [8]; (ii) specific properties of the liquid were changed, such as lower surface tension 

and viscosity, increasing the transfer resistance through the liquid-phase due to the reduction of 

cavitation intensity [9]. As can be seen in Figure 5.5, the KLa value reached a maximum reduction of 
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approximately 20% at a 10 ºC increase in temperature (15 ºC to 25 ºC) and the amount of O3 in the water 

showed a small tendency to fall with the increase of the operational temperature. The small difference 

in the KLa value between 20 ºC and 25 ºC may be related to the fact that this parameter involves two 

opposite contributions. On the one hand, Henry's constant decreases as the temperature increases, 

leading to lower O3 solubility. On the other hand, the Arrhenius equation predicts an increase in the 

reaction rate of ozonation with temperature [10]. Despite this, ozonation has the advantage of taking 

place under normal conditions of temperature, thus minimising the need to heat the reactor, which is 

economically preferable. Thus, hereafter only data taken at 20 ºC will be analysed. 

5.3.4.2 Liquid flow rate 

For different liquid flow rates (QL = 20–150 L h-1), it can be seen (Figure 5.6a) that the KLa value 

increased up to QL of 50 L h-1 and after that remained constant. A possible reason for this phenomenon 

is that with increasing QL there is more significant liquid turbulence, i.e., a higher Reynolds number, 

resulting in the formation of smaller gas bubbles or thinner liquid films, with a consequent increase in 

the interfacial area and reducing the resistance to O3 transfer in the water phase boundary layer. 

Furthermore, hydrodynamics studies of tubular photoreactors with a tangential position of inlet/outlet 

pipes have shown that these reactors tend to exhibit turbulent flow patterns even at low Reynolds 

numbers [11] and a longer effective flow path (i.e., longer contact time) due to the helical motion of the 

water around the inner tube [12]. Another reason for this phenomenon is that the shear rate on the 

membrane surface increases as the flow rate increases. Therefore, the microbubbles attached by surface 

tension to the membrane surface are removed faster. It is worth remembering that when the reactor works 

in continuous mode, there is a direct interference between the liquid velocity and the residence time. 

Therefore, with the increase in the liquid flow, inversely occurs the reduction of the concentration of 

O3 in the water at steady-state (Figure 5.6b). Thus, the [O3]L decreased from 3.6 g m-3 to 1.4 g m-3 when 

QL increased from 20 L h-1 to 150 L h-1. 
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Figure 5.6. Effect of liquid flow rates (a) on KLa value and (b) on dissolved ozone concentration over time; (c) 

“Wilson plots” for volumetric mass transfer coefficient and water flow, and (d) mass transfer resistances in the 

water phase boundary layer (1/kL) and in the membrane (1/kM) as a function of water flow rate (QL = 20 ( ), 30 

( ); 35 ( ); 40 ( ); 50 ( ); 60 ( ); 150 ( ) L h-1). Conditions: QG = 0.75 Ndm3 min-1; 

[O3]G,inlet = 20 g Nm-3; T = 20 ºC; pH = 3. 

The membrane mass transfer coefficient (kM) was obtained from “Wilson plot”, whereby the values of 

1/KL were plotted against 1/QL (Figure 5.6c). Thus, the mass transfer resistance in the membrane (1/kM) 

was determined by extrapolating the linear fit of the data to 1/QL = 0, implying QL → ∞ and thus 1/kL ≈ 0 

(see Equation ((2.15))). The same linear trend has been reported in other studies combining membranes 

with O3 [2] and O2 [13]. A least-squares regression analysis of the data in Figure 5.6c gave a value of 

1/kM = (8.8 ± 0.1) × 103 s m-1 for the tubular porous borosilicate membrane, which corresponds to 

the kM value of (1.14 ± 0.01) × 10-4 m s-1. The resistance in the membrane matrix is affected by pore size, 

membrane thickness and hydrophobicity. Membranes with smaller pores, larger thicknesses and lower 

hydrophobicity present greater resistance to O3 mass transfer [14]. This emphasizes the importance of 

the structural material used. The mass transfer coefficient in the membrane can be also calculated from 

the structural properties of the membrane by Equation (1.6) [13]. Where DM is the effective diffusion 

coefficient of ozone in the membrane (m2 s-1), ε is the porosity of the membrane (45%), τp is the pore 

tortuosity and Δx is the membrane thickness (5.2 mm). The τp was estimated by the porosity-tortuosity 

relationship defined by Iversen et al. [15] (τp = (2 − ε)2 / ε). Inside the membrane pores, the gas can flow 

by molecular diffusion and Knudsen diffusion (DK). DM can therefore be expressed as Equation (1.7) 
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and DK is defined by 𝐷𝐾 =
𝑑𝑝𝑜𝑟𝑒

3
× √

8 × 𝑅 × 𝑇

𝜋 × 𝑀
. Therefore, Equation (1.7) can be rewritten as Equation 

(5.2). 

𝐷𝑀 =
1

1
𝐷𝑂3

+
1

𝑑𝑝𝑜𝑟𝑒

3 × √8 ×  𝑅 × 𝑇
𝜋 × 𝑀

 

(5.2) 

where DO3 is the diffusion coefficient of ozone in the gas phase (2 × 10-5 m2 s-1 at 20 ºC [17]), T is the 

temperature (293.15 K), M is the molar mass of ozone (47.998 g mol-1), R is the ideal gas constant 

(8.3145 J K-1 mol-1), and dpore is the mean pore diameter (3.8 × 10-6 m). Substituting the terms in 

Equation (1.6) gives kM = 1.4 × 10-4 m s-1 which is slightly higher than the experimental kM value of 

(1.14 ± 0.01) × 10-4 m s-1. This shows the consistency of the experimental results obtained. Moreover, 

using Equation (2.15) and the experimental values KL and kM, the liquid-phase mass transfer coefficient 

(kL) can be obtained by the following equation (Equation (5.3)). 

𝑘𝐿 =  (
1

𝐾𝐿
+

1

𝑘𝑀
)

−1

 (5.3) 

The results of individual mass-transfer resistances for O3 dissolution in water are shown in Figure 5.6d. 

The resistance to diffusion through the water phase boundary layer (1/kL) is the main resistance to ozone 

transfer providing 53–76% of the total mass transfer resistance, while the contribution of the membrane 

phase varies between 24% and 47%. In the present study, the membrane was doped with TiO2, which 

has a superhydrophilic character. Kukuzaki et al. [2] reported the main resistances to ozone transfer for 

hydrophilic and hydrophobic membranes and showed that the individual mass transfer coefficient for 

membrane and water phase were higher when using a hydrophobic membrane. This is a consequence of 

the liquid penetration into the pores, which over time makes the resistance in the membrane more 

significant and closer to the liquid phase resistance [18]. Hence, it is assumed that the membrane pores 

were partially wetted, leading to a higher membrane resistance than the non-wetted pores. The reduction 

in resistance to diffusion through the water phase boundary as the flow rate increased (Figure 5.6d) 

resulted from higher shear over the membrane, which favoured faster removal of the microbubbles 

attached by surface tension to the membrane surface. 

5.3.4.3 Applied ozone concentration 

The effect of O3 concentration in the inlet gas stream ([O3]G,inlet) on the values of [O3]L and on KLa are 

summarised in Table 5.1 and Figure 5.7. Note that when [O3]G,inlet increases 4 times (from 20 g Nm-3 to 
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80 g Nm-3), [O3]L raises ∼7 times (from 3.18 g m-3 to 22.3 g m-3) (Figure 5.7a). The relationship between 

O3 in the gas-phase and soluble O3 in the liquid-phase can be represented by Henry's law. The 

concentration of dissolved O3 in water at steady-state increases with the enhancement of equilibrium 

pressure and O3 gas concentration due to the higher O3 diffusion rate [2]. Therefore, by increasing the 

[O3]G,inlet, more O3 molecules are available in the liquid-phase, improving O3 concentration (driving 

force). In turn, the KLa values for the different initial [O3]G,inlet were almost constant and independent 

(Figure 5.7b), which shows the stability of the ozone mass transfer device in good agreement with those 

observed by other studies [2, 19, 20]. The mass transfer rate is controlled by the degree of turbulence 

and shear in the shell side of the membrane. 

 
Figure 5.7. Effect of applied ozone concentration on ozone solubility in the liquid-phase (a) for ozone 

concentrations of 20 ( ), 40 ( ), 60 ( ) and 80 ( ) g Nm-3 and (b) the respective KLa values. Conditions: 

QL = 50 L h-1; QG = 0.75 Ndm3 min-1; T = 20 ºC; pH = 3. 

5.3.4.4 Inlet ozone gas flow rate 

The mass transfer results (Figure 5.8) indicate that a higher ozone gas flow rate (QG) decreases the 

required time to reach the dissolved O3 equilibrium in the reactor and slightly improves the equilibrium 

concentration. With the increase in QG, the amount of O3 injected per unit of time increases and, thereby, 

accelerates the dissolution rate of O3 until equilibrium (Figure 5.8a). Additionally, an increase in the gas 

flow rate enhances the turbulence in the gas-liquid interface [2] and, therefore, improves the 

number/velocity of the generated bubbles and disperses the liquid better, resulting in a higher gas-liquid 

interface area and enabling a higher mass transfer (Figure 5.8b). Moreover, the liquid is fed tangentially 

to the inner surface of the outer tube, inducing a helical motion of the water that provides additional gas 

mixing. It reduces local points near the external membrane surface where greater O3 concentrations are 

observed, enhancing the mass transfer. A pressure differential between the gas and water phases can 

enable larger O3 dosages and control the amount of O3 delivered to the water. 
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Figure 5.8. Effect of inlet ozone gas flow rate (a) on ozone solubility in the liquid-phase for gas flow of 0.75 (

), 0.85 ( ) and 1.00 ( ) Ndm3 min-1 and (b) in the respective KLa values. Conditions: QL = 50 L h-1; 

[O3]G,inlet = 20 g Nm-3; T = 20ºC; pH = 3. 

In continuous mode, raising the gas velocity from 0.75 to 1.00 Ndm3 min-1, KLa increased 1.3-fold, 

presenting its highest value in DW with no reaction (9.0 ± 0.4 min-1, Table 5.1). Considering that in 

conventional ozonation processes, KLa ≅ kLa, the intensified volumetric mass transfer coefficients 

obtained in this work is higher than in bubble columns [21] and comparable to highly optimized venturi 

injectors [22] and static mixers [23] (Table 5.2). Moreover, membrane contactors have further 

advantages over conventional injectors. Membrane length can be quickly increased, meaning even more 

O3 “dosing” points, which is not possible for conventional single-point injection systems like the venturi 

tube and static mixer. In addition, functionalized membranes can be applied to enhance the performance 

of the ozonation system, either for O3/O2 separation to obtain an O3-enriched gas stream or for promoting 

synergetic catalytic effects with O3. Compared with other membrane contactors (Table 5.2), the present 

study enabled higher mass transfer coefficients (KLa and KL - from 2 to 30 times higher, except for the 

study of Pines et al. [24]), as allows the use of a functionalised membrane to promote synergistic effects 

between photocatalysis and ozonation for water/wastewater treatment purposes. 
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Table 5.2. Characteristics of ozone-liquid contacting systems. 

Type of contactor 
Liquid flow 

(L h-1) 

Gas flow 

(Ndm3 min-1) 
KLa (min-1) / KL (m s-1) Reference 

Conventional 

Static mixers 90–138 0.4–0.8 6–18 min–1 [23] 

Venturi injectors 1080–6336 3–24 4.2–18 min–1 [22] 

Bubble column 100–450 5–20 0.18–1.2 min–1 [21] 

Membrane  

Non-porous tubular polydimethylsiloxane 

(PDMS) 
0.3–1.2 0.1 2.4×10-6 m s–1 [25] 

Tubular Shirasu porous glass (SPG) 72–480 0.2 1.2×10-5 m s–1 [2] 

Polytetrafluorethylene (PTFE) hollow fibre 

membrane 
100–500 - 0.438 min–1 [9] 

Flat porous and non-porous Teflon 

membranes 
1.5–120 0.10–0.11 7.6×10-5 m s–1 [24] 

Polytetrafluoroethylene (PTFE) hollow fibre 

membrane 
100–500 - 0.7858 min–1 [26] 

Tubular porous borosilicate 20–150 0.15–1.00 3.5–9.0 min–1 / 2.7–5.4×10-5 m s–1 This work 
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5.3.5 Mass transfer efficiency (MTE) 

The mass transfer efficiency (MTE) is defined as the portion of applied O3 that goes into the solution 

and is calculated from the mass of applied O3 and the mass of O3 in the liquid-phase as follows (Equation 

(5.4)): 

𝑀𝑇𝐸 (%) =
𝑄𝐿  × [𝑂3]𝐿

𝑄𝐺  × [𝑂3]𝐺
× 100 (5.4) 

For a fixed QL of 50 L h-1 (Figure 5.9), a slight increase in MTE was observed with the decrease in 

the QG, mainly associated with a higher contact time between both phases. On the other hand, for a 

fixed QG of 0.75 Ndm3 min-1, it can be seen that the MTE increased proportionally with the water flow 

(Figure 5.9). This indicates the ability to work with low gas/liquid volumetric ratios, which is an 

appealing feature when considering the treatment of large volumes of wastewaters, such as secondary 

effluents from UWWTPs. For the operational conditions tested, the highest mass transfer efficiency of 

23% was obtained by applying the lowest input QG, 0.75 Ndm3 min-1, and the highest QL, 150 L h-1. 

Other contacting devices, such as multi-orifice oscillatory baffled columns, can achieve higher rates of 

MTE, although the equipment involved may require higher power input [27]. Therefore, these conditions 

were selected for the following ozonation tests to assess the membrane contactor application for the 

removal of a mixture of CECs in water. 

 
Figure 5.9. Ozone mass transfer efficiency (MTE %) as a function of water ( ) and inlet gas ( ) flow rates 

obtained using the ozone membrane contactor. Conditions: [O3]G,inlet = 20 g Nm-3; T = 20 ºC; pH = 3; fixed 

QL = 50 L h-1 or fixed QG = 0.75 Ndm3 min-1. 
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5.3.6 Ozone membrane contactor for the degradation of CECs 

The effectiveness of the ozone membrane contactor was evaluated by targeting the removal of 19 CECs 

in DW at natural pH of 6.5. The CECs were selected based on their occurrence in the water cycle, 

persistence during treatment and potential toxicity to health and the environment, according to the results 

obtained in several screening campaigns conducted under the NOR-WATER project (http://nor-

water.eu/en/home/). CECs in water can react simultaneously with ozone (direct reaction) and hydroxyl 

radicals (indirect reaction) at different rates depending on the water pH. The underlying mechanisms for 

in situ formation of hydroxyl radicals by oxidation of water with O3 at pH 7–9 have been extensively 

described in the literature [5, 17, 28, 29]. 

As shown in Figure 5.10a, the ozonation showed satisfactory degradation (>80% for 13 out of the 19 

CECs) applying an ozone dose of 12 g m-3 (DT-O3 = 4.3 g m-3) and a QL of 150 L h-1. The greater removal 

of CECs as a function of O3 dosage (Figure 5.10a) can be related to the higher rate of O3 mass transfer 

in the membrane ozonation reactor [30]. The highly stable organic compound MLN and PFAS (PFBA, 

PFOA, PFBS, TFMS) showed a low reactivity with ozone even at higher ozone doses (DA-O3 = 18 g m-

3; DT-O3 = 7.1 g m-3). Studies on the degradation of the MLN compound are still lacking, especially with 

O3. Maurino et al. [31] tested several advanced oxidation processes to remove MLN and concluded that 

only photocatalysis and the generation of SO4
•- are capable of transforming MLN. They indicated that 

the primary photocatalytic event is the oxidation of the amino group, which reacts slowly with O3 [32]. 

A possible explanation for the poor removal of PFAS may be the low reactivity with O3, indicating that 

large amounts of energy are required for their degradation [33]. The recalcitrance of PFAS towards 

ozonation is due to their strong carbon–fluorine bonds that make this compound a very stable and 

resistant pollutant. Other authors have also reported that ozonation has been shown to be relatively 

ineffective for PFAS destruction, even with a long residence time [34-36]. As the membrane contactor 

was designed to evaluate the interaction of the photocatalytic ozonation process, the 

O3/UVC/TiO2 process was also performed to promote the generation of hydroxyl radical species (Figure 

5.10b). Nonetheless, the removal of MLN or PFAS was not improved. The low residence time (3.9 s) 

and UVC fluence (50 mJ cm-2) applied in this treatment, resulting in a considerably lower UV dose than 

those normally used in UWWTPs [37], may be acting as limiting factors for the effective oxidation of 

these compounds. This is underlined by the experiment without ozone (photocatalysis, UVC/TiO2), 

where negligible removals (<10%) for all CECs were obtained. On the other hand, 

O3/UVC/TiO2 process had a slightly better removal efficiency than the ozonation for SCH (from 44% 

to 62%), which can be related to the greater amount of hydroxyl radicals available in the medium, since 

SCH shows high reactivity with this radical [38]. 
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Figure 5.10. CECs removal in continuous mode: effect of (a) ozone dosage, (b) UVC/TiO2 process and (c) inlet 

ozone concentration in the gas stream. Conditions: DW spiked with CECs (10 µg L-1 of each CEC); T = 20 ºC; pH 

= 6.5; QG = 0.15 and 0.75 Ndm3 min-1; QL = 150 L h-1; [O3]G,inlet = 20, 40, 100 and 200 g Nm-3. *The removal 

values are presented as the maximum percentage that can be determined, taking into account the limits of 

quantification of the analytical method (Table 2.6). 

To further assess the ozonation treatment, tests were carried out for two O3 doses (DA-O3 of 6 or 12 g m-

3) and for each two O3-gas flow rates (QG of 0.15 or 0.75 L min-1) (Figure 5.10c). For the same DA-O3 it 

is advantageous to reduce the QG while increasing the ozone-gas concentration applied to the treatment. 

Since the main driving force for ozone mass transfer is the concentration difference in the gas–liquid 

two-phase. This indicates that more O3 is being transferred from the gaseous to the liquid phase as a 

result of the increase in [O3]G,inlet [39] and, consequently, the degradation rate of CECs is promoted 

(Figure 5.10c). 

Another important factor in the interpretation of results is the determination of the Hatta number (Ha), 

a recognized necessary standard that provides information about the competition between reaction 
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kinetics and the rate of mass transfer [40]. As seen previously (Section 5.3.4.2), the mass transfer 

mechanism in the ozone membrane contactor can be divided into three regions (gaseous phase, 

membrane, and liquid phase). Therefore, Ha is the criterion for determining where the reaction occurs. 

In the present study, the data required to calculate this number can only be obtained for 13 of the 19 

CECs, i.e., those that were effectively removed with ozonation (for DA-O3 = 12 g m-3, QG = 0.75 

Ndm3 min-1; QL = 150 L h-1). These 13 CECs were divided into 8 groups due to their similarity. To 

identify the reaction regime and place during the reaction between CECs and dissolved ozone, the Ha is 

given by (Equation (5.5)) [41]: 

𝐻𝑎 =  
√𝑘𝑂3

 ×  𝐷𝑤𝑂3
 × [𝐶𝐸𝐶𝑠]0

𝑘𝐿
 (5.5) 

where kO3 is the rate constant of the direct reaction between ozone and the pollutant (M-1 s-1), DwO3
 is 

the diffusivity of ozone in water (1.76 × 10-9 m2 s-1) [42], [CECs]0 is the CECs concentration in the feed 

liquid stream (M) and kL is the ozone mass transfer coefficient to the liquid (KL cannot be considered 

due to the high mass transfer resistance in the membrane – Section 5.3.4.2). Since the reaction is with a 

mixture of 13 CECs, the kO3
 value adopted for each group was that of the chemical with the lowest rate 

constant, as it will limit the overall reaction rate (see Table 5.3). The kL of 4.8 × 10-5 m s-1 was calculated 

considering the value of KLa obtained in our study for the experimental conditions used in the CECs 

ozonation. The Ha values obtained for the studied compounds were below 0.5 (Table 5.3). According 

to Charpentier [43], this corresponds to a moderate reaction, which occurs both in the liquid film and in 

the liquid bulk. The most recommended reactors to promote this type of reaction have high interfacial 

area and high liquid retention time. In the present study, the tubular porous borosilicate membrane 

contactor gave a high interfacial area (2131.6 m-1) and a short liquid retention time (3.9 s), an 

advantageous feature when treating effluents with high flow rates, such as UWW. 
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Table 5.3. Hatta number values for the studied compounds. 

CECs [CECs]0 (M) Sum [CECs]0 (M) 
kO3 

(M-1 s-1) 

Lowest kO3 

(M-1 s-1) 

Hatta number 

(Ha) 

CBZ 4.23×10-8 
8.20×10-8 

3.0×105 [44] 
3.0×105 0.14 

CBZ-EPX 3.96×10-8 unknown 

DCF 3.38×10-8 3.38×10-8 1.0×106 [44] 1.0×106 0.16 

EE2 3.37×10-8 
7.04×10-8 

3.0×106 [44] 
1.7×106 0.30 

E2 3.67×10-8 1.7×106 [44] 

ATNL 3.75×10-8 
6.83×10-8 

6.3×105 [45] 
1.8×104 0.03 

BSPL 3.07×10-8 1.8×104 [46] 

DEET 5.23×10-8 5.23×10-8 0.1 [45] 1.0×10-1 0.0001 

ISTN 2.33×10-8 

6.99×10-8 

23 [45] 

2.3×101 0.0011 LSTN 2.36×10-8 2.1×105 [45] 

VSTN 2.30×10-8 38 [45] 

DRN 4.29×10-8 4.29×10-8 13.3 [44] 1.3×101 0.0007 

AC-K 4.97×10-8 
1.04×10-7 

88 [45] 
8.8 × 101 0.003 

SCH 5.46×10-8 unknown 
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5.4 Conclusions 

This study has proven the viability of using a tubular porous borosilicate membrane contactor for radial 

delivery of O3, promoting intensification of ozone mass transfer in a compact device and this was applied 

for the removal of CECs in water. The pseudo-uniform feed distribution of O3 along the length of an 

annular membrane creates innumerable micro-sized bubbles, increasing the surface area of the O3 bubble 

in contact with the liquid allowing for a controlled dosing of O3 to the water-side. 

Operating in continuous mode and under atmospheric pressure, the KLa values for this membrane reactor 

(3.5–9.0 min-1) were comparable to that of a venturi injector and were superior to other membrane 

contactors reported in the literature. The significant enhancements obtained for KLa and MTE using this 

ozone membrane contactor with low gas/liquid volumetric ratios make this type of contactor highly 

effective for ozone gas/water mass transfer in water treatment. 

This ozone membrane contactor was also proven to perform effectively for the removal of CECs by 

ozone-based processes and removals above 80% were achieved for 13 of the 19 selected CECs when 

using DW. In this case, the application of photocatalytic ozonation (O3/UVC/TiO2) did not significantly 

improve the removal of CECs. Notwithstanding, the versatility of this setup, allowing the membrane to 

be doped with a catalyst and operated under UVC radiation, may prove advantageous when treating 

complex wastewater matrices. 
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6 Ozone Membrane Contactor for Tertiary Treatment of Urban 

Wastewater: Chemical, Microbial and Toxicological 

Assessment 

This chapter reports the application of the ozone membrane contactor, described in Chapter 5, to 

promote the tertiary treatment of UWW, targeting the removal of CECs, bacterial disinfection and 

toxicity reduction. The membrane is also coated with titanium dioxide (TiO2-P25) and radiation 

can be externally supplied via four UV lamps. The ozonation tests were carried out with secondary-

treated UWW collected in different seasons (winter and summer) and spiked with a mix of 19 CECs 

(10 µg L-1 each). For an O3 dose of 18 g m-3, the best performance was obtained by increasing the 

O3 concentration (maximum [O3]G,inlet of 200 g Nm-3) and decreasing the gas flow rate (minimum 

QG of 0.15 Ndm3 min-1), providing the highest ozone transfer yield (88%) and, thus higher specific 

ozone dose (g O3 per g dissolved organic carbon). Under these conditions, removals >80% or 

concentrations below the limit of quantification were obtained for up to 13 of the 19 CECs and 

reductions up to 5 log units for total heterotrophs and below the limit of detection for enterobacteria 

and enterococci. Tests including a UVC dose of 0.10 kJ L-1 enhanced disinfection ability but had no 

impact on CECs oxidation. After ozonation, the abundance of antibiotic resistant bacteria was 

reduced but not eliminated and microbial regrowth after 3-day storage was observed. No toxic 

effect was detected on zebrafish embryos using a dilution factor of 4 for the ozonized UWW and 

when granular activated carbon adsorption was subsequently applied the dilution factor decreased 

to 2. 

 

This chapter is based on the following research article: “Presumido, P.H., Ribeirinho-Soares, S., Montes, 

R., Quintana, J.B., Rodil, R., Ribeiro, M., Neuparth, T., Santos, M.M., Feliciano, M., Nunes, O.C., 

Gomes, A.I., Vilar, V.J.P. Ozone membrane contactor for tertiary treatment of urban wastewater: 

Chemical, microbial and toxicological assessment, Science of the Total Environment, 892, (2023), 

164492. DOI: https://doi.org/10.1016/j.scitotenv.2023.164492.
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6.1 Objectives 

This work intends to deepen the application of the tubular ozone membrane contactor, reported in 

Chapter 5, to promote the tertiary treatment of UWW, jointly considering the removal of CECs, 

disinfection, and the reduction of toxicity. The efficiency of ozonation was assessed for the simultaneous 

removal of 19 CECs spiked in secondary-treated UWW and microbial inactivation (heterotrophs, 

enterobacteria and enterococci), including the removal of ARBs (amoxicillin (AMX), cefotaxime (CTX) 

and sulfamethoxazole (SUL)). The influence of different experimental parameters on CECs removal and 

disinfection, i.e., O3 dose (DA-O3), O3 concentration in the gas phase ([O3]G,inlet) and gas flow rate (QG), 

wastewater pH, and UVC radiation was examined. Furthermore, the effect of effluent quality due to 

seasonal fluctuations (winter-UWW1 and summer-UWW2) on ozonation efficiency, as well as 

microbial regrowth due to storage of the treated UWW (for reuse purposes), were also evaluated. Finally, 

using bioassays with zebrafish embryos, the toxicity of the effluent was assessed before and after 

ozonation and also after adsorption by granular activated carbon (GAC). 

6.2 Materials and Methods 

All the chemicals used in this work, experimental units and procedures, as well as the employed 

analytical determinations used for CECs, microbiology and toxicity are described in Chapter 2. The 

tubular borosilicate membrane employed in this Chapter is the same as the membrane used in Chapter 

5. Therefore, the procedure used for the preparation of the photocatalytic membrane is described in detail 

in Section 2.2.3. The operational details for all ozonation experiments are summarized in Table 6.1 and 

further information on the procedure and reactor properties can be found in Section 2.3.2.2. The 

procedure for the adsorption column with GAC is described in Section 2.3.2.6. Before submitting to 

treatment, the UWW was fortified with 10 µg L-1 of each 19 CECs. The target CECs are the same as 

those used in Chapter 5. The target CECs were selected within the scope of the NOR-WATER project 

(http://nor-water.eu/en/home/), according to their occurrence and persistence in the river basins and 

UWWTP effluents located in Northern Portugal and Galicia, therefore including some highly persistent 

and mobile chemicals. 
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Table 6.1. Experimental conditions employed for each test. 

Matrixa # 
QL 

(L h-1) 
τ 

(s) 
QG 

(Ndm3 min-1) 
[O3]G,inlet 

(g Nm-3) 

DA-O3 

(g m-3) 

DT-O3 

(g m-3) 

DC-O3 

(g m-3) 
Radiationd 

Evaluated parameterse 

CECs M MR ARB T 
UWW1 1 100 5.8 0.75 14 6 2.4 2.3 -  - - - - 
UWW1 2  100 5.8 0.75 26 12 4.5 4.1 -  - - - - 
UWW1 3  100 5.8 0.75 34 15 4.8 4.3 -  - - - - 
UWW1 4  100 5.8 0.75 40 18 6.8 5.6 -   - - - 
UWW1 5 100 60 0.75 26 12 4.6 4.6 -  - - - - 
UWW1 6 100 60 0.75 40 18 5.9 5.8 -  - - - - 
UWW1 7b 100 5.8 0.75 40 18 5.8 5.7 -   - - - 
UWW1 8c 100 5.8 0.75 40 18 6.8 6.8 -   - - - 
UWW1 9 100 5.8 1.00 30 18 4.8 3.4 -   - - - 
UWW1 10 100 5.8 0.15 200 18 15.8 6.8 -   - - - 
UWW1 11 100 5.8 0.75 40 18 5.9 5.7 UVC   - - - 
UWW1 12 100 5.8 0.15 200 18 15.8 6.8 UVC  - - - - 

UWW2 13 100 5.8 1.00 30 18 6.6 4.2 -     - 
UWW2 14 100 5.8 0.75 40 18 8.0 6.3 -     - 
UWW2 15 100 5.8 0.15 200 18 16.0 8.6 -      

aWastewater collected in the winter (UWW1) and summer (UWW2) period. 
bAdjusted pH to 5.0 ± 0.2. 
cAdjusted pH to 9.0 ± 0.2. 
dPhotonic flux of 2.89 ± 0.08 W. 
eCECs – CECs removal; M – enumeration of culturable microorganisms; MR – microbiological regrowth; ARB – antibiotic-resistant bacteria; T – toxicity screening with zebrafish 

embryo bioassays. 
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6.3 Results and discussion 

6.3.1 Efficiency of the ozone membrane contactor for CECs removal 

6.3.1.1 Effect of ozone dose and residence time 

The efficiency of tertiary treatment applying the ozone membrane contactor was first evaluated for 

UWW1 spiked with the 19 target CECs. As expected, the application of higher doses of O3 (tests #1 to 

#4, with DA-O3 of 6, 12, 15 and 18 g m-3) increased the removal of the target CECs, either in the number 

of compounds presenting some level of degradation (>10%) or in their removal percentage (Figure 6.1a). 

The higher specific O3 dose, ranging from 0.18 to 0.44 g O3 g
-1 DOC in these tests, explains these results. 

The target CECs also showed different levels of degradation, which is related to the reactivity of the 

compound to the oxidizing species present, given by second-order rate constants with O3 (kO3) and OH• 

(kHO). According to Hollender et al. [1], compounds with kO3 greater than 104 M-1 s-1 require low O3 

doses (easily degraded). CECs with kO3 <104 M-1 s-1 are more persistent to treatment with O3 and their 

degradation can occur mainly by reaction with OH•. For DA-O3 > 12 g m-3 (or > 0.34 g O3 g
-1 DOC), it 

was observed (Figure 6.1a) that compounds highly reactive with O3, such as CBZ, E2, EE2, DCF and 

LSTN (kO3 ≥ 105 M-1 s-1, Table 6.2), reached removal values below the LOQ. These compounds are 

known to contain functional groups that react quickly with O3, such as aniline (e.g., DCF), olefins (e.g., 

CBZ), phenol (e.g., E2, EE2), and benzene ring (e.g., CBZ, LSTN) [2]. In contrast, beta-blockers ATNL 

and BSPL (with 103 ≤ kO3 ≤ 104 M-1 s-1, Table 6.2), as well as ISTN and DRN (both with kO3 = 101 M-1 

s-1, Table 6.2) presented removal levels between 60% and 80% only for the highest O3 dose (test #4, DA-

O3 of 18 g m-3 and specific dose of 0.44 g O3 g
-1 DOC), while the remaining target CECs (with kO3 ≤ 101 

M-1 s-1, Table 6.2) had low or null removals (Figure 6.1a). Levels of oxidation >90% for CBZ, CBZ-

EPX and DCF (in common with the present study) were also reported for full-scale ozonation plants in 

Sweden and Denmark [3] applying a DA-O3 between 4 and 28.6 g m-3 and a residence time between 10 

and 30 min. Other pertinent works [4-6], with DA-O3 ranging from 3-8 g m-3 and residence times from 4 

to 15 min, also observed high removal efficiencies (>80%) for several CECs, including CBZ, DCF, 

PFOA, ATNL, DEET. 
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Table 6.2. List of the 19 CECs selected for testing and respective group, abbreviations, chemical composition, and rate constants for the reactions with ozone (kO3) 

and the hydroxyl radical (kHO). 

Contaminants group Contaminants Abbreviation 
Chemical 

Composition 
kO3 (M-1 s-1) kHO (M-1 s-1) 

Carbamazepine and Metabolites 
Carbamazepine CBZ C15H12N2O 3 × 105 [7] 8.8 × 109 [7] 

10,11 Carbamazepine-epoxide CBZ-EPX C15H12N2O2 Low* [8] Low* [8] 

Non-Steroidal 

Anti-Inflammatory Drugs 
Diclofenac DCF C14H11Cl2NO2 1 × 106 [9] 7.5 × 109 [9] 

Hormones 
17β-Estradiol E2 C18H24O2 2.2 × 105 [10] 5.12 × 109 [11] 

17α-Ethynylestradiol EE2 C20H24O2 3 × 106 [7] 9.8 × 109 [7] 

Beta blockers 
Atenolol ATNL C14H22N2O3 1.7 × 103 [12] 8 × 109 [13] 

Bisoprolol BSPL C18H31NO4 1.83 × 104 [14] unknown 

Insect Repellent Diethyltoluamide DEET C12H17NO 0.1 [15] 4.95 × 109 [16] 

Angiotensin II 

Receptor Blockers 

Valsartan VSTN C24H29N5O3 38 [13] 1 × 1010 [17] 

Irbesartan ISTN C25H28N6O 23 [18] 1 × 1010 [18] 

Losartan LSTN C22H23ClN6O 2.1 × 105 [18] unknown 

Herbicide Diuron DRN C9H10Cl2N2O 13.3 [19] 6.6 × 109 [20] 

Flame Retardant Melamine MLN C3H6N6 unknown 1 × 104 [21] ** 

Artificial Sweeteners 
Acesulfame K AC-K C4H4KNO4S 88 [22] 4.55 × 109 [22] 

Saccharin SCH C7H5NO3S unknown 1.56 × 109 [23] 

Short-chain perfluoroalkyl 

substances (PFAS) 

Heptafluorobutyric acid PFBA C4HF7O2 unknown Low*,** 

Nonafluoro-1-butanesulfonic acid PFBS C4HF9O3S unknown Low*,** 

Pentadecafluorooctanoic acid PFOA C8HF15O2 unknown < 1 × 105 [24] 

Trifluoromethanesulfonic acid TFMS CHF3O3S unknown < 1 × 105 [25] 

Note: *Estimated reactivity; **Some authors express that radical OH• cannot directly oxidize PFAS and MLN [21, 26]. 
 



Chapter 6 

177 

 

Figure 6.1. Removal efficiency (%) of the 19 target CECs spiked in UWW1 ([CECs]0 = 10 µg L-1) after a 

treatment time of 5.8 s under different (a) ozone doses ( ) DA-O3 = 6 g m-3 (test #1), ( ) DA-O3 = 12 g m-

3 (test #2), ( ) DA-O3 = 15 g m-3 (test #3), and ( ) DA-O3 = 18 g m-3 (test #4); (b) contact time of 60 s (

) DA-O3 = 12 g m-3 (test #5) and ( ) DA-O3 = 18 g m-3 (test #6); and (c) pH values ( ) pH = 5.0 ± 0.2 

(test #7), ( ) pH = 7.7 ± 0.3 (test #4) and ( ) pH = 9.0 ± 0.2 (test #8). Note: For details on the operational 

conditions of each test, please refer to Table 6.1. †The removal values are presented as the maximum percentage 

that can be determined, taking into account the limits of quantification of the analytical method (Table 2.7). 

Considering the short residence time applied in these tests (QL of 100 L h-1, corresponding to 5.8 s), and 

that most of the ozonation treatments applying similar DA-O3 are carried out with residence times of a 
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few minutes (from 4 to 30 min) [5, 27], tests with DA-O3 of 12 and 18 g m-3 were performed for a residence 

time of 60 s (tests #5 and #6, Table 6.1). In these tests, to keep the other operating conditions unchanged 

while increasing the residence time, a tank was coupled downstream of the membrane contacting system. 

Improvements in the removal efficiency of several CECs were evidenced for DA-O3 of 12 g m-3 (Figure 

6.1b), with increases of 1.3-fold for LSTN, VSTN and AC-K, ~2-fold for DRN, DEET, BSPL and CBZ-

EPX, and 3.8-times for ATNL and ISTN. These better results are related to the total consumption of 

dissolved O3 verified in test #5 (DT-O3 = DC-O3 = 4.6 g m-3, Table 6.1), which did not occur when the 

contact time was only 5.8 s (DT-O3 > DC-O3 = 4.1 g m-3, Table 6.1). In turn, for a DA-O3 of 18 g m-3, the 

difference between the O3 consumed for the tests with 5.8 s and 60 s was smaller (DC-O3 of 5.6 and 5.8 

g m-3, respectively, Table 6.1), so improvements were verified only for ATNL (1.3-fold) and AC-K (2-

fold) (Figure 6.1). 

6.3.1.2 Effect of wastewater pH 

The O3 stability in water strongly depends on the pH value, while under acidic conditions, the rate of O3 

self-decomposition is slow (higher O3 concentration in the liquid phase), alkaline conditions promote O3 

decay reactions (and the generation of OH•) [28]. This is in line with the observed drop in dissolved O3 

concentration (from 3.2 g m-3 to 0.6 g m-3) when the pH value was increased (from 3 to 9) in the ozone 

mass transfer assays reported in Chapter 5, indicating greater O3 decomposition at higher pH values. 

Taking this, when operating under acidic conditions, the main oxidation pathway for CECs is expected 

to be the direct reaction with dissolved O3, whereas under alkaline conditions, the indirect oxidation 

pathway (i.e., CECs reacting with OH•) becomes predominant. In this way, for the ozonation treatment 

at pH 5.0 (test #7, Table 6.1), the target CECs with kO3 ≥ 105 M-1 s-1 maintained high levels of oxidation 

and reached concentrations below the LOQ (Figure 6.1c). On the other hand, when compared to 

ozonation at the natural pH of the UWW1 (test #4, pH of 7.7), the lower OH• generation at pH 5.0 led 

to a decrease in the removal of several CECs such as DRN and DEET (~1.4 times lower) and BSPL, 

ATNL and ISTN (~2 times lower). This result shows the importance of the indirect reaction pathway 

for those CECs that react poorly with O3 (kO3 ≤ 105 M-1 s-1). In turn, no significant differences in 

performance were observed between ozonation at pH 7.7 and 9.0 (tests #4 vs. #8, Figure 6.1c). The lack 

of improvement in oxidation ability at pH 9.0 may be related to inorganic species associated with the 

alkalinity of the effluent (carbonates/bicarbonates) that are affected by pH adjustment, which act as OH• 

scavengers and inhibitors of the chain reaction of O3 decomposition. This was also observed in other 

studies [5, 29] and perceived by the increase in the concentration of inorganic carbon when the pH of 
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the UWW1 was adjusted to 9.0 (from 46.7 mg L-1 to 66.7 mg L-1). The opposite trend was also observed, 

with decreasing concentration of inorganic carbon in the UWW when the pH was adjusted to 5.0. 

6.3.1.3 Effect of ozone inlet concentration and flow rate 

Keeping the natural pH, a DA-O3 of 18 g m-3 and a residence time of 5.8 s (selected according to the 

results presented above), the [O3]G,inlet was then varied (tests #4, #9 and #10, Table 6.1). A substantial 

improvement in the CECs removal was observed for the highest [O3]G,inlet (test #10; 200 g Nm-3), with 

13 of the 19 CECs removed >80% or below the LOQ and one CEC >50% (SCH) (Figure 6.2). These 

results can be explained by the ozone transfer yield observed in these experiments (Figure 6.2a inset), 

while only 30% ± 3% of the delivered O3 was effectively transferred in tests #4 and #9 ([O3]G,inlet of 40 

and 30 g Nm-3, respectively), this value increased to 88% in test #10 ([O3]G,inlet of 200 g Nm-3). This is 

consistent with the mass-transfer theory, where for increasing O3 concentrations in the gas phase (driving 

force) a higher O3 diffusion rate is expected, thus more O3 is transferred from the gas to the liquid phase 

[30, 31] and available to react with the target CECs. Furthermore, to keep the hydrodynamic conditions 

and attain the same DA-O3 while increasing the [O3]G,inlet for test #10, it was required to decrease the inlet 

gas flow rate (see Table 6.1). For this ozone membrane contactor, it was verified that for the same liquid 

flow rate, mass transfer efficiency increases with the decrease in the gas flow rate, due to the higher 

contact time between the gas and the liquid phase (as reported in Chapter 5). Therefore, although the 

same DA-O3 was applied in tests #4, #9 and #10, the ozone transfer yield increased and, consequently, 

the specific ozone dose obtained for test #10 was ~3-fold higher than for tests #4 and #9 (1.17 vs. 0.44 

and 0.36 g O3 g
-1 DOC, respectively, Figure 6.2a inset). 
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Figure 6.2. Removal efficiency (%) of the 19 target CECs spiked in UWW1 ([CECs]0 = 10 µg L-1) applying a 

DA-O3 of 18 g m-3 under (a) different ozone inlet concentrations ( ) [O3]G,inlet = 30 g Nm-3 (test #9), ( ) [O3]G,inlet 

= 40 g Nm-3 (test #4) and ( ) [O3]G,inlet = 200 g Nm-3 (test #10); and (b) photocatalytic ozonation of ( ) [O3]G,inlet 

= 40 g Nm-3 + UVC/TiO2 (test #11) and ( ) [O3]G,inlet = 200 g Nm-3 + UVC/TiO2 (test #12). The inset of Figure 

6.2a shows the ozone transfer yield (%) and specific ozone dose (g O3 g-1 DOC) employed. Note: For details on 

operational conditions of each test, please refer to Table 6.1. †The removal values are presented as the maximum 

percentage that can be determined, taking into account the limits of quantification of the analytical method (Table 

2.7). *No removal. 

Beyond the expected good removal performance for the CECs with kO3 ≥ 105 M-1 s-1, very interesting 

removals (58–96%) were also observed in test #10 for compounds with low ozone reactivity, as CBZ-

EPX, DEET, VSTN, ISTN, DRN, and AC-K, which can be ascribed as a result of their oxidation by the 

OH• radical (kHO > 109 M-1 s-1, Table 6.2) produced by ozone's decomposition. The only CECs that 

persisted without any sign of oxidation, even when applying the highest [O3]G,inlet, were the four PFAS 

and MLN (Figure 6.2a). These organic compounds are highly stable and expected to be resistant to 

degradation by both O3 and OH• radical (kO3 unknown and kHO < 105 M-1 s-1, Table 6.2). A possible 

[30] [40] [200]
0

20

40

60

80

100

†††

(b)

 %

 Specific dose

[O3] (g Nm-3)

T
ra

n
sf

er
 y

ie
ld

 (
%

)(a)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

 S
p

ec
if

ic
 d

o
se

 (
g

 O
3
 g

-1
 D

O
C

)

C
B
Z

B
SPL

D
C

F

A
T
N

L

L
ST

N

IS
T
N

V
ST

N
D

R
N

A
C

-K

C
B
Z
-E

PX

D
E
E
T

E
E
2

E
2
SC

H
M

L
N

T
FM

S

PFO
A

PFB
S

PFB
A

0

20

40

60

80

100
†

†††

†††

†††
†††

****

R
em

o
v

a
l 

(%
)

*

*****

†††

C
B
Z

B
SPL

D
C

F

A
T
N

L

L
ST

N

IS
T
N

V
ST

N
D

R
N

A
C

-K

C
B
Z
-E

PX

D
E
E
T

E
E
2

E
2
SC

H
M

L
N

T
FM

S

PFO
A

PFB
S

PFB
A

0

20

40

60

80

100 ††
††††

††

††††

††††

††††††††††††

R
em

o
v

a
l 

(%
)



Chapter 6 

181 

explanation for the non-removal of PFAS with O3 may be the presence of strong and stable carbon-

fluorine bonds in the alkyl carbon chain, which agrees with other studies [26, 32, 33]. Regarding MLN, 

a previous study has demonstrated that a DA-O3 of 10 g m-3 and a reaction time of 20 min was required 

to achieve ~65% removal [34]. Maurino et al. [21] also indicated that among the oxidative processes, 

only photocatalysis and the generation of sulphate radicals (SO4
⁻) were able to transform MLN 

efficiently. 

6.3.1.4 Photocatalytic ozonation 

Literature reports a synergy in the combination of ozonation and photocatalysis for water treatment [35]. 

Therefore, aiming at the removal of MLN and the four PFAS compounds, the combined O3/UVC/TiO2 

process was evaluated for an [O3]G,inlet of 40 and 200 g Nm-3 (tests #11 and #12, from Table 6.1). For 

both cases, photocatalytic ozonation showed no significant differences in the removal efficiency of the 

target CECs when compared to ozonation treatments under similar operational conditions (tests #4 vs 

#11 and #10 vs #12, Figure 6.2b). An explanation for these results may be the low UVC dose provided 

(0.10 kJ L-1) due to the short residence time (5.8 s) of the treatment tests. This hypothesis is supported 

by the lack of significant removal of the 19 CECs in the UVC/TiO2 test (<10% for all targets, data not 

shown). 

6.3.1.5 Effect of wastewater characteristics 

To represent typical variations observed in the main traditional characteristics of effluent quality, that 

are known to occur due to seasonal fluctuations, secondary-treated UWW2 was collected in the summer 

period, contrary to UWW1, which was collected in the winter. For a better insight into the ozonation 

efficiency, three treatments were selected for UWW2 (tests #13 to #15, Table 6.1), repeating operational 

conditions used for UWW1 (tests #4, #9 and #10, Table 6.1). Apart from the CECs highly reactive with 

O3 (kO3 ≥ 105 M-1 s-1, Table 6.2), which presented concentrations below the LOQ for the two treated 

wastewaters (Figure 6.3), the removal of target CECs for UWW2 was globally lower for all compounds. 

Collected in the dry season, UWW2 presented a higher organic and inorganic load compared to UWW1 

(Table 6.3), which can be verified by the higher values for COD (2.1-fold), DOC (1.7-fold), DIC (1.5-

fold) and TSS (5.1-fold). 
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Table 6.3. Main physicochemical characteristics of the two wastewater samples collected after secondary 

treatment in an UWWTP (UWW1, Winter and UWW2, Summer), after ozonation and after ozonation followed 

by adsorption with granular activated carbon (GAC). 

Parameter UWW1 O3-WW1 UWW2 O3-WW2 O3-WW2+GAC 

pH 7.5 7.2 7.8 7.5 7.6 

Temperature (ºC) 15.7 16.4 23.4 21.4 22.4 

Conductivity (µS cm-1) 202 195 1442 1328 1030 

Turbidity (NTU) 0.6 0.25 15 3.6 2.6 

Absorbance at 254 nm (AU) 0.208 0.039 0.320 0.096 0.017 

Transmittance at 254 nm (%) 62 91 48 80 96 

Dissolved organic carbon (mg L-1) 13.5 10.1 22.9 15.8 7.0 

Dissolved inorganic carbon (mg L-1) 46.5 45.9 70.8 74.3 38.9 

Specific Ultraviolet Absorbance 

(SUVA254, L mg-1 m-1) 
1.5 0.39 1.4 0.61 0.24 

Chemical oxygen demand (mg O2 L
-1) 38.3 21.9 79.5 35.3 14 

Total suspended solids (mg L-1) 7.0 3.6 35.7 12.2 3.4 

Sodium – Na+ (mg L-1) 100 101 105 104 107 

Ammonium – NH4
+ (mg L-1) 1.2 0.9 62.5 35.8 30.2 

Potassium – K+ (mg L-1) 23.5 27.1 26.2 23.8 25.0 

Magnesium – Mg2+ (mg L-1) 6.4 7.2 6.9 6.4 6.6 

Calcium – Ca2+ (mg L-1) 30.6 26.2 33.0 24.9 14.4 

Fluoride – F- (mg L-1) 0.1 0.1 0.2 0.1 <0.01 

Chloride – Cl− (mg L-1) 130 137 132 134 54 

Sulphate – SO4
2− (mg L-1) 54.0 59.1 65.3 65.8 14.7 

Nitrite – NO2
- (mg L-1) <0.04a <0.04a <0.04a <0.04a <0.04a 

Nitrate – NO3
- (mg L-1) 1.9 2.4 4.5 16.2 1.4 

Phosphate – PO4
3− (mg L-1) 4.0 6.1 17.6 13.6 5.0 

aLimit of quantification 

Thus, despite the operational conditions being similar to those previously applied for UWW1, a 

considerable decrease in the specific ozone dose for the treatments with UWW2 affected the CECs 

abatement. The specific ozone doses for UWW2 were 0.29, 0.35 and 0.70 g O3 g
-1 DOC (tests #13, #14 

and #15, respectively), which in relation to analogous tests with UWW1 represents a decrease of about 

20% for tests with [O3]G,inlet of 30 and 40 g Nm-3 and 40% for [O3]G,inlet of 200 g Nm-3. Typically, the 

specific ozone dose used in UWWTPs is between 0.1 and 1.7 g O3 g
-1 DOC [3] which is within the range 

of doses applied for both wastewaters tested in this work. 
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Figure 6.3. Removal efficiency (%) of the 19 target CECs spiked ([CECs]0 = 10 µg L-1) in UWW1 and UWW2 

applying a DA-O3 of 18 g m-3 and different ozone inlet concentrations ( ) [O3]G,inlet = 30 g Nm-3 (test #9 and #13), 

( ) [O3]G,inlet = 40 g Nm-3 (test #4 and #14) and ( ) [O3]G,inlet = 200 g Nm-3 (test #10 and #15). Note: For details 

on operational conditions of each test, please refer to Table 6.1. *The removal values are presented as the 

maximum percentage that can be determined, taking into account the limits of quantification of the analytical 

method (Table 2.7). 

After ozonation, some physicochemical parameters of UWW1 and UWW2 were also improved (Table 

6.3). DOC was reduced by 25% and 31%, COD by 43% and 56%, and TSS by 49% and 66%, for UWW1 

(1.17 g O3 g
-1 DOC) and UWW2 (0.70 g O3 g

-1 DOC), respectively. In this regard, von Gunten [36] 

indicates that the NOM is usually the main consumer of O3 in wastewater, which justifies the differences 

between the results obtained for the two UWWs. However, the DOC removal and the modification of 

chemical structures by ozonation greatly depend on the composition of the NOM [37], but generically 

results in NOM becoming more bioavailable and that can be subsequently biodegraded or removed by 

a simpler process, such as sand filters or activated carbon [38]. The mineralization degree obtained in 

this work was higher than that indicated by Sauter et al. [17], with DOC decreasing around 5% when 

applying 0.65 g O3 g
-1 DOC, and Nöthe et al. [39], who showed an average DOC decrease between 4 

and 10% after ozonation with 0.4-0.8 g O3 g
-1 DOC. 

Differences in the wastewater matrices can lead to variations in the mineralization degree, since it will 

influence the amount of OH• produced by the reaction of O3 with the naturally present electron-rich 

compounds, particularly amines, phenols and alkoxylate aromatics. 

Among the micronutrients analysed (Table 6.3), the vast majority had concentrations similar to those 

found before the ozonation treatment. For UWW2, it was possible to observe that ozonation promoted 

a decrease in the ammonia concentration and a concomitant increase in nitrate concentration (Table 6.3). 

According to Singer and Zilli [40], ammonia is oxidized completely to nitrate by ozone (NH3 + 4O3 →
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NO3
− + 4O2 + H2O + H+). The oxidation process is first-order in terms of ammonia concentration, and 

the rate increases with pH in the pH 7-9 range. [40]. Furthermore, several studies on ammonia oxidation 

by ozone microbubbles have also been published [41, 42] and concluded that the increase in nitrate 

concentration is related to the ozonation oxidation of ammonia. 

6.3.2 Efficiency of ozone membrane contactor for microbiological inactivation 

6.3.2.1 Total heterotrophs, enterobacteria and enterococci 

The performance of ozonation in terms of bacterial inactivation greatly depends on the susceptibility of 

the target bacterium to O3, the O3 concentration, wastewater pH and NOM content [43]. Therefore, the 

total heterotrophs, enterobacteria and enterococci were enumerated before and immediately after some 

selected ozonation (standalone process) treatments for UWW1 (tests #4, #7 to #11, Figure 6.4a) and 

UWW2 (tests #13 to #15, Figure 6.4b). All the selected tests applied a DA-O3 of 18 g m-3, which is in line 

with the DA-O3 between 1 and 35 g m-3 used in UWWTPs for disinfection purposes [44]. There was no 

need to enrich the wastewater with microorganisms, as the original untreated UWW samples showed 

the presence of target bacteria at quantifiable levels: UWW1 (Log10 CFU/100 mL) – 6.93 ± 0.02, 6.45 

± 0.02, 1.71 ± 0.02, and UWW2 (Log10 CFU/100 mL) – 8.33 ± 0.03, 6.01 ± 0.08, 4.96 ± 0.02, for total 

heterotrophs, enterobacteria and enterococci, respectively. 
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(c) 

Figure 6.4. Quantification in (a) UWW1 and (b) UWW2 of total heterotrophs (.1), enterobacteria (.2) and 

enterococci (.3), before and after selected ozonation tests, and (c) quantification of antibiotic resistant 

enterobacteria (AMX – Amoxicillin; CTX – Cefotaxime; SUL – Sulfamethoxazole) for ozonation tests with 

UWW2 (  - initial sample) applying a DA-O3 of 18 g m-3 and different ozone inlet concentrations ( ) [O3]G,inlet 

= 30 g Nm-3 (test #13), ( ) [O3]G,inlet = 40 g Nm-3 (test #14) and ( ) [O3]G,inlet = 200 g Nm-3 (test #15). In graph 

(b) the bar in the background refer to the regrowth test. *Below the detection limit (3.3 × 10-3 CFU mL-1). 

For UWW1, good removal of the target bacterial groups was globally observed after ozonation (Figure 

6.4a), with log reductions > 4 units for total heterotrophs (test #10, [O3]G,inlet of 200 g Nm-3) and values 

below the limit of detection (LOD of 0.33 × 10-2 CFU mL-1) for enterobacteria (from [O3]G,inlet ≥ 40 g 

Nm-3; test #4) and enterococci (from [O3]G,inlet ≥ 30 g Nm-3; test #9). The total heterotrophs were not 

completely removed even when the highest [O3]G,inlet was applied (Figure 6.4a.1), being quantified at 

approximately 103 CFU 100 mL-1 (10 CFU mL-1). However, this value is below the maximum 

recommendable of 20 CFU mL-1 for the quality of water intended for human consumption [45]. 
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Enterobacteria is a large family of gram-negative bacteria, including the well-known Escherichia coli, 

which includes both commensals and pathogenic strains. In this sense, and according to the EU 

Regulation 2020/741 of the European Parliament and of the Council of 25 May 2020 on minimum 

requirements for water reuse, the effluent after ozonation with [O3]G,inlet ≥ 40 g Nm-3 (specific dose ≥ 

0.44 g O3 g
-1 DOC) could be considered for reclaimed water quality class A (E. coli ≥ 5 log reduction), 

considering the parameter E. coli [46]. 

Several studies have regarded pH as the main effective parameter of O3 efficiency for microorganisms 

inactivation [47]. It is well-known that the effect of pH on the disinfection performance of O3 is 

multifaceted, as the influence of pH is a trade-off status [48]; high pH values reduce the concentration 

of O3, but on the other hand, it generates more OH• radical species. The present study observed that the 

lower the pH, the greater the removal efficiency of total heterotrophs (test #7, Figure 6.4a.1). It suggests 

that ozonation is efficient against total heterotrophs inactivation at low pH conditions (pH = 5.0) where 

molecular O3 is the predominant species. In another study, Zuma et al. [49] described that the kinetics 

of E. coli removal occurred twice as fast at acidic pH (pH 4.9) than at basic pH (pH 9.2). Also, Pak et 

al. [48] reported that the ARB removal efficiencies at pH 6 were higher than those at pH 9. It is possible 

to hypothesize that OH• scavengers, such as bicarbonate ions in microbial cells, may quench the free 

radical reaction [49]. 

The inactivation of microorganisms can be further enhanced using the synergic effect of O3 and UVC. 

This was verified in test #11, where the addition of UVC radiation led to a further ~1.3 log decrease in 

the concentration of the total heterotrophs (Figure 6.4a.1). Microbial inactivation depends on the effect 

of irradiation and the interaction of the oxidant with the carbohydrates present in the cell tissue of the 

microorganism [50]. Furthermore, the germicidal effects of UVC are related to DNA damage, and UVC 

wavelength in the range of 260-270 nm is sufficient for the inactivation of the microorganism even at 

low residence times [50]. Although there was no improvement regarding the removal of the target CECs 

for test #11 (as discussed in Section 6.3.1.4), a clear enhancement of disinfection ability was observed, 

even with a low residence time and UVC dose. 

For UWW2, the highest inactivation values were obtained by applying a [O3]G,inlet of 200 g Nm-3 (test 

#15), where heterotrophs were reduced > 5 log units, enterobacteria and enterococci reduced > 3 log 

units (Figure 6.4b). As mentioned previously, for similar operational conditions, the specific ozone dose 

applied in UWW2 was lower than when treating UWW1, globally hindering the treatment efficiency. 

Furthermore, the microbial load before ozonation was considerably higher for UWW2 when compared 

to UWW1. 
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6.3.2.2 Microbiological regrowth and antibiotic resistance 

Another important indicator to assess the efficiency of wastewater disinfection is the regrowth of 

microorganisms, which is particularly relevant for cases where the treated UWW is stored until reuse. 

Due to the distinct characteristics of the studied wastewaters and from a conservative perspective, 

UWW2 was chosen to be tested for microbial regrowth. In agreement with other works [51, 52], the 

storage for 3 days of O3-treated UWW2 (from test #15) promoted regrowth (Figure 6.4b), with a 

decrease in the regrowth rate with increasing [O3]G,inlet. This result is justified, as disinfection is a process 

that eliminates only part of the microorganisms or harms some cells, allowing later regrowth. In the case 

of ozonation, may be mainly due to the availability of assimilable organic carbon resulting from the 

partial degradation of complex organic compounds [53]. Indeed, in stored O3-treated UWW2, total 

heterotrophs, enterobacteria and enterococci density was similar to- or above the pre-treatment levels. 

This reflects the inability of ozone to provide a residual disinfection effect, which is paramount when 

reuse for agricultural purposes is intended. 

The removal of enterobacteria harbouring resistance to three antibiotics (amoxicillin (AMX), cefotaxime 

(CTX) and sulfamethoxazole (SUL)) was observed immediately after treatment for the tested O3 

concentrations, with log reduction values ranging from 2.6 for AMX to 3.1 for SUL (Figure 6.4c). Other 

studies have observed that the inactivation of the examined ARB to values below the LOD would require 

higher treatment times (≥15 min) [43, 54]. 

6.3.3 Toxicity screening with zebrafish embryo bioassays 

All the zebrafish embryo bioassays met the OECD FET test 236 criteria: overall survival and hatching 

rate, in the control at 96 hpf, were ≥ 90% [55]. Mortality, total abnormalities, and heart rate were 

determined in zebrafish embryos exposed to the three conditions – UWW2 fortified with the 19 CECs 

before ozonation (UWW+CECs), after ozonation test #15 (UWW+CECs+O3) and after ozonation test 

#15 followed by GAC (UWW+CECs+O3+GAC) - with undiluted samples (Table 6.4) and with dilution 

factors of 2 and 4 (Figure 6.5). 
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Table 6.4. Toxicological effects observed in zebrafish embryos exposed to the conditions without dilutions: 

UWW2 fortified with the 19 CECs before and after the ozonation process (UWW+CECs and UWW+CECs+O3, 

respectively), and after ozonation plus GAC adsorption process (UWW+CECs+O3+GAC). 

Hours post 

fertilization (hpf) 
Treatment without dilution 

Endpoints 

Mortality (%) Total abnormalities (%) 

24 

Control 2 ± 2 0 ± 0 

UWW+CECs 0 ± 0 0 ± 0 

UWW+CECs+O3 5 ± 5 7 ± 7 

UWW+CECs+O3+GAC 0 ± 0 8 ± 4 

48 

Control 2 ± 2 4 ± 2 

UWW+CECs 95 ± 5* β 

UWW+CECs+O3 25 ± 8* 95 ± 5* 

UWW+CECs+O3+GAC 5 ± 3 (3 ±1) × 101 

72 

Control 2 ± 2 4 ± 2 

UWW+CECs 100 ± 0* β 

UWW+CECs+O3 100 ± 0* β 

UWW+CECs+O3+GAC 85 ± 7* β 

96 

Control 2.1 ± 2.1 8 ± 3 

UWW+CECs 100 ± 0* β 

UWW+CECs+O3 100 ± 0* β 

UWW+CECs+O3+GAC 90 ± 5* β 

Note: *indicates significant differences (p < 0.05); data expressed as mean ± standard error; β – not measured because all 

embryos died, n = 10 for the control and n = 5 for the other treatments. 
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Figure 6.5. Toxicological effects observed in zebrafish embryos exposed to three conditions with a dilution factor 

of 2 (.1) and 4 (.2): UWW2 fortified with 19 CECs before and after the ozonation process (UWW+CECs and 

UWW+CECs+O3, respectively), and UWW+CECs after ozonation plus GAC adsorption process 

(UWW+CECs+O3+GAC). (a) Mortality (%), (b) Total abnormalities (%) and (c) Heart rate (bpm). Significant 

differences from control (p ≤ 0.05) are marked with a symbol (*). The symbol β was used to indicate 100% 

mortality (so it was not possible to determine abnormalities) and α to indicate 0% mortality. Results are expresses 

as mean ± standard error (n = 10 for the control and n = 5 for the other treatments). 

The undiluted samples showed high toxicity to zebrafish embryos with significant mortality and total 

abnormalities observed in all three conditions (Table 6.4). In the case of the samples with the dilution 

factor of 2, significant mortality and a significant decrease in the heart rate were observed in 
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UWW+CECs and UWW+CECs+O3 treatments after 72 hpf exposure. Moreover, a significant increase 

in total abnormalities was recorded for the UWW+CECs and UWW+CECs+O3 treatments from 24 hpf 

and 72 hpf of exposure, respectively (Figure 6.5b.1). Even though the ozonation process was effective 

in eliminating the parental compounds added to the effluent, as described in Section 6.3.1, the toxicity 

observed in the UWW+CECs+O3 treatment is potentially related to the generation of toxic 

transformation products resulting from the degradation of the CECs. Regarding dilution factor 4, the 

toxicity was substantially reduced in all conditions, only the UWW+CECs condition showed a 

significant decrease in heart rate at 72 and 96 hpf (Figure 6.5b.2). It should be mentioned that a fixed 

standard dilution factor of 10 is frequently used in risk assessment studies for effluents entering in the 

receiving waters [56]. Notwithstanding, it has been verified that this may not be the case for many 

locations, so the chosen dilution factor in bioassays can many times lead to the underestimation of 

environmental risks, especially during low flow conditions of receiving water [57]. 

Considering that in UWWTPs a post-treatment stage is currently applied after ozonation [58], an 

adsorption step with GAC was used to complement the ozonation treatment (Figure 2.5), targeting the 

removal of CECs recalcitrant to ozonation, degradation by-products and subsequent decrease of the 

effluent toxicity. As expected, all CECs after ozonation and GAC adsorption showed concentration 

values below the LOQ (Table 2.7). The characterisation of the ozonated UWW2 after GAC also shows 

a good reduction in the organic load (Table 6.3; 56% for DOC, 61% for SUVA254, 80% for COD, 72% 

for TSS compared to UWW2 after ozonation). Regarding the toxicity results, all the endpoints 

mentioned above returned to control levels after the ozonation was coupled with the GAC adsorption 

process, so no significant differences were observed between the control and the 

UWW+CECs+O3+GAC treatment in all observation time points (Figure 6.5). Therefore, ozonation 

coupled with GAC adsorption increased the fitness of zebrafish embryos leading to a significant decrease 

in toxicity. 
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6.4 Conclusions 

A novel ozone membrane contactor, operated in continuous mode, was applied for the tertiary treatment 

of UWW and demonstrated the ability to significantly reduce CECs and bacterial contamination, 

improving the overall physicochemical quality of the effluent. The best performance for this system was 

obtained for the highest O3 concentration in the gas and lowest gas/liquid volumetric ratio, providing the 

highest ozone transfer yield (88%) and, thus higher specific ozone dose (g O3 per g dissolved organic 

carbon) boosting the oxidation of the target CECs and disinfection. The seasonal fluctuation of the 

wastewater characteristics has shown to have an impact on the ozonation treatment efficiency, indicating 

the importance of adjusting the specific transfer ozone dose, as it considers the organic load of the 

effluent. Of the 19 target CECs, the four PFAS and melamine proved to be highly resistant to ozonation. 

The inclusion of a small dose of UVC radiation (0.10 kJ L-1) showed no impact on the oxidation of CECs 

but led to improvements in the reduction of microbial contamination. Despite the high reductions in total 

heterotrophs, enterobacteria and enterococci, this effect was transient and cells that survived ozonation 

were able to regrowth back to their initial concentrations, hindering the possible reuse of the O3-treated 

UWW for irrigation purposes. Ozonation with the present membrane contactor also reduced the 

abundance but not the presence of ARB in the effluent immediately after treatment. After ozonation, a 

dilution factor of 4 was shown to be required for no toxic effects to occur on zebrafish embryos, being 

reduced to a dilution factor of 2 if a post-treatment by GAC adsorption is coupled. Future studies are 

still in demand to establish the cost and life cycle assessment associated with this membrane ozonation 

system and the best strategy to ensure long-term disinfection. Finally, this ozone membrane reactor 

allows for the use of other catalysts, including those that can be photo- or ozone-activated to enhance 

photocatalytic activity. 
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7 Conclusions and Future Work 

This final chapter presents the most relevant results and conclusions stated in the previous chapters, 

complemented with some suggestions for future work. 
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7.1 Conclusions 

The main goal of the present thesis was to design and evaluate two membrane reactors using 

functionalized membranes for water purification. The results presented in Chapters 3 and 4 showed the 

possibility of manufacturing continuous multilayer graphene and graphene-TiO2 nanocomposite (in a 

simple preparation process) to be applied in a pressure-driven membrane process for water desalination 

and removal of 4 CECs in wastewater, respectively. Chapter 5 presented the results of the 

characterisation of an ozone membrane contactor and removal of 19 CECs in DW, while Chapter 6 

focused on applying this technology in UWW after secondary treatment. The main conclusions are 

divided into three sections: (i) membrane filtration systems for water desalination; (ii) PMR for CECs 

removal; and (iii) ozone MC to intensify gas/liquid mass transfer and tertiary treatment of UWW. 

7.1.1 Graphene film in membrane filtration systems for water desalination 

A new concept for preparing large-area desalination membranes based on site formation of multilayer 

defective graphene with subnanometric pores, presented in Chapter 3, was successfully achieved. The 

most relevant conclusions were: 

• A continuous multilayer graphene has been prepared on a ceramic microporous support. The 

thermal stability of the ceramic α-Al2O3 makes possible the preparation of defective multilayer 

(B,N)G by pyrolysis of CS containing adsorbed (NH4)3BO3. 

• Subnanometric pores have been formed by B and N doping and removal by H2. The generation 

of subnanometric pores to allow water permeation was herein designed by introducing doping 

elements on the graphene sheet that could subsequently be removed by suitable chemical 

treatments. This hypothesis was confirmed by the removal of B and N atoms by thermal 

hydrogenation. 

• A NaCl and KCl removal efficiency from brackish water higher than 95% was achieved. The 

(B,N)G membrane exhibits a remarkable permeation selectivity. Thus, these results may 

constitute a significant advance in desalination technology, providing suitable preparation 

procedures not only on flat but also in curved supports. It can also be anticipated that the 

procedure can be easily adapted to obtain analogous membranes based on defective graphene 

with controlled pore sizes for different applications. 
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7.1.2 Photocatalytic membrane reactor (PMR) for CECs removal 

A ceramic tubular membrane coated with a continuous G-TiO2 nanocomposite thin-film showed 

promising results in the removal of CECs from UPW and real matrices in single-pass flow-through 

operation, as presented in Chapter 4. The most significant conclusions were: 

• A novel continuous catalyst thin-film of G-TiO2 was deposited on a ceramic membrane. The 

PMR with the functionalized membranes, activated by UVA light, operated in a single-pass flow-

through mode for the treatment of synthetic CECs solutions, exhibits a substantial improvement 

in the membrane permeate quality and quantity compared to its performance in the absence of 

light. 

• G thin-film structure is beneficial for membrane fabrication as G can enhance the connection 

with TiO2 and improve the strength of the membrane to be used as a barrier for the retention of 

CECs. In addition, the contact between G film and TiO2 nanoparticles minimizes charge 

recombination, enhancing photocatalytic activity. 

• The membrane fouling was reduced by the G-TiO2-UVA photocatalytic action. The G-TiO2-

UVA systems present high stability for at least 12 h of continuous operation and reduced 

reversible and irreversible fouling due to the synergetic functions for CECs oxidation and self-

cleaning process. 

• CECs rejection achieved values near 60% in continuous flow mode operation. Membrane B 

enables a slightly higher CECs rejection than membrane A, which can be explained mainly by 

the better exposure of the photocatalyst to light. However, the accumulation of the nanoparticles 

over the G film increases the surface roughness of membrane MB-2, reducing its resistance to 

fouling compared to membrane MA-3. Overall, the results in this study indicate that the G-TiO2-

UVA systems investigated achieve good removal of CECs and effectively reduce toxicity to 

zebrafish embryos. 

• The rejection of CECs in the UWW matrix was comparable to that obtained with UPW, although 

it had a significant negative impact on permeate flux when compared to UPW, mainly due to the 

presence of substances that deposited or were adsorbed on the surface of the membrane, blocking 

its pores. 

7.1.3 Ozone membrane contactor (MC) to intensify gas/liquid mass transfer and tertiary 

treatment of urban wastewater 

As demonstrated in Chapters 5 and 6, a tubular porous borosilicate membrane contactor was developed 

for radial delivery of O3, promoting the intensification of (i) ozone mass transfer in a compact device 
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and (ii) tertiary treatment of UWW, targeting CECs removal and disinfection. The membrane acts as 

photocatalyst support and O3-catalyst/water contactor. The most significant conclusions were: 

• Micro-sized ozone bubbles were pseudo-uniformly delivered throughout the reactor length. The 

feed distribution of O3 along the length of an annular membrane creates innumerable micro-sized 

bubbles, increasing the surface area of the O3 bubble in contact with the liquid allowing for a 

controlled dosing of O3 to the water/wastewater-side. 

• The membrane contactor showed a high interfacial area and low gas/liquid volumetric ratio. 

Operating in continuous mode and under atmospheric pressure, the KLa values for this membrane 

reactor (3.5–9.0 min-1) were comparable to that of a venturi injector and were superior to other 

membrane contactors reported in the literature. The significant enhancements obtained for KLa 

and MTE using this ozone membrane contactor with low gas/liquid volumetric ratios make this 

type of contactor highly effective for ozone gas/water mass transfer in water treatment. 

• The ozone membrane contactor demonstrated the ability to significantly reduce CECs and 

bacterial contamination from secondary effluent of UWWTP, improving the overall 

physicochemical quality of the effluent and reducing toxicity. The seasonal fluctuation of the 

wastewater characteristics has shown to have an impact on the ozonation treatment efficiency, 

indicating the importance of adjusting the specific transfer ozone dose, as it considers the organic 

load of the effluent. Of the 19 target CECs, the four perfluoroalkyl substances and melamine 

proved to be highly resistant to ozonation. 

• Ozonation with the present membrane contactor also reduced the abundance but not the presence 

of antibiotic-resistant bacteria in the effluent immediately after treatment. 

• Photocatalytic ozonation (O3/UVC/TiO2) did not significantly improve the removal of CECs. 

Notwithstanding, the versatility of this setup, allowing the membrane to be doped with a catalyst 

and operated under UVC radiation, may prove advantageous when treating complex wastewater 

matrices. The inclusion of a small dose of UVC radiation (0.10 kJ L-1) showed no impact on the 

oxidation of CECs but led to improvements in the reduction of microbial contamination. 

• After ozonation, a dilution factor of 4 was shown to be required for no toxic effects to occur on 

zebrafish embryos, being reduced to a dilution factor of 2 if a post-treatment by GAC adsorption 

is coupled. 
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7.2 Suggestions for future work 

The results attained showed that the innovative membrane reactors present a high potential for the 

removal of organic contaminants from water/wastewater. Nevertheless, improvements in treatment 

processes and further investigation can be carried out in order to bring these technologies closer to a 

potential industrial approach: 

• Once it was noticed that the PMR using a G-TiO2 membrane was shown to overcome the main 

limitation of the reactor performance (fouling phenomenon) for a synthetic effluent, but with low 

permeate fluxes for UWW after secondary treatment, tests with other catalysts or coupling of 

other processes (ozonation, electrocatalytic membranes) could lead to higher permeate fluxes 

with better CEC removal rates. 

• A major challenge to be overcome for ozone MCs will be the development of a more efficient 

membrane material. More studies should be directed towards the fabrication of hydrophobic 

membranes with coating techniques to minimize the impact on the membrane mass transfer 

resistance (1/kM). The ozonation treatment process has a well-established link with increased 

toxicity. As a result, it is imperative to carry out additional studies to investigate the main 

transformation products of the CECs analysed in this thesis. 

• The process of scaling up one of the treatment options presented in this thesis can be expensive 

both in implementation and maintenance. Therefore, it is crucial to conduct a cost-effectiveness 

analysis and life cycle evaluation for these processes using a shared baseline for comparison. For 

the cost assessment of a commercial real-scale unit, a market placement study will be crucial in 

determining the market acceptance and economic viability of the chosen treatment method. A 

benchmark assessment of the innovative technology's effectiveness, cost, and application should 

be carried out, using currently in use conventional solutions as a comparison. Furthermore, a 

more in-depth study on the energy dissipation of the fluid (pressure drop) when using more than 

one reactor or reactor in larger dimensions could be interesting. Computational fluid dynamics 

(CFD) could be used as a tool for this analysis. 
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Activity 1: Internship at Instituto Universitario de Tecnología Química (CSIC-UPV), Valencia, 

Spain 

Four-month internship at Instituto Universitario de Tecnología Química (CSIC-UPV), Valencia, Spain, 

under the supervision of Prof. Dr. Hermenegildo Garcia for the development of graphene membranes 

for application in membrane technologies. Subsequently, the graphene membrane was used for CECs 

removal. 

Scientific Outputs 

Research article: Presumido, P.H., Primo, A., Vilar, V.J.P., Garcia, H. Large area continuous multilayer 

graphene membrane for water desalination, Chemical Engineering Journal, 413 (2021) 127510. DOI: 

https://doi.org/10.1016/j.cej.2020.127510. 

Activity 2: Development of a ceramic tubular membrane coated with a continuous G-TiO2 for 

CECs mitigation 

This activity presented a ceramic tubular membrane coated with a continuous G-TiO2 nanocomposite 

thin-film for CECs removal from synthetic and real matrices in single-pass flow-through operation. The 

G-TiO2 film was prepared in situ based on the membrane developed in Activity 1. The CECs solution 

(diclofenac-DCF, 17β-estradiol-E2, 17α-ethinylestradiol-EE2 and amoxicillin-AMX) was prepared 

using UPW or UWW after secondary treatment fortified with 500 µg L-1 of each CEC. 

Scientific Outputs 

Research article: Presumido, P.H., Santos, L.F. dos, Neuparth, T., Santos, M.M., Feliciano, M., Primo, 

A., Garcia, H., Đolić, M.B., Vilar, V.J.P. A Novel ceramic tubular membrane coated with a continuous 

graphene-TiO2 nanocomposite thin-film for CECs mitigation, Chemical Engineering Journal, 430 

(2022) 132639. DOI: https://doi.org/10.1016/j.cej.2021.132639. 

Poster presentation: Presumido, P.H., Santos, L.F. dos, Feliciano, M., Primo, A., Garcia, H., Vilar, 

V.J.P. A novel continuous graphene-TiO2 nanocomposite thin film to improve CECs removal in 

photocatalytic membrane reactors. 4th Doctoral Congress in Engineering, 28-29th of June 2021, Porto, 

Portugal. 
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Activity 3: Testing of ozone membrane contactor to intensify gas/liquid mass transfer and CECs 

oxidation 

A tubular porous borosilicate membrane contactor was investigated for ozone gas/water mass transfer 

(KLa) and the removal of CECs in water. Ozone gas/water contact occurs on the membrane shell-side, 

which is coated with a photocatalyst (TiO2-P25), as the ozone gas stream is fed from the lumen side and 

permeates through the pores generating micro-sized ozone bubbles pseudo-uniformly delivered to the 

annular reaction zone where the contaminated water to be treated flows. External radiation can be 

administered through the use of four UVC lamps. 

Scientific Outputs 

Research article: Presumido, P.H., Montes, R., Quintana, J.B., Rodil, R., Feliciano, M., LiPuma, G., 

Gomes, A.I., Vilar, V.J.P. Ozone membrane contactor to intensify gas/liquid mass transfer and 

contaminants of emerging concern oxidation, Journal of Environmental Chemical Engineering, 10, 6 

(2022), 108671. DOI: https://doi.org/10.1016/j.jece.2022.108671. 

Poster presentation: Presumido, P.H., Montes, R., Rodil, R., Quintana, J.B., Feliciano, M., Gomes, A.I., 

Vilar, V.J.P. Ozone mass transfer in a tubular porous borosilicate membrane contactor for CECs 

removal. 12th Micropol & Ecohazard Conference, 6-10th of June 2022, Santiago de Compostela, Spain. 

Activity 4: Testing of ozone membrane contactor for tertiary treatment of urban wastewater: 

evaluation of the removal of CECs, bacterial disinfection and toxicity 

The membrane ozone contactor used in Activity 3 was applied to promote the tertiary treatment of 

UWW, targeting the removal of CECs, bacterial disinfection and toxicity reduction. This system relies 

on the homogeneous radial distribution of O3 in the reaction zone by dosing through a microfiltration 

borosilicate tubular membrane, while the UWW swirls around the membrane and drags the generated 

O3 microbubbles. The membrane is also coated with titanium dioxide (TiO2-P25) and radiation can be 

externally supplied via four UVC lamps. 

Scientific Outputs 

Research article: Presumido, P.H., Ribeirinho-Soares, S., Montes, R., Quintana, J.B., Rodil, R., Ribeiro, 

M., Neuparth, T., Santos, M.M., Feliciano, M., Nunes, O.C., Gomes, A.I., Vilar, V.J.P. Ozone membrane 

contactor for tertiary treatment of urban wastewater: Chemical, microbial and toxicological assessment, 

Science of the Total Environment, 892, (2023), 164492. DOI: 

https://doi.org/10.1016/j.scitotenv.2023.164492. 
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Poster presentation: Presumido, P.H., Ribeirinho-Soares, S., Montes, R., Rodil, R., Quintana, J.B., 

Feliciano, M., Gomes, A.I., Nunes, O.C., Vilar, V.J.P. Innovative ozone membrane contactor for tertiary 

treatment of urban wastewater: disinfection and CECs removal. 12th Micropol & Ecohazard Conference, 

6-10th of June 2022, Santiago de Compostela, Spain. 

Activity 5: Other activities within the scope of the Doctoral Program in Environmental 

Engineering 

Scientific Outputs 

Research article: Castellanos, R.M., Presumido, P.H., Dezotti, M., Vilar, V.J.P. Ultrafiltration ceramic 

membrane as oxidant-catalyst/water contactor to promote sulfate radical AOPs: a case study on 17β-

estradiol and 17α-ethinylestradiol removal. Environmental Science and Pollution Research, 29, 42157–

42167 (2022). DOI: https://doi.org/10.1007/s11356-021-14806-5 

Research article: Vazquez, L., Gomes, L.M.M.T., Presumido, P.H., Rocca, D.G.D., Moreira, R.F.P.M., 

Dagnac, T., Llompart, M., Gomes, A.I., Vilar, V.J.P. Tubular membrane photoreactor for the tertiary 

treatment of urban wastewater towards antibiotics removal: application of different 

photocatalyst/oxidant combinations and ozonation. Journal of Environmental Chemical Engineering, 

109766 (2023). DOI: https://doi.org/10.1016/j.jece.2023.109766 

Oral presentation: Prada, M.A., Presumido, P.H., Pituco, M.M., Gomes, A.I., Cardona Gallo, S.A., 

Botero-Coy, A.M., Hernandez, F., Torres Palma, R.A., Vilar, V.J.P. A novel ozone membrane contactor 

for the removal of CECs from secondary effluent of municipal wastewater and reverse osmosis 

concentrate. 5th Iberoamerican Conference on Advanced Oxidation Technologies (V CIPOA), 7th to 

11th November 2022, Cusco, Peru. 

Poster presentation: Vazquez, L., Gomes, L.M.M.T., Gomes, A.I., Presumido, P.H., Dagnac, T., 

Llompart, M., Vilar, V.J.P. Optimization of the operational conditions of an ultrafiltration tube-in-tube 

membrane reactor for the removal of CECs in urban wastewaters. 23rd International Symposium on 

Advances in Extraction Technologies, 30th of June to 2nd of July, 2021, Alicante, Spain. 

Poster presentation: Gomes, L.M.M.T., Presumido, P.H., Rocca, D.G.D., Moreira, R.F.P.M., Montes, 

R., Rodil, R., Quintana, J.B., Gomes, A.I., Vilar, V.J.P. Tube-in-tube membrane photocatalytic reactor 

for the treatment of urban wastewater after secondary treatment targeting 19 CECs selected in NOR-

WATER project. 1st International FibEnTech Congress (FibEnTech21) – New Opportunities for Fibrous 

Materials in the Ecological Transition, 9th–10th of December 2021, Covilhã, Portugal. 
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Poster presentation: Prada, M.A., Presumido, P.H., Pituco, M.M., Caixeta, M.P., Cardona Gallo, S.A., 

Torres Palma, R.A., Vilar, V.J.P. Evaluation of ozone mass transfer in a tubular porous stainless steel 

membrane contactor. 5th Iberoamerican Conference on Advanced Oxidation Technologies (V CIPOA), 

7th to 11th November 2022, Cusco, Peru. 


