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RESUMO

A poluicdo das aguas, sua escassez e os desafios globais de energia tém levado a comunidade
cientifica a desenvolver alternativas tecnologicas mais sustentaveis e eficientes de tratamento
de 4guas residudrias. Especial aten¢ao tem sido dada aos Contaminantes Emergentes (CEs) que
ja foram detectados em aguas residuarias, superficiais, subterraneas e até potavel. Os efeitos
destes CEs ainda nao sao totalmente esclarecidos, mas estudos apontam seus potenciais riscos
toxicologicos. As ETAs e ETEs convencionais sdo ineficientes na remocao dos CEs, sendo
requeridos tratamentos avangados para este propodsito. Dentre os tratamentos avangados, as
Membranas Fotocataliticas sdo uma tecnologia em potencial, compostas pela unido de
catalisadores a membranas que geram mutuos beneficios. O catalisador mais utilizado nestes
dispositivos ¢ o didxido de titdnio (TiO2) na forma de nanoparticulas. No entanto, a dificuldade
de sua recuperagao em dimensdes nanométricas e a necessidade de irradiacdo UV-C para sua
ativacdo ainda limitam seu uso em larga escala. A imobilizacao do catalisador nas superficies
de membranas prefigura como alternativa promissora, portanto. A associa¢ao permite, também,
a reducdo da incrustacdo nas membranas, por meio da degradagao, por parte do catalisador, dos
compostos causadores de incrustagdo. Dessa maneira, ¢ mantido o fluxo de permeado e o
consumo energético reduzido. Sendo assim, o objetivo deste projeto foi desenvolver e avaliar
o desempenho de Membranas Fotocataliticas compostas por membranas recicladas (membrana
de osmose inversa pods vida util convertida em membrana de ultrafiltragdo), nanoparticulas de
TiO; e 6xido de grafeno (GO). Para isto, a metodologia foi alicercada em cinco etapas. A
primeira consistiu na sintese e caracterizagao da membrana fotocatalitica. A segunda em testes
preliminares de remocao/degradagao dos corantes negro de eriocromo T e azul de metileno,
bem como monitoramento dos fluxos de permeado. A terceira no desenvolvimento do reator
fotocatalitico de membrana seguida pela etapa de avaliagdo da capacidade da membrana na
remog¢ao de CEs de dguas residuarias municipais pds tratamento secundario. Os parametros
operacionais foram otimizados. Por fim, foi realizada andlise economica Capex e Opex do
processo. O uso do GO, em funcdo de suas excelentes propriedades de transferéncia eletronica,
teve por finalidade expandir a faixa de resposta a luz do TiO2, e o emprego de membranas
recicladas garantiu maior sustentabilidade e baixo custo ao processo, ampliando seu potencial
de escalonamento. A utilizagdo de membranas recicladas como suporte funcionou mais do que
como uma estratégia de reducao de custos, mas também como uma alternativa para redugao de
residuos solidos. Baixas adesdes dos nanocompdsitos TiO2-GO as superficies das membranas
foram verificadas em modificagdes self-assembly, enquanto filtracdo e modificacdo com
dopamina geraram membranas com camadas bem aderidas e homogéneas. Considerando a
estabilidade, permeabilidade e eficiéncia de rejei¢do dos corantes, como substratos modelo, as
membranas modificadas com o auxilio de dopamina-TiO.-GO foram as mais promissoras
(rejeicoes de aproximadamente 100%). Os nanomateriais aumentaram a hidrofilicidade da
membrana e formaram uma camada hidratada que repele os contaminantes organicos e reduz a
incrustacao. Além da rejeicdo da membrana, adsor¢do (contribui¢do: ~10%) e fotocatalise
(contribui¢do: ~20%) foram mecanismos adicionais para a remocao de poluentes. A membrana
fotocatalitica modificada com dopamina-TiO2-GO demonstrou 6tima performance na remogao
de seis diferentes compostos ativos farmacéuticos (PhACs), percebendo-se ganhos em termos



de eficiéncia de remogao (até 95,7%) e mitigacao de incrustacdes para a membrana modificada
em compara¢ao com as membranas originais. A atividade fotocatalitica ainda contribuiu para
uma degradagdo simultanea dos PhACs evitando a geracdo de uma corrente de concentrado
com alta carga para posterior descarte. As membranas modificadas com dopamina, TiO> e GO,
por apresentaram melhores desempenhos nos testes preliminares, foram selecionadas para uso
em sistema de tratamento avangcado de aguas residuarias de Garching apds tratamento na
estacdo de tratamento. Mesmo apds 10 meses de uso as membranas mantiveram estabilidade.
Na operagdo do sistema com irradiagdo da membrana, foi avaliado o efeito da posi¢cdo da
lampada na fluéncia luminosa que atinge a membrana, sendo encontrados maiores valores no
meio da membrana, fornecendo parametros para otimizagdo do processo. A membrana foi
avaliada nos seguintes sistemas: UV-C completo (irradiagdo e filtragdo), LED completo,
filtragem, UV-C sozinho e o sistema LED sozinho. Em geral, os melhores resultados foram
obtidos no sistema UV-C completo. Com reducdes consideraveis de diclofenaco (92%) e
antipirina (87%), as alteracdes no pH do efluente demonstraram uma tendéncia melhorada na
atenuacdo da concentracdo de ECs em pHs mais altos. Para analise de viabilidade técnica do
uso da membrana fotocatalitica, foi considerada a implementagdo de um sistema de tratamento
terciario de aguas residuais de uma populagdo de aproximadamente 31.000 pessoas. O CapEX
calculado foi de US$ 1,23 por metro ctibico e o Opex foi de US$ 3,75 por metro cubico. Tais
valores sdo superiores aos custos dos processos convencionais € até€ mesmo de alguns processos
avangados, sendo que a maioria dos custos Opex foram associados ao consumo de eletricidade.
Se o sistema fosse simplificado usando irradiagdo natural, como a luz solar, e removendo o
sistema de aeragdo, o novo Opex seria de US$ 0,23 por metro ciibico, comparavel a outras
técnicas avangadas, como o carvao ativado granular. Vale ressaltar que as membranas
fotocataliticas t€ém a vantagem de ndo produzirem lodo e gerar concentrado com menor carga,
com consequente menor custo de tratamento de concentrado, além de ndo gerar um passivo
ambiental. Como resultado, todas essas varidveis devem ser consideradas e a tecnologia se
mostra promissora para escalabilidade futura.

Palavras-chave: Reatores Fotocataliticos de Membranas; Membranas Recicladas;
Contaminantes Emergentes; tratamentos avancados.



ABSTRACT

Water pollution, scarcity, and global energy challenges have prompted the scientific community
to develop more sustainable and efficient wastewater treatment technologies. Emerging
Contaminants (ECs) that have already been detected in wastewater, surface water, groundwater,
and even drinking water have received special attention. Although the effects of these ECs are
not fully understood, studies indicate that they may pose toxicological risks. Conventional
WTPs and WWTPs are ineffective at removing ECs, necessitating advanced treatments. Among
the advanced treatments, Photocatalytic Membranes are a promising technology that combines
catalysts and membranes to generate mutual benefits. Titanium dioxide (TiO2) nanoparticles
are the most commonly used catalyst in these devices. However, the difficulty of recovering it
in nanometric dimensions and the requirement for UV-C irradiation for its activation continue
to limit its widespread use. As a result, immobilization of the catalyst on membrane surfaces
prefigures as a promising alternative. The association also cooperates for the reduction of
incrustation on membranes through the degradation of the compounds that cause fouling by the
catalyst. Permeate flow is maintained while energy consumption is reduced. Therefore, the
objective of this project was to develop and evaluate the performance of Photocatalytic
Membranes composed of recycled membranes (post-life reverse osmosis membrane converted
into ultrafiltration membrane), TiO> nanoparticles and graphene oxide (GO). For this, the
methodology was based on five stages. The first consisted in the synthesis and characterization
of the photocatalytic membrane. The second in preliminary tests of removal/degradation of
eriochrome black T and methylene blue dyes, as well as monitoring of permeate fluxes. The
third in the development of the photocatalytic membrane reactor followed by the evaluation of
the membrane's ability to remove ECs from municipal wastewater after secondary treatment.
Operating parameters have been optimized. Finally, an economic CapEX and OpEX analysis
of the process was carried out. The use of GO, due to its excellent electronic transfer properties,
was intended to expand the light response range of TiO2, and the use of recycled membranes
ensured greater sustainability and low cost to the process, expanding its potential for scale-up.
The use of recycled membranes as a support worked more than a cost reduction strategy, but
also as an alternative to reduce solid waste. Low adhesions of TiO2-GO nanocomposites to
membrane surfaces were verified in self-assembly modifications, while filtration and dopamine
modification generated membranes with well-adhered and homogeneous layers. Considering
the stability, permeability and the rejection efficiency of the dyes, as model substrates, the
membranes modified with the aid of dopamine-TiO>-GO were the most promising
(approximately 100% rejections). The nanomaterials increased the hydrophilicity of the
membrane and formed a hydrated layer that repels organic contaminants and reduces fouling.
In addition to membrane rejection, adsorption (contribution: ~10%) and photocatalysis
(contribution: ~20%) were additional mechanisms for pollutant removal. The photocatalytic
membrane modified with dopamine-TiO>-GO demonstrated excellent performance in the
removal of six different active pharmaceutical compounds (PhACs), achieving gains in terms
of removal efficiency (up to 95.7%) and fouling mitigation for the modified membrane
compared to the original membranes. The photocatalytic activity also contributed to a
simultaneous degradation of the PhACs, avoiding the generation of a concentrated stream with



a high charge for later disposal. Membranes modified with dopamine, TiO> and GO, in reason
of their better performances in preliminary tests, were selected for use in an advanced
wastewater treatment system in Garching after treatment at the treatment station. Even after 10
months of use, the membranes maintained stability. In the operation of the system with
irradiation on the membrane, the effect of the position of the lamp on the luminous fluency that
reaches the membrane was evaluated, with higher values being found in the middle of the
membrane, providing parameters for optimization of the process. The membrane was evaluated
in the following systems: complete UV-C (irradiation and filtration), complete LED, filtration,
UV-C alone and the LED system alone. In general, the best results were obtained on the
complete UV-C system. With considerable reductions of diclofenac (92%) and antipyrine
(87%), changes in effluent pH demonstrated an improved trend in attenuating the concentration
of ECs at higher pHs. For the technical feasibility analysis of the use of the photocatalytic
membrane, the implementation of a tertiary wastewater treatment system for a population of
approximately 31,000 people was considered. The calculated CapEX was US$1.23 per cubic
meter and the Opex was US$3.75 per cubic meter. Such values are higher than the costs of
conventional processes and even some advanced processes, and most Opex costs were
associated with electricity consumption. If the system were simplified using natural irradiation
such as sunlight and removing the aeration system, the new Opex would be $0.23 per cubic
meter, comparable to other advanced techniques such as granular activated carbon. It is
noteworthy that photocatalytic membranes have the advantage of not producing sludge and
generating concentrate with a lower load, with consequent lower cost of concentrate treatment,
in addition to not generating an environmental liability. As a result, all these variables must be
considered and the technology shows promise for future scalability.

Keywords: Photocatalytic Membrane Reactors; Recycled Membranes; Emerging
Contaminants; advanced treatments.



LIST OF FIGURES

Figure 1 - Possible routes of Emerging Contaminants in the environment. .............c.ccceueenee.. 28
Figure 2 - PMRs configurations: a) suspended catalyst and membrane inside the reactor; b)
suspended catalyst and membrane outside the reactor; ¢) immobilized catalyst/membrane with
support function d) immobilized catalyst/membrane with support and filtration function......31
Figure 3 - FOULING tYPES. ...eiiiiiiieiiieiieeie ettt ettt et te et e st e et e st e e st e ssaeensaeenseens 45
Figure 4 - Possible photocatalytic mechanism in a TiO2-GO membrane..............cccveevevenneee. 47
Figure S - Surface coating nanocomposite membrane fabrication (a) self-assembly (b) cross-
TINKET @10, 1.ttt ettt et 57
Figure 6 - a) Scheme of the self-assembly mechanism of TiO2-GO nanocomposites on the
surface of polysulfone membranes; adapted from Gao; Hu; Mi, (2014b) with copyright
permission. b) Scheme of the layer-by-layer mechanism.............cccceevvviieiiieniieeicie e 58
Figure 7 - Interactions between the membrane surface and TiO2-GO nanocomposites.......... 60

Figure 8 - Benefits and drawbacks of each nanocomposite membrane fabrication technique.

.................................................................................................................................................. 61
Figure 9 - Surface hydrophilicity of the membranes modified with TiO»-GO........................ 69
Figure 10 - Schematic design of the experimental apparatus. ...........ccceecveevieriieniienienieeien. 87

Figure 11 - Samples of membranes modified with TiO2-GO. a) self-assembly modification; b)
washing after self-assembly modification; c) filtration modification of the suspension, and d)
modification USING AOPAMINE. .......c.ueeeruieeeiiireeiieeeiieeerteeerreeerteesteeesaeeessseessseessseeessseeesseeens 88
Figure 12 - Schematic representation of the RO membranes characteristics before and after
TECYCLHINE PTOCESS. .oevtieiieeiiietie et eeite ettt e et eett e e bt e stteebeesabeessteenseanseeenseeesseenseessseenseesnseenseannnas 88
Figure 13 - SEM micrographs of the recycled membrane (a) and cross-sectional image of the
recycled membrane (b) and micrograph of new RO membrane (¢).........cccceevveeecveeniieennnnnnns 89
Figure 14 - SEM micrographs of the membrane modified by filtration (a), membrane modified
by Dop+TiO>+GO (b), membrane modified by Dop+TiO> (¢). Red dots indicate the presence
of the element tIANTUM. ..........coiiiiiiiiii et 91
Figure 15 - Schematic representation of the adhesion mechanisms in the filtration, dop+TiO>
and dop+TiO2+GO MOodifiCation TOULES. .......ccueeiiieiieeiieiieeie ettt e sae e 92
Figure 16 - Fourier infrared spectroscopy of the recycled membrane and recycled modified
membrane with dopamine, TiO2 and GO. .......cc.ooeiiiiiiiiiiiiieeee e e 94
Figure 17 - (a) Water flux under different pressures and (b) hydraulic permeability of the

ODLAINEA INEIMIDIANIES. ...eeeeeeeeeeee et e e e e e e e e et e eeeeeeeeeee e eaeeeeeeeraaneaaeeeeeeenannaaaaaeens 95



Figure 18 - (a) Rejection efficiency of the eriochrome black dye by the modified membranes,
and (b) hydraulic permeability during removal of the eriochrome black T dye....................... 98
Figure 19 - Methylene blue removal by the Dop+TiO>+GO membrane under UV irradiation
(254 nm) and in the combination of both. ..........c.cccouiiiiiiiiiiic e 100
Figure 20 - Concentration of PhACs on the permeate without irradiation, permeate with

irradiation, rejection efficiency of the Dop+TiO>+GO photocatalytic membrane without, and

With 1rradiation at 254 NIML ......oiiiiiiii et 101
Figure 21 - Schematic representation of the experimental apparatus...........c.cceecvvevevennennne. 109
Figure 22 - Geometrical calculation strategy for the light fluence. ............ccccccoeeiiennenn. 113
Figure 23 - Zeta potential versus pH for the recycled and modified membrane. .................. 115
Figure 24 - Thermogravimetric analysis of the recycled and modified membranes. ............ 116

Figure 25 - AFM micrographs of the (a) RO membrane after cleaning process, (b) recycled
membrane, (¢) Modified membrane with TiO2-GO, (d) modified membrane after use. ....... 118

Figure 26 - (a) SEM micrograph of the modified membrane after use and (b) SEM micrograph

with elemental map indicating the presence of titanium element. ............c.ccoevvveveiiencnieennnnen. 119
Figure 27 - Light fluence as a function of the position on the membrane surface. ............... 120
Figure 28 - Parameters removals by different treatment techniques. ...........ccccoeeevveriennenne. 122
Figure 29 - TOrCs removals by different treatment techniques. ..........ccccocceevierciienereneenen. 124

Figure 30 - Principal components analysis of the different techniques and evaluated parameters.

................................................................................................................................................ 127
Figure 31 - TOrCs removals in different pHS. ......c..cooerieniiiiniiniieeeeee 128
Figure 32 - Schematic representation of the treatment System..........c.cceccevvvereevierienieneennens 132

Figure 33 - Costs comparison between photocatalytic membranes obtained by commercial and
TECYCIEA UF ..ottt e e e et e e st e e e bt e e esteeeaaeesasaeessseeennseeas 135
Figure 34 - Percentage impact of each equipment on CapeX. .......cccoveeverveneenienienieeneennnn 137
Figure 35 — Comparison between the operational costs obtained for photocatalytic membranes
and the costs reported by Foureaux et al. (2020) for conventional membrane separation

PTOCESSES. 1eeeeeuuurteeeeurteeesaitteeeaseateeeaansseeeaaataeesasasseeaesassseeesasseeessnnsseeesasseessnnsseeesensseesssnsseeenn 141



LIST OF TABLES

Table 1 - Photocatalytic membranes reactors with photocatalytic membranes based on TiO»-
GO, ettt bttt h e bt e a e bttt et nh et ea b e bttt e b e 33
Table 2 - Membranes modified with TiO>-GO nanocomposites and the main methods of
preparing these NaNOMALETIALS. .......c..eeeviiiiiie e e e e et e e s raeeerae e e 50

Table 3 - Usual characterization techniques for modified membranes with TiO,-GO

NANOCOINPOSIEES. .vvevrierieeriertieeteertteeteesttesiseessreeseesseesseesseessseesseesssesseessseesseesssessseesssesnseessees 64
Table 4 - Summarization of TiO>-GO nanocomposite membranes applications. ................... 71
Table S - Specifications of the different modification routes. .........cccceeeveeerieeeiiiee e 84
Table 6 - Roughness parameters of the different membranes...........c.ccccceeeeiieeiiieincineeie. 118
Table 7 - TOrCs main cCharaCteriStiCs. .........eeverierirrierienierieetere et 122

Table 8 - Summary of cost variables considered for estimation of photocatalytic membrane
010016 18 o150 s OSSR 133
Table 9 — Summary of cost variables considered for estimation of capital expenses (Capex) of
the tertiary treatmMent UNIL. .........ccceocueiiieriieiierie ettt e ete et e seeeteesabe e bt e ssaeeseessaeenseeenne 136
Table 10. Operational costs for the tertiary treatment of secondary wastewater by photocatalytic

INIEINIDTATIES. ..o eeeeeeee e e e e e et e e e e e e e e e et e eeeeeeee e e e aaeeeeeeeeaaa e eaeeeeeeeeeaaannnaaeeeeeesreannnaaaaens 140



LIST OF ACRONYMS

ABS 254 - Absorbance at 254 nm

AFM — Atomic force microscopy

AL O3 — Aluminum Oxide

ALRS - Adsorption layer reactor synthesis
AQOT7 - Acid Orange 7

ATR-FTIR - Attenuated total reflectance — Fourier transform infrared spectroscopy
BSA — Bovine serum albumin

CA — Cellulose acetate

CB — Conduction band

CNT — Carbon nanotubes

COD — Chemical Oxygen Demand

CuO - Copper oxide

DI — Distillated

DP — Diphenhydramine

EC50 - Effect concentration

ECs — Emerging contaminants

EDX — Energy Dispersive X-Ray Analysis
EPS - extracellular polymeric substances
EtOH — Ethanol

Fe;04 — Ferric oxide

GO — Graphene oxide

HA — Humic acid

LED - Light-emitting diode

MB — Methylene blue

MC — Methylene chloride

MF - Microfiltration

MgSO4— Magnesium sulfate

MO — Methyl orange

MWCO - Molecular weight cut-off
NaSO4— Sodium sulfate

NaCl — Sodium chloride

NaOCI — Sodium hypochlorite



NF — Nanofiltration

PA — Polyamide

PAN — Polyacrylonitrile

PDMS — Polydimethylsiloxane

PEG - Polyethylene glycol

PES - Polyethersulfone

PI — Polyimide

PMRs - Photocatalytic Membrane Reactors
PSF - Polysulfone

PSSA — poly (4-styrenesulfonic acid)
PU - Polyurethane

PVA — polyvinyl alcohol (PVA)

PVC - Polyvinylchloride

PVDF — Polyvinylidene fluoride

RhB — rhodamine B

RO —reverse osmosis

SDS — sodium dodecyl sulfate

SEM — Scanning electron microscopy
S10; — Silicon oxide

SDS - Dodecyl sulfate

SUS — Sistema Unico de Saude - Health Unic System
TAC - Cellulose triacetate

TEM - Transmission electron microscopy
TFC — Thin film composite

TGA - Thermogravimetric analysis
TiO; — Titanium dioxide

TN — Total nitrogen

TNS — Ti0O; nanosheets

TOC - Total organic carbon

TUM - Technical University of Munich
UF — Ultrafiltration

UV — Ultraviolet

VB — Valence band

WHO — World health organization



WTP - Water treatment plant

WWTP — Wastewater treatment plant/process
XPS — X-ray photoelectron spectroscopy
XRD - X-ray diffraction

ZnO — Zinc oxide



LIST OF PUBLICATIONS AND CONGRESSES

= OLIVEIRA, C. P. M.; FERNANDES, I. F.; KOCH, K.; DREWES, J. E.; VIANA, M. M_;
AMARAL, M. C. S. TiO;-Graphene oxide nanocomposite membranes: A review.
Separation and Purification Technology, v. 280, p. 119836, 2022.

= OLIVEIRA, C. P. M.; MOREIRA, V. R.; LEBRON, Y. A. R.; VASCONCELOS, C. K. B.;
KOCH K.; VIANA, M. M.; DREWES, J. E.; AMARAL, M. C. S. Converting recycled
membranes into photocatalytic membranes using greener TiO»>-graphene oxide

nanomaterials. Chemosphere, v. 306, p. 135591, 2022.

= OLIVEIRA, C. P. M.; SANTOS, C. V.; DE PAULA, E. C.; VIANA, M. M.; AMARAL,
M. C. S. Patent filing application: Notificacdo de invengdao NI 16/2022 - Membranas
recicladas fotocataliticas a partir de TiO, e Oxido de Grafeno (GO). March, 14%, 2022.

= OLIVEIRA, C. P. M; VIANA, M. M.; AMARAL, M. C. S. Euromembrane. Greener
Photocatalytic Membrane Reactor for Refinery Wastewater Polishing. 2021. (Congress).

= OLIVEIRA, C. P. M.; KOCH, K. DREWES, J. E.; VIANA, M. M.; AMARAL, M. C.S.
Silubesa 2022. Membranas recicladas fotocataliticas a partir de TiO» e Oxido de Grafeno

(GO) para remocgao de farmacos. June 29 to July 01, 2022 (Congress).

®  OLIVEIRA, C. P. M.; SPERLE, P.; DREWES, J. E. VIANA, M. M.; AMARAL, M. C. S.
V Workshop de Tecnologias Limpas e III Jornada de Tecnologias Limpas. Layout
otimizado de um reator fotocatalitico de membrana para tratamento de aguas residudrias.

28 to 30" September 2022.

Other works

e Awarded business idea in the “E-Hackathon en Agua, Saneamiento e Higiene en
Asentamientos Informales de América Latina y el Caribe (2020)”, Banco
Interamericano de Development and BID Lab, CEWAS and Young Water Solutions.

Subject: Recycled membranes for gray water treatment.



XXii

e DAAD fellowship (2021/2022) at the Technical University of Munich (Germany) in the
Chair of Urban Water Systems Engineering under the supervision of Prof. Dr. Jorg

Drewes and Dr. Konrad Koch (sandwich PhD).



SUMARIO

CHAPTER 1 - INTRODUCTION .....ccciiiieiiiiiieiiissssssssssssms s s ssssss s enssssssansssssasnssssesnssssssnsssssssnsssssannssssen 25
1.1 BACKGROUND ...ttt irsesi e rsss s rsas s raas s e ans s asas s reansa s aansssseansssssennssssennssssrnnnsnsranns 26
1.1.1 EMERGING CONTAMINANTS......uuttttieeeeeeiiirereeeeeeeeeeieisreeeseeeeeiissseseeeeeesaissseeeseseeesiesssseseeesesisssrseseseennns 26

1.1.2 PHOTOCATALYTIC MEMBRANE REACTORS (PMRS): PHOTOCATALYTIC MEMBRANES............c....... 30

1.1.3 USE OF GRAPHENE OXIDE AS AN ADDITIVE TO IMPROVE THE CHARACTERISTICS OF PHOTOCATALYTIC
IMEMBRANES . .....ooiiiiiiiititteieeeeeeecteeeeeeeeeeeaeeaeeeeeeetestasaeeaeeeeeeeasssseeeeeeeaasasseeaeeeeatssseseeeesaesssrssseeeeeeennsrees 34

1.1.4 RECYCLED REVERSE OSMOSIS (RO) MEMBRANES ......ccovuttiiieeiteeiieenieeeieeeieeeteesseesseesseesnssesnseens 37

I 10 S I | 057 N0 1 (0 ] 38
I TN o 0 1 I o ] 40
I 0 = 30 1 o I Y 40
1.4.1 GENERAL OBJIECTIVE ..uvvvtiieiieiiiiitieee e eeeeiaeeeeeeeeeetetaaeeeeeeeeeeittsseseeeeeeeesisssssaeeseeeaistssseseeeeesisssrseeeeeennns 40

1.4.2 SPECIFIC OBJIECTIVES ...vvttiieieeeititeee e et eeeeitieeeeeeeeeeetaaeteeseeeeetatssesseeeeeeeeasasreeeeeeeaessseeseeeeniasereseeseenans 40

1.5 DOCUMENT STRUCTURE ......cce i iiiiiiiiiiiirssairrsssssssss s sssas s ssss s snsss esnssssssnsssssennssssrnnssssnanns 41
CHAPTER 2 - TIO2.-GRAPHENE OXIDE NANOCOMPOSITE MEMBRANES: A REVIEW .......... 42
2.1 - INTRODUCGTION ..cuuiiiiutiiiieesuiirssssssssssssrsssssssssssssrsssssstensssessssssresssssmsasssimesnssissnss s 43
2.2 - TIO2-GO NANOCOMPOSITES INCORPORATION IN POLYMERIC MEMBRANES ............ 47
2.3 - GO BENEFITS TO THE TIO.-GO NANOCOMPOSITES AND THEIR IMPACTS ON
MEMBRANE PERFORMANUC E..........co ittt resssssssss s s s s sssssssss s e s s s s s ssssssssssessssnssssssseesessnnnnnes 53
2.4 — MAIN POLYMERIC MATERIALS FOR TIO,-GO NANOCOMPOSITE MEMBRANES ......... 54
2.5 — DESIGN AND FABRICATION OF TIO.-GO NANOCOMPOSITE MEMBRANES ................. 56
2.5.1 BLENDING ....ocoiittttiieee e et eeiteee e e e eee ettt e e e e ettt e et e e e e e e e eeetaaaaeeeeeeeeeataaeeeeeeeeeettassaaeseeeeeasssreeseeeennnnres 56

2.5.2 SURFACE COATING ...ccceeiiiutreieeeeeeeeiitreeeeeeeeeeittreeeeeseeeeeasasesaeseeeeestsasseseeeeaaetstssssaeeesaeiisrereeseeeesinsrnes 56

2.5 3 FILTRATION ....coitititieeeee e ettt e e e e eeee e e e e e e ettt aeeeeeeeeeeetasaaeeseeeeeassareaeeseeeaettsaseaeseeeeessssseeseeseeensnees 59

2.6 - TIO2-GO MEMBRANES CHARACTERIZATION TECHNIQUES. .........cc oot riemcnrr s e eenanns 62
2.7 - IMPACTS OF THE TIO2-GO LOADING IN THE MEMBRANE PERFORMANCE ................. 65
2.8 — FOULING CONTROL IN TIO2-GO NANOCOMPOSITE MEMBRANES..........ccccoiiimciieeeeaans 67
2.8.1 DEGRADATION OF FOULING COMPOUNDS BY PHOTOCATALYSIS ....uuvvviieeeeeeieiirreeeeeeeeeeiinreeeeeeeeeeinnnns 67

2.8.2 ANTIBACTERIAL PROPERTIES......ccotttiiiiiiiiiiiieiieeeee ettt ettt eee e eeee e et e eeeeeeeeeeaeeeteeseeaeeeseeenererereeees 68

2.8.3 INCREASED HYDROPHILICITY OF MEMBRANES.......cccceiiiiiiiirieeeeeeeiiitieeeeeeeeeeiineeeeeseeeesissseeseeseeesisnnes 69

2.9 — TIO2-GO NANOCOMPOSITE MEMBRANES APPLICATIONS ... reessseennanns 70
2.10 - CONCLUSIONS AND PERSPECTIVES.......ccc i iiiiciiiimeiiissnsrssssssnssssssssssssssssssssssensssnssnnsnns 77
CHAPTER 3 - CONVERTING RECYCLED MEMBRANES INTO PHOTOCATALYTIC MEMBRANES
USING GREENER TIO2.-GRAPHENE OXIDE NANOMATERIALS ......coooieecciivrreereeeeser e e esssssases 79
3.1 INTRODUCGTION.....cccceuciiiiiiirese s e rerenssssss e e s asasas e annsssssrrerresnnssssssserresnsnssssssseersnsnnnsnsnnees 80
3.2 MATERIALS AND METHODS .......cooiiiiiiiiiiiirrrrsessrsersessssssss e rssmsssssssseressnsnssssssssessnsnnnsnsnnees 82
321 REAGENTS ... ttttteiiee et ettt e e et e e e e e et e e e e e s e e e et aaeeeeeseeentaaaeseeeeseansateaeeseeseenntaaeeeeesesanstanreeeeas 82

3.2.2 FABRICATION OF THE PHOTOCATALYTIC MEMBRANES ........ccoittiuuutiiieeiiiiirereeeeeeesisieeeeeeeeeenenanneeeess 83

3.2.3 PHOTOCATALYTIC MEMBRANES CHARACTERIZATIONS ....cooiiiiiiiiiieieeeieeiireeeeeeeeeeninneneeeeeseennnsnnneeeens 85

3.2.4 IMPACT OF THE MODIFICATIONS IN THE MEMBRANE PERFORMANCES .......uvvvviiieiieiiiieeeeeeeeeiivenneeenns 85

Programa de Pés-graduacao em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



3.2.5 PHARMACEUTICAL ACTIVE COMPOUNDS REMOVAL.....uuuviiiieiiieiirreeeeeeeeeiirereeeeeeeeieireneeeeeeeesessneeeeens 86

3.3 RESULTS AND DISCUSSION .....ccccuiiiimuiiimmssiiieesuiisssssiisnssssesssssstssssssiesssssssmnsss s, 87

3.3.1 CHARACTERIZATION OF THE PHOTOCATALYTIC MEMBRANES .......coviiiiiiiiiirieeeeeeeiiirireeeeeeeeeennrneeenes 87

3.3 2REJECTION OF PHACS ...ooveiiieieeeeeeee ettt ettt e ettt e e e e e e e etaraeaeeeeeeentaneeeeeas 101

B 3 0 1\ 0 I8 157 10 1, 103

CHAPTER 4 - USE OF PHOTOCATALYTIC RECYCLED TIO.-GO MEMBRANES FOR THE

REMOVAL OF TORCS FROM WASTEWATERS ... ciiiiiiiirsssrissss s sass s ssss s ssansss e msssnssnnnnns 104

4.1 INTRODUCTION. .. iieuiiiiiuiiirsestiirssssurrrsssrrrssssrrassssrassssrasssreassssrassss s anssnn.n ... 105

4.2 MATERIALS AND METHODS. .. ..ottt iiisiinssiinsssanssianstannsaannsasnssanssanssannnsannssnnns
108

A2 T IMATERIALS ....utttieieeeee ettt eeee e e eeete et e e e e eeetaaeeeeeeeeeeseaaaeaeeeeeeesasasaeeeeesesasasreseeesseasaaseseesesannnneees 108

4.2.2 MODIFIED MEMBRANE PREPARATION ......ccooiiiiiiiiiiiiiiiiieeiee ettt eeeeeee e e eeeveeeeeeeeeeeaeseeeeenenenees 108

4.2.3 PHOTOCATALYTIC REACTOR DESIGN ......ccceiieiturreeeeeeeeeiiurerereeeeeeeeiisrseeeeeeeeissssreseeeseeesnsseseesesennsisees 109

4.2.4 PHOTOCATALYTIC AND FILTRATION TESTS ....uuuvitieeeeeieiitrreeeeeeeeeeeiiarreeeeeeeeesssreseeeseeesasseeeesesensenees 110

4.2.5 ANALYTICAL METHODS .....uttviiieeeeeieitireeeeeeeeeeeeiitsereeeeeeestetsaeeeeeeseeesaseeseesesaeissssseeseeseesssreeeseeeenaisrres 111

4. 2.6 CALCULATION .....uttiiieeeeeeeititeteeeeeeeeeeaareeeeeeeeeeaaaeeeeeeeeeettasaaeaeeeeeeaestsassaeseeeeaasssseseeeseeansssreseeeeeannnrees 111

4.3 RESULTS AND DISCUSSION ... .coeuiiiiieiiiiiiiiiirssssrsssssirssssssssssssssrsssssssssssssssnsssssassssssenssssssanas 113

4.3.1 MEMBRANE CHARACTERIZATION .....uuvviiiieeiieiiureeeeeeeeeeeeeiueeeeeeeeeeesssseeseeeeeesssresseeseeesssseseeseenssinnees 113

4.3.2 THE IMPACT OF LIGHT POSITION ON THE FLUENCE RADIATION INCIDENT ON MEMBRANE SURFACE119

4.3.3 MEMBRANE PERFORMANCE ON THE WASTEWATER TREATMENT .....cccoiiiiiiiiiieeeeeeeiiiiereeeeeeeeninnnes 121

4.3.4 REMOVAL OF EMERGING CONTAMINANTS ....uuvvuiiiiieeiieitieeeeeeeieeeiiiaeeeeeseesessssseeesesssnssnsessessssnsnnnnes 122

4.5 CONCLUSIONS. ... ...ttt e e rsasa s e e rr s s s s s s e e e e s ass s rr s e e e nsaaas s rereernnnnssssereernnnnnnnsnrnen 128

CHAPTER 5 - PHOTOCATALYTIC RECYCLED MEMBRANES FOR MUNICIPAL WASTEWATER

TREATMENT: ECONOMICAL EVALUATION ......cccoeiiiiiiiirieieeeisssrsssssssssssssssssssssssseesessnsnsssssssenenes 129

5.1 INTRODUCGTION......cuuiiiiiiiiremeeuiirrrrresessssssr e s snsssssse e asssssssrereesasssssssereerssnssssssrreeresnsssssssnes 130

5.2 MATERIAL AND METHODS .........coitiiiieeiiiriiirreersr s s sssssssss e e s e s s ans s e s e s e s snnsssssseesresnnnnsnnrnes 131

5.2.1 PHOTOCATALYTIC MEMBRANE PREPARATION ......cuuuviiiiiiiieiiiieieeeeeeeeiinieeeeeeeseessnnaeeseeesessnsnseseseseenins 131

5.2.2 WASTEWATER TREATMENT PLANT .....uuutiiriiiieeiiiiieeeeeeeeeeeeiiareeeeeseeesasseseeeseeesanesssessseensssessseesssenns 131

5.2.3 DATA COLLECTION, CAPEX AND OPEX CALCULATION .....ccoouiviiieeiiiiniieeeeeeeeeeinreeeeeeeeensnneseeeeeeenns 132

5.3 RESULTS AND DISCUSSION ......ccoittiiieeuiiiriiriremsssisrrersssnssssssersssnsssssssserssmssssssssssresrssnssssssnes 133

5.3.1 PHOTOCATALYTIC MEMBRANE FABRICATION COSTS ....ccoitiiuuriieieeeeiiniieeeeeeeeeeanreeeeeseeessnnereeeeeeanns 133

IR I 7N ] ) GO PRRN 136

I T N 02 25, TSR 138

L 0 1\ 0 I8 157 10 1, 142

CHAPTER 6 - FINAL CONSIDERATIONS AND SUGGESTIONS FOR FUTURE WORKS............. 143

REFERENGES ..........coiiiiitiieiiiiiirrses s e s ee s s sss s se s e s e s s s s e e e e s s s nnsasaa e e e e e s nnsssss e e e e e nsnsss s serennnnnnnsnnrns 147

X e = 1|0 OO 178

Programa de Pés-graduacao em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



25

CHAPTER 1

Introduction
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1.1 BACKGROUND

1.1.1 Emerging contaminants

The World Health Organization (WHO) estimates that more than a billion people do not have
access to clean water. More than 4,000 children die every day due to water pollution worldwide
(DHARUPANEEDI et al., 2019). According to a United Nations report, a quarter of the world's
population will suffer from poor water conditions by the middle of this century (WANG et al.,
2017). There is still a growing demand for water resources due to the increase in population
and high consumption in the industrial and agricultural sectors. Furthermore, of all the water
available globally, only 3% is fresh, and a good portion of this percentage has been polluted
due to human activities (MURGOLO et al., 2019).

In recent years, among the sources of water pollution, special attention has been given to
Emerging Contaminants (ECs) such as drugs, hormones, personal hygiene products, fertilizers,
heavy metals, microplastics, among others (ENICK; MOORE, 2007; KLAVARIOTI;
MANTZAVINOS; KASSINOS, 2009). The ECs can be released into the environment through
feces, urine, agricultural runoff, industrial and domestic effluent discharges and are persistent
in the conventional wastewater treatment processes (WWTP), which can contaminate drinking
water supply sources (VERGILI, 2013). Studies have already detected ECs in raw water at
concentrations of ng L™! to pg L', which were present even after the drinking water treatment

process (WANG et al., 2019; ZHANG et al., 2019).

Among the different definitions given to Emerging Contaminants, a very comprehensive one is

suggested by the United States Geological Survey Institute (2017) as being:

Any chemical of synthetic or natural origin or any microorganism that is not
commonly monitored in the environment but has the potential to cause adverse

ecological and human health effects.

Thus, in general, they usually have the characteristics of being anthropogenic chemical
products, predominantly unregulated, persistent in the environment, present in trace
concentrations, and capable of altering the physiology of target receptors (BHANDARI et al.,
2009).

The adverse effects of ECs and their by-products on the aquatic environment are not yet fully

understood (STADLMAIR et al., 2018). However, it has been reported that after long periods
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of exposure to these, humans, animals, and plants may show abnormal chronic physiological

changes, such as infertility and cancer (LIN, 2017).

A class of emerging contaminants, in particular, that of endocrine disruptors, composed of
polychlorinated biphenyls, phthalates, bisphenol A, polybrominated diphenyl ethers, Ethinyl
estradiol, among others, affect the physiological hormonal system of animals and humans (DE
OLIVEIRA et al., 2020b; FRYE et al., 2012). Studies have detected sexual disorders such as
polycystic ovaries, reduced male fertility, and cancers of the prostate, testis, and breasts,
depending on the exposure dose and period of contact with such compounds (DE OLIVEIRA
et al., 2020b). The feminization of male fish has also been detected when these animals have
been exposed to estrogen for a prolonged period, even in low concentrations (JUKOSKY;

WATZIN; LEITER, 2008).

It is also pointed out the relationship of some ECs with the development of antibiotic-resistant
strains and bacterial genes (ORVOS et al., 2002). Especially in the context of biological
treatments, common to municipal WWTP, there may be the formation of resistant species that
can pose risks to human health and cause changes in aquatic systems. For this reason, due to
the eco-toxic potential, there is a great demand for efficient, low-cost, and environmentally

friendly strategies for removing these contaminants.

ECs enter ecosystems through different sources divided into five broad categories: domestic
wastewater, industrial effluents, hospital effluents, agricultural activities, and livestock
activities (Fig. 1) (ROUT et al., 2021). Among the ECs, drugs are mainly inserted into the
environment through human and animal excreta. These compounds, after being consumed, are
partially metabolized and eliminated by feces and urine reaching wastewater treatment plants.
A similar route occurs with personal hygiene products, such as shampoos, sunscreens,
toothpaste, among others, discharged at treatment stations through washing activities. Effluents
from industries producing various chemical products contribute to the presence of a wide range
of ECs in the environment, as well as hospital effluents that are composed of a conjugate of
drugs. The effluents from agriculture and livestock are usually found in the form of pesticides

and hormones, respectively, used to increase productivity (SANTOS et al., 2020).
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Figure 1 - Possible routes of Emerging Contaminants in the environment.

Source: adapted from ROUT et al. (2021).

The contamination of water bodies by ECs is associated with the inefficiency of removing these
components by conventional methods of treatment and leaks in the wastewater collection
networks (SANTOS, 2014). Moreover, in Brazil, as in other developing countries, there is still
the discharge of untreated sewage in the water bodies. Brazil's Ministry of Regional
Development Data show that only 49.1% of the generated sewage in the country is treated

(BRASIL, 2019).

According to Kasprzyk-Hordern et al. (2009), the discharge of effluents from wastewater
treatment plants is considered the primary cause of the occurrence of ECs in surface waters. In
the case of drinking water, the occurrence of ECs is dependent on the quality of the sources of
supply, seasonality, and socioeconomic aspects of the collection region. Although studies
indicate safe levels, the concern regarding the products of transformation of these components

and its long-term effects arouse the scientific community's apprehension (LUO et al., 2014).

Recent work conducted by Santos and collaborators (2020) confirmed concentrations that
confer high toxicity, at least to one trophic level, of 60% of 28 drugs evaluated in surface and

treated waters in Brazil, and attested the inefficient removal of them by drinking water treatment
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stations. The study also detected doses of atorvastatin in the treated water that pose potential

risks to public health.

As mentioned, most conventional drinking water treatment plants and wastewater treatment
plants were not designed to remove the ECs, proving to be inefficient in this regard. It occurs
because ECs have stable structures, low volatility, besides being small, polar, highly soluble in
water, and highly mobile, which hinder their removal (VERGILI, 2013). Their persistence and

resistance to degradation characterize them, therefore, as recalcitrant pollutants.

Wastewater treatment plants typically employ primary, secondary, and, eventually, tertiary
treatment. Tiwari and collaborators (2017) observed different ECs removal percentages at each
treatment stage, and for the primary, removal efficiency varies from 20-50%. In comparison,
rates of 30-70% are achieved by the secondary. In addition, more than 90% is reached by the
tertiary. In contrast, cases of negative removal of ECs are reported in wastewater treatment
plants, in which the concentrations of specific contaminants after treatment are higher than
before. This fact can be explained by enzymatic biological treatment mechanisms capable of

reversing smaller and conjugated molecules to their parent compounds (RHOUT et al., 2021).

This whole context of inefficiency in removing ECs by conventional treatments is also justified
by the recent development of sensitive analytical techniques for detecting low concentrations
(ng L' or p L) of these compounds in environmental samples. Therefore, investigations into
the occurrence and detection of these contaminants in the environment have been taking place,

more precisely, ostensibly in the last two decades (BAILLY et al., 2013).

The severity of contamination of water bodies by ECs can be even more severe in developing
countries, such as Brazil, where less than half of the generated wastewater is treated (BRASIL,
2019), and the use of drugs without a medical prescription is a frequent practice, owing to
insufficient health services. Thus, more advanced treatment techniques are required, such as
adsorption with activated carbon, ozonation, advanced oxidative processes, and membrane
separation processes, to remove these ECs. In this field, a potential technology is the

Photocatalytic Membrane Reactors (PMRs).
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1.1.2 Photocatalytic Membrane Reactors (PMRs): Photocatalytic

Membranes

PMRs are devices that combine the separation properties of membranes with the power of
chemical transformations of catalysts, consisting of a green technology that increases the
potential of each one of the techniques, generating a synergistic effect that reduces
environmental and economic impacts (MOLINARI; LAVORATO; ARGURIO, 2017). The
membranes allow continuous operations to recover the catalyst in systems where the reaction
and separation of the products occur simultaneously, favoring the displacement of the chemical
balance towards the products (degraded pollutants). On the other hand, catalysts degrading the
compounds in the feed allow the mitigation of fouling and maintenance of the flux in the
membranes, reducing energy costs and, consequently, operating expenses (LEONG et al., 2014;

MOZIA, 2010).

PMRs can be built in two different configurations. One is with the catalyst as a suspended
powder in the reaction mixture followed by a membrane unit (DE OLIVEIRA et al., 2020a).
The other concerns the catalyst immobilized on the membrane surface (DAROWNA et al.,
2017). The configuration with the suspended catalyst has the main advantage of obtaining large
yields of pollutants degradation due to the high specific surface area of the particles. The
catalyst load can also be adjusted in this configuration. However, it presents some drawbacks,
such as the difficulty in separating and recovering the catalyst, particle agglomeration with a
consequent reduction in reaction yield, and membrane fouling due to the deposition of the

catalyst.

On the other hand, in the immobilized configuration, these problems are avoided. The
membrane acts as a selective barrier to contaminants, keeping them in the reaction medium and
supporting the catalyst. The last configuration is in accordance with the principles of process
intensification, as a new catalyst recovery step is not necessary. However, the light irradiation

above the membrane can damage its structure and reduce its useful life (ROMAY et al., 2020).

Variations of the above mentioned PMR configurations are reported in the literature, as shown
in Figure 2. Regarding the suspended configuration, the membrane can be submerged in the
reactor (Fig. 2-a) or disposed of outside (Fig. 2-b). The membrane is subject to more significant

pressure drops when located outside the reactor, and oscillations in the concentration of the
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catalyst in the reaction medium may occur. In the immobilized configuration, the membrane

can act only as a catalyst support (Fig. 2-c) or have a separation function (Fig. 2-d).

Y
- Membrane

U Catalyst

Permeate

Light source

d)

Permeate

Figure 2 - PMRs configurations: a) suspended catalyst and membrane inside the reactor; b)
suspended catalyst and membrane outside the reactor; ¢c) immobilized catalyst/membrane
with support function d) immobilized catalyst'membrane with support and filtration function.

Source: Adapted from Romay et al. (2020)

The most widely used catalyst in PMRs studies is titanium dioxide (TiO2) in nanoparticulate
form due to its high specific surface area. However, in these dimensions and being free, its
recovery is complex, and the expansion of its use on a large scale is limited, thus its
immobilization on the membrane surface is a promising alternative (FARALDOS and
BAHAMONDE, 2017). The catalyst action mechanism occurs mainly through the formation
of highly oxidizing hydroxyl radicals. When irradiated by radiation with a wavelength below
387 nm, the oxide has its electrons migrated from the valence band (VB) to the conduction band
(CB), leaving positive vacancies in the valence band. Electrons in CB and positive gaps in VB
can react with oxygen and water adsorbed on the catalyst surface, respectively, giving rise to
radicals that trigger a series of oxide-reduction reactions that can promote the mineralization of

pollutants in the environment (NGOs; MOHAMMAD; NG, 2019).

Many studies focus on the development of PMRs for degradation of synthetic matrices and

focus mainly on the efficiency of the degradation/removal process (ATHANESEKOU ef al.
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2015; FISCHER et al., 2015; RAMASUNDARAM et al., 2013). Nevertheless, there is a great
need for the use of such devices in complex, real matrices that consider, in addition to the
intervening operational factors, the economic, environmental, and technical factors of a
possible scaling and implementation of the process on a large scale (CAI et al., 2018).
Assessments of the stability of the developed systems are also scarce. The use of such
technology for the treatment of wastewater after a secondary process is a promising alternative
for removing ECs, thus reducing the impacts on water bodies caused by the discharge of

effluents.

The removal of ECs using PMRs in the treatment of water and wastewater, in addition to
mitigating the impact on water bodies, will provide quality water in the supply sources,
guaranteeing safe water for the population. The technology can also be used to municipal
wastewater reclamation. The reuse alternative has been recognized as a mean of maximizing
water sources and reducing the freshwater consumption, consisting of a solution to the scarcity

problem (XU; BELLONA; DREWES, 2010).

Even with the described advantages, one of the limitations in using TiO: is related to the need
for ultraviolet radiation for its activation. Expanding this range of activation for sunlight is a
highly explored study area, whether through doping with metals, semiconductors, or sensitizers.
An exponent material for expanding the range of response to light by TiO2 is graphene oxide
(GO) due to its excellent electron transfer properties (MIN et al.,, 2012; NAIR and
JAGADEESHBABU, 2017).

In addition to having a high capacity for electronic transfer, GO also has a high surface area
and high adsorption capacity, making it an important candidate for hybrid use in TiO2-GO
nanocomposites in PMRs. The association can provide the catalyst activation under solar
irradiation and greater contact with contaminants, increasing the pollutants residence time and

the percentage of degradation (DADVAR et al., 2017; YOO et al., 2011; ZHAO et al., 2012).

Table 1 shows a compilation of studies that developed photocatalytic reactors using TiO>-GO
as membranes modifying materials in the configuration of catalyst fixed to the membrane by

different techniques.
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Table 1 - Photocatalytic membranes reactors with photocatalytic membranes based on TiO»-

GO.

Membrane
Material

Modification
Material

Modification
Method

Main results

References

Polyvinylidene
fluoride (PVDF)

TiO,-GO

Phase inversion

-Photodegradation of 50-
70% bovine serum
albumin (BSA)
-Water flow twice as large
as the pristine membrane

-Self-cleaning property
under UV irradiation

XU et al. (2016a)

Aromatic
polyamide (PA)

TiO,-GO

Interfacial
polymerization

- 98.8% NaSO4 rejection

-Water flow twice as large
as the pristine membrane

WANG et al.
(2017a)

Polyvinylidene
fluoride (PVDF)

TiO,-GO

Phase inversion
precipitation

-Modified membrane flow
four times greater than
pristine

WU et al. (2019)

Polysulfone (PSF)

TiO,-GO

Layer by layer

-Increased kinetics of
methylene blue
degradation (60-80%
faster) compared to the
pristine membrane under
UV irradiation and 3-4
times faster under solar
irradiation

GAO; HU; MI
(2014a)

Cellulose

TiO,-GO

Vacuum filtration

-92% degradation of
methylene blue after 110
minutes of UV irradiation

-Recovery of 96% initial
flow after 100 minutes of
UV irradiation

ZHU et al. (2017)

Polyacrylonitrile
(PAN)

TiO,-GO

Layer by layer

-58.8% removal of
methylene blue after 250
minutes of UV irradiation

-Membrane irradiation 40
minutes before filtration
increased the water flow

from 1.67 to 1.87 L m? h’!

YAN et al.,
(2019)

Aromatic
polyamide (PA)

TiO,-GO

Layer by layer

-Resistance to chlorine
through adsorption in GO

-Increased membrane
hydrophilicity

SHAO et al.,
(2017a)

Although the theme has already been explored by several studies, as shown in table 1, there is

still information lack about the functioning of PMRs based on TiO>-GO under prolonged
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periods of operation. Analysis of the stability of the generated membranes and more adequate
cleaning protocols also constitute knowledge gaps in the area. Evaluating these devices in the
treatment of complex matrices, such as sewage, in removing emerging contaminants also needs

further consideration.

1.1.3 Use of graphene oxide as an additive to improve the characteristics

of photocatalytic membranes

Graphene is a hydrophobic sheet with a single atomic layer of graphite discovered by
Novoselov and Geim (NOVOSELOV et al., 2004). Graphene oxide (GO) is a carbon
nanomaterial of a hydrophilic nature obtained by the oxidation of graphene. In the oxidation
process, epoxide and phenol hydroxyl groups are generated in the basal plane and carboxylic at
the edges of the material (GAO et al., 2012; LIU et al., 2010), giving it important characteristics
(GAO et al., 2013b). In recent years, GO has attracted significant attention from the scientific
community for the preparation of nanocomposite membranes for the treatment of water and
wastewater, including desalination, removal of toxic ions and emerging pollutants (URSINO e¢
al., 2018), because this nanomaterial can improve the mechanical and thermal properties of

polymeric membranes.

A large portion of the polymeric membranes is hydrophobic. This characteristic is one of the
main reasons for its propensity to fouling since organic incrustations are attracted to surfaces
and pores of these membranes. Deposition prevention and treatment methods, such as cleaning
and backwashing, only remove reversible fouling, but irreversible leads to a permanent decline
in flux. Therefore, modifications in membranes preparation techniques are required to improve
their performance (JHAVERI; MURTHY, 2016). Among the forms of fouling, the biological
is one of the most complexes. It is a consequence of the irreversible adhesion of bacterial cells
to the membrane surface and, once it is formed, its removal is challenging. Graphene oxide is
as an alternative to the solution of such problems, as it has the potential to promote the lysis of
bacterial cells and offer anti-adhesive properties, reducing the incrustation deposition,
especially the biological one (SALEEM; ZAIDI, 2020). The antibacterial activity of the oxide
is due to the sharp edges of its sheets that can promote the rupture of the membrane bacterial
cells and the leakage of their genetic material (AKHAVAN; GHADERI, 2010; LIU et al.,
2011).
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Several authors have studied the association of GO with TiO> for modifying the membrane
surface (as reported in Table 1). The association is justified by the limitations of TiO> alone in
the total photodegradation of pollutants due to its fast rate of electron-hole pair recombination
(CHEN; MAO, 2007) and the need for UV irradiation for its activation. Weak interactions are
also reported between the catalyst and the polymeric membranes, generating unstable
membranes (GAO et al., 2013b). GO can act as a cross-linker between TiO> particles and
between them and the membrane (ZHU et al., 2011). The strong contact between GO sheets
and TiO2 can increase charge transfer and increase photocatalytic activity. Gao and
collaborators (2013) proposed that the electrons in the TiO2 conduction band are transferred to
the GO, decreasing the recombination rate, increasing the photocatalytic activity. The same
authors pointed out the band-gap reduction of the materials through their integration, providing

activation by sunlight.

When using nanoparticles to modify membranes, there is a great tendency for their
agglomeration due to the high surface/volume ratio they have in these dimensions.
Agglomeration is harmful because it reduces the efficiency and performance of the membrane
through the blocking of pores, resulting in a drop in flux, even under high pressures (URSINO
et al., 2018). The use of GO associated with TiO> reduces the aggregation of nanoparticles and
promotes a more uniform dispersion. TiO», because it is a rigid structure between the GO sheets,
can also prevent the compaction of the latter, increasing the percolation of the fluid (XU et al.,

2013a).

In addition to the reported advantages of mitigating fouling in membranes and improving the
photocatalytic activity of TiO; by association with graphene oxide, there is also an increase in
the permeability of membranes by adding graphene oxide in its composition to specific
concentrations (SALEEM; ZAIDI, 2020). With the proviso that high concentrations of GO
decrease the permeability but increase the resistance to fouling. These phenomena occur
because water can flow through the oxide nanochannels, and their hydrophilic functional
groups, such as hydroxyl and carboxyl, facilitate the adsorption of water molecules. According
to Wenzel's model theory (ZHAO et al., 2019; ZHAO; GAO; VAN DER BRUGGEN, 2019),
for membranes covered with hydrophilic materials, the hydrophilicity of the membrane surface
will increase with the increase of the membrane surface roughness (ZHU et al., 2020). In such

a way, membranes with high permeate flux and operational stability can be obtained.
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Gao and collaborators (2014) studied the effects of modifying polysulfone membranes with
Ti02-GO. Removal of 70% of the methylene blue dye was observed by photodegradation under
solar irradiation after 5 hours of the experiment. The removal percentage was practically the
same obtained at a similar time under UV irradiation. In addition, the authors verified the
stability of the water flux, in a steady-state, around twice higher for the modified membrane
when irradiated by sunlight compared with the unmodified one also irradiated, and attributed

the result to the increased hydrophilicity of the membrane promoted by the modification.

Gao and collaborators (2013b) studied commercial cellulose acetate membranes modified with
Ti0,-GO and obtained total degradations of rhodamine B and acid orange 7 (AO7) after 20 and
30 minutes, respectively, under UV irradiation, endorsing the relevance of the association of
the materials in the degradation of foulants, thus ensuring the maintenance of the flux for more
extended periods of operation compared to membranes without modification. The permeate
flux in the removal/degradation of humic acid molecules was also evaluated. The flux in the
steady state with the modified membranes was around nine times greater than the membranes
without modification. The authors attributed this better performance to the degradation of
humic acid by TiO2-GO. A dense layer of humic acid was formed on the membrane surface
without UV irradiation, whereas almost no deposition of this same compound was identified

under irradiation.

Dadvar et al. (2017) compared the nanofiltration membranes without modification and hybrids
with TiO2-GO and found pollutants (methyl orange) removal five times faster by the hybrid
membranes than those without modification. In addition, the energy consumption of hybrids

was half that of pristine.

Safarpour; Vatanpour and Khataee, (2016) point out that high rejection of dyes by membranes
with TiO> and GO may be associated with the repulsive effect of the dye molecules and the
charged surface of the membranes. Other authors attribute high removals of the eryochrome
black dye by GO-modified membranes due to the adsorption of the dye by n-n bonds with the
membrane (CAO et al., 2020).

The search for membranes modifications to improve their performances is a reality. However,
the studies carried out in the literature occurs by synthesizing new membranes or modifying the
surface of new commercials. When thinking about the sustainability of processes, there is still

a gap in investigating changes in membranes at the end of their lifespan.
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1.1.4 Recycled reverse osmosis (RO) membranes

Reverse Osmosis technology is used to remove contaminants from water at the ionic level. It is
a semipermeable membrane, a selective barrier, where under the application of an external
force, the passage of water is allowed, and the ions are rejected (SEMIAT, 2015). Most of the
used RO membranes are made of thin-film composite (TFC) in polyamide, which have three
layers, the first being a thin and dense layer of aromatic polyamide that is the selective part,
another a microporous support of polysulfone, and, finally, a thicker polyester base (ANTONY
etal.,2016).

In 2016, the number of reverse osmosis (RO) desalination facilities in the world were over
13,000 units (PAULA, 2017), and this is the most widely used desalination technology due to
its lower energy costs when compared to evaporation/distillation using thermal processes
(SHENVI, ISLOOR, ISMAIL, 2015). Large desalination units employ tens of thousands of
membrane modules. In general, the RO units’ lifespan is 5 to 7 years (PAULA, 2017), a factor
that highlights the large number of modules that are periodically replaced and discarded.
Estimates are that more than 14,000 tons of RO residues are generated per year (DE PAULA;
AMARAL, 2018). The residues from the membrane modules are considered inert solid waste

and, in most cases, disposed of in landfills.

Given this problem, alternatives for reusing or recycling the used modules are prefigured as of
great importance. Possible direct use in systems that require lower yields, or oxidative
conversion via chemical attack with the removal of the dense aromatic polyamide layer for the
production of porous membranes for application in less demanding processes, such as
microfiltration (MF) and ultrafiltration (UF), are reported. For conversion, several oxidizing
agents can be used: potassium permanganate, sodium hypochlorite, sodium hydroxide, among

others. (ANTONY et al., 2016).

The use of recycled RO membranes as a substitute for UF or MF, at low cost, represents an
excellent benefit for wastewater treatment operations, whether industrial or domestic, as well
as is a possibility to humanitarian water treatment projects or even can be used in the pre-
treatment of desalination processes (GARCIA-PACHECO et al., 2015; LAWLER, 2013). A
study conducted by De Paula and Amaral (2018) found that recycled UF membranes have a

cost of 1% compared to acquiring new ones.
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Paula (2017), studying the use of recycled RO membranes for the treatment of surface water
from three rivers in Minas Gerais (Brazil), obtained excellent results in terms of permeate flux,
which remained with all monitored parameters (pH, electrical conductivity, apparent color, and
turbidity) practically constant over 8 hours of permeation and low tendency to membrane
fouling. It also found that 100% of the Escherichia coli bacteria present in surface water
samples were removed after treatment with recycled membranes, indicating a potential method
for producing drinking water. The membranes were also used in wastewater treatment after the
secondary process achieving 92% organic matter removal, 99% turbidity removal, and 98%

color removal, thus presenting the potential to generate reuse water for fewer noble purposes.

The membrane market has shown high growth, whether for industrial use or in water and
wastewater treatments. The trend should continue since the global water demand is growing
and environmental regulations increasingly demanding (SUBRAMANI and JACANGELO,
2015). In this sense, modifications in membranes are extensively studied, especially those that
use nanoparticles (NASROLLAHI et al., 2021). However, new membranes are used for this
purpose. Recycled membranes are therefore a promising alternative to support photocatalytic
membranes, as they reduce pollution through reverse logistics, replacing new materials by

recycled materials (HENRIQUES and CATARINO, 2015; KURDVE et al., 2015).

1.2 JUSTIFICATION

Given the panorama exposed in the introduction, the present work aims to contribute to the
advancement of scientific knowledge regarding advanced domestic wastewater treatment
processes. Based on the expected results, it aims to propose a technological alternative that adds
economic and environmental benefits associated with reduced operation times, robust
maintenance and high process efficiency. The technology consists of developing photocatalytic
membranes inserted in the class of photocatalytic membrane reactors, which can remove
Emerging Contaminants (ECs). Such compounds are pollutants of aquatic environments that

attract special attention due to their potential toxic effects on humans, animals, and plants.

The motivation found is based on the ever-increasing water demand associated with the
decrease in water supply, and the fact that ECs are complex and challenging to treat structures,
in which conventional water and wastewater treatment processes are ineffective in their

removal. Therefore, to study and develop advanced technologies for their treatment is
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necessary. In this regard, photocatalytic membrane reactors are a promising alternative that
adds mutually beneficial effects to membranes and catalysts. Thus, they can solve the problems
resulting from fouling and flux reduction in the membranes. In addition to the separation of
contaminants, they promote their degradation in a single operational step through
photocatalysis promoted by the catalyst. On the other hand, the membrane allows the
confinement and retention of catalysts in nanometric dimensions and controls the residence
time of the compounds in the photodegradation. In this way, the technology is in line with the

principles of process intensification.

Most of the studies reported in the literature use PMRs in the form of suspended catalysts. This
has an operational problem: the tendency to scale on the membrane surface due to the catalyst's
deposition. Moreover, the vast majority of them use UV radiation to activate the catalyst, which
represents a considerable energy expenditure in the treatment and hinders its expansion.
Another point of attention is that a large part of the works uses commercial catalysts. One of
the novelties of the present study is that TiO, synthesized by a greener route by our research

group will be used, providing greater sustainability to the process.

The combination of GO and TiO> proposed in the present work is a promising alternative that
can allow the use of the system under solar irradiation, reduce costs, and facilitate the expansion
of implementation. In addition, studies that include real effluents in their evaluations are pretty
rare, being synthetic effluents or isolated molecules generally used for degradation. Moreover,
are also rare studies that evaluate the stability of membranes in PMRs over the operation time,
and those that do report loss of membrane integrity after a certain period. To overcome these
problems and fill these gaps, the present study will test the surface modifying technique with
dopamine aid in order to guarantee greater stability and strong fixation of the materials on the
membrane surface. Furthermore, the matrix to be treated will be domestic wastewater after

secondary treatment.

Using recycled membranes in the technology (reverse osmosis membranes (RO) post-lifespan
converted into ultrafiltration (UF) membranes) also increases the sustainability of the process
and reduces the costs for its development and implementation, facilitating the expansion of
scale. More than that, it reduces the amount of inert solid waste discarded annually from these
materials. When treating secondary effluent, the technology can generate water with quality of

reuse for less noble purposes in countries where the practice is allowed, increasing the water
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availability of the regions. The fact that a low-cost reactor can be generated makes it possible
to use it in decentralized treatment in informal communities or with limited purchasing power
for safe water, especially in regions of socioeconomic vulnerability in Brazil. The use of such

membranes in PMRs is unprecedented and is in line with the circular economy.

1.3 HYPOTHESES

Based on the premise that it is possible to synthesize photocatalytic membranes from TiO2, GO,
and recycled ultrafiltration membranes, the following hypotheses were formulated for the

present study:

H1 — Given the strong enough interactions between the materials involved in obtaining the
photocatalytic membrane (TiO,, GO, and polysulfone/polyamide), a stable membrane that

remains intact to the studied operating conditions can be produced.

H2 - The photocatalytic membrane can remove Emerging Contaminants from wastewater after

secondary treatment.

H3 - Fouling is mitigated in the photocatalytic membrane compared to the pristine specimen.
1.4 OBJECTIVES

1.4.1 General Objective

The objective of the present study is to develop an integrated system of membranes with
catalysts called Photocatalytic Membrane Reactor (PMR), obtained by a photocatalytic
membrane based on titanium dioxide, graphene oxide, and recycled membrane, and evaluate
the PMR performance in the advanced treatment of wastewater, to remove emerging

contaminants (ECs).

1.4.2 Specific Objectives

= (Obtain a photocatalytic membrane from titanium dioxide, graphene oxide, and recycled
membrane (reverse osmosis membrane (RO) post-lifespan converted into ultrafiltration

(UF) membrane).
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= Evaluate the effectiveness of the modified photocatalytic membrane from titanium
dioxide and graphene oxide concerning its potential for the degradation of model
organic molecules (simulating pollutants).

= Evaluate the effectiveness of the synthesized photocatalytic membrane in wastewater
treatment after the secondary treatment to remove ECs.

= Determine the best-operating conditions for the PMR regarding the removal of ECs.

= Evaluate the membrane stability over an extended operation time (months).

= Carry out an economic evaluation (CAPEX and OPEX) of the studied process.

1.5 DOCUMENT STRUCTURE

The document is structured in six chapters. The first one is the introduction about the project
topic, the justification, hypothesis, and objectives. The second chapter concerns a review article
about membranes modified with TiO>-GO nanocomposites and can be read independently. The
third chapter is another paper regarding the obtained photocatalytic membranes, their
characterization and preliminary applications, the fourth presents another paper of the use of
the membranes for the removals of trace organic chemicals of domestic wastewater. The fifth
presents an economical evaluation of the photocatalytic membrane treatment system. Finally,
the last chapter depicts the considerations obtained by the achieved results and the suggestions

for future works. Each chapter can be read independently.
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CHAPTER 2

T10,-Graphene Oxide nanocomposite
membranes: a review
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2.1 -INTRODUCTION

The ever-increasing demand for water and the scarcity of water sources are driving the
development of robust water and wastewater treatment technologies (DHARUPANEEDI ef al.,
2019). Membrane separation processes are among the key technologies because of their
advantages: high efficiency, modularity, no need for phase changes, mild temperatures
operation, and high selectivity (BET-MOUSHOUL et al., 2016; NASROLLAHI et al., 2021).
Membranes can be manufactured using different materials, whether organic (polymers)
(ABADIKHAH et al., 2019a; ZHANG et al., 2016) or inorganic (ceramic) (MARZOUK et al.,
2021; SCHNITTGER et al., 2021), and most of those studied and commercially used are
polymeric due to their chemical stability, flexibility, lower cost and mechanical resistance

(JHAVERI; MURTHY, 2016b).

Although membrane separation processes are an efficient treatment technology that produces
high-quality water, they consist of only a separation process where two streams are generated.
To produce high-quality water, one stream with a high concentration of contaminants called
concentrate is produced, which needs further consideration (JOO; TANSEL, 2015; YANG et
al., 2018). Moreover, an inherent drawback of the process is the fouling, which causes a loss of
performance, reduced permeate flux, and limited selectivity, in addition to increased operating
costs (LEVITSKY; TAVOR; GITIS, 2021; MOSER et al., 2018). The inadequate separation of
low molecular weight substances, e.g., emerging contaminants, such as antibiotics, endocrine
disruptors, and hormones, is another potential limitation of the process. These emerging
contaminants are persistent in aquatic environments and can lead to the development of resistant
bacterial genes, mutagenic effects, and impairment of the reproductive system of animals and
humans (DE OLIVEIRA et al., 2020b; SANTOS et al., 2020a). With the aim of solving these
drawbacks of the membrane separation processes, several nanomaterials are reported in the
literature for membrane modifications, including TiO> (TEOW et al., 2015), ZnO (BAI; LIU;
SUN, 2012), Fe3sO4 (HUANG et al., 2012), CuO (CHOUDHURY et al., 2018), Al,0O;3
(AMANIPOUR et al., 2012), graphene oxide (GO) (MENG et al., 2018), carbon nanotube
(CNT) (BAEK et al., 2014), SiO2 (JIN et al., 2012), etc. Due to their high surface-to-volume
ratio, these nanomaterials have outstanding characteristics such as photocatalytic potential,
adsorptive capacity, antibacterial property, and high hydrophilicity, among others. Therefore,
the use of nanocomposites associated with membranes can reduce the fouling vulnerability and

the load of the concentrate streams besides removing the low-weight molecular substances by
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photocatalysis. Thus, the combination of membrane separation processes with nanomaterial is

considered a promising alternative to overcome existing bottlenecks.

Membranes modified with nanocomposites are advanced membranes to improve water and
wastewater treatment by taking advantage of the properties of nanomaterials. These
nanomaterials can be introduced into the polymeric matrix of the membranes (AKBARI et al.,
2018; SAFARPOUR; VATANPOUR; KHATAEE, 2016; XU et al., 2016b) or deposited as a
coating on their surfaces (GAO; HU; MI, 2014b; TRAN et al., 2020a, 2020b). Usually, the
addition of nanomaterials alters the properties of the membranes, with the improvement of their
separation performance, increased permeability, flux stabilization, and impression of an anti-

fouling behavior (WU et al., 2018; YOUNAS et al., 2017).

The integration of membrane separation processes with nanocomposites expands the
possibilities of treatment by the technology, besides improving the characteristics of polymeric
membranes. Removal of emerging pollutants can be achieved by integrated membrane
separation and photocatalytic oxidation processes (CAI et al., 2018; ROUT et al., 2021;
SZYMANSKI; MORAWSKI; MOZIA, 2018). Retention of toxic ions, like arsenic, is also
achieved by adsorption and oxidation (CHI-JUNG et al., 2020; ZHANG et al., 2018). The
association allows the treatment of industrial and domestic wastewater effluents to generate
high-quality water with the potential to be reused (REZAKAZEMI et al., 2018), reducing the

problem of water scarcity.

Among the nanocomposites used in the membrane modifications, photocatalysts, as titanium
dioxide (TiOy), are highly explored. Advanced oxidative processes with heterogeneous
catalysis produce active species capable of degrading and mineralizing organic pollutants or
reducing the valence of inorganic substances to decrease its toxicity (XU et al., 2018a;
ZAKERITABAR et al., 2020). The association of membranes with catalytic nanomaterials
reduces the number of steps in the treatment processes, consequently diminishing operating
costs, since the membranes act as both a structure for immobilizing materials and as a selective
barrier in only one unit (IGLESIAS et al., 2016). Nanomaterials can then be used in several

cycles.

Polymeric membranes are mostly hydrophobic and, therefore, prone to the deposition of

organic compounds on their surfaces. Moreover, the treated matrices are often characterized by
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complex compositions with many pollutants (REN et al., 2021). The deposition of pollutants
onto the membrane pores or on the membrane surface during permeation enhances fouling,
which is one of the key operational challenges of the technology. It leads to a flux decline,
selectivity loss, membrane lifespan reduction, and increases energy consumption and operating
costs due to the increase in transmembrane pressure. Fouling can occur due to the deposition or
adsorption of colloids (IGBINIGUN et al., 2016), macromolecules, particles, salts (DUONG et
al., 2016), extracellular polymeric substances (EPS), or microbial cells (YANG et al., 2021),
on the surface or pores of membranes (GUO; NGO; LI, 2012; LI et al., 2020a). The different

fouling types are illustrated in Figure 3 depending on their foulants.

Biofouling Organic Fouling Colloidal Fouling
Biofilms of extracellular Dissolved organic matter, Colloids
polymeric substances and organic colloids
microbial cells

Scaling Concentration Adsorptive Fouling
Salts Polarization Microorganisms’ extracellular
Colloids, dissolved polymeric substances, organic

species compounds, colloids

Figure 3 - Fouling types.

Fouling, that is poorly adhered to the membranes, can be removed by backwashing or physical
and chemical cleaning, respectively. However, some fouling is irreversible due to
chemosorption to the membrane (JHAVERI; MURTHY, 2016b). Thus, the development of
fouling-resistant membranes capable of degrading foulants is a valuable research area that has

received significant attention in recent years.

As previously stated, the combination of membrane separation processes with nanomaterials
with catalytic properties is a promising alternative to fouling mitigation. Membrane fouling is

reduced with the degradation of the compounds in the feed (ZHU et al., 2018). Especially in
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the context of wastewater treatment by biological systems associated with membranes, such as
membrane bioreactors (MBR), biofouling can be mitigated with the application of
nanocomposites membranes by enhancing microbial lysis and the promotion of fewer adherent

surfaces (MANOHARAN; YOUNG-HO, 2020).

In addition to acting to reduce fouling through photocatalysis, the modifications of membranes
with nanocomposites aim to overcome the permeability/selectivity trade-off. In operational
terms, membranes are desirable that generate the highest possible permeate flux and the highest
selectivity (MA; PING; DONG, 2017). However, these characteristics are often antagonistic.
The use of TiO>-GO nanocomposites with membranes is a promising alternative to achieve this
goal, owing to their photocatalytic property and, also, due to the ability to increase the
hydrophilicity of the membranes by the presence of oxygenated groups of the nanocomposites.
Moreover, fast flow channels are formed by the almost frictionless tunnels between the GO
nanosheets (YIN; DENG, 2015). The combination of TiO> with GO enhances the performance
of each material compared to their individual applications. GO can reduce the band-gap of
Ti02-GO nanocomposites and enables its activation by visible light, widening the possibilities
of applications. The conjugation also avoids the agglomeration of the nanoparticles, increasing
the specific surface area available for photocatalysis. On the other hand, the rigid TiO> structure

prevents the collapse of the lamellar sheets of the GO in the membrane modifications.

In reason of the promising properties of membranes modified with nanocomposites, several
studies have focused on their development (ALMEIDA et al., 2016; BAO et al., 2020; LI et
al.,2019b; ONG; MOHAMMAD; NG, 2019). Some reviews have also been published in recent
years on the subject (LI et al., 2021; NASROLLAHI et al., 2021; QING et al., 2020; REN et
al., 2021). However, no review so far focused on polymeric membranes modified with TiO»-
GO composites to the best of our knowledge. We believe that the TiO>-GO nanocomposite
membranes literature has reached a level where a review of the achieved advances in the area
is necessary. Therefore, this review aims to describe the main membranes materials used in
obtaining TiO>-GO nanocomposites membranes, the processes of obtaining the
nanocomposites (Ti02-GO), the benefits achieved with the modifications of the membranes,
the design of obtaining the membranes, the nanocomposite fillers loading, and applications of

these novel modified membranes.
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2.2 - TIO2-GO NANOCOMPOSITES INCORPORATION IN POLYMERIC
MEMBRANES

Among the studied nanomaterials associated to membranes, nanoparticulate TiO: is the most
extensively used due to its low cost compared to other nanomaterials, low toxicity to humans,
and its chemical and thermal stabilities (JHAVERI; MURTHY, 2016b). TiO; also remains
unchanged after photocatalytic degradation of organic compounds and acts as a disinfectant.
Upon being irradiated by UV light, the oxide electrons are excited from their valence band to
their conduction band, leaving positive gaps in the valence band. This electron-hole pair has a
strong reducing and oxidizing activity, respectively, capable of reacting with water and oxygen
from the medium, generating oxygenated radicals, such as hydroxyl (OH") and superoxide
anion (Oz'). The generated radicals can react with organic molecules and microorganisms
contributing to their degradation or inactivation (HORIKOSHI; SERPONE, 2020; MARINHO;
DACHAMIR, 2021) (Fig. 4). After a cycle of photodegradation, the catalyst returns to its initial
condition and is available in new cycles (DE OLIVEIRA et al., 2020a).

UV or visible light

A Break down
by OH radicals
,\1 ) CO2 ;'Hzol "
H20 Adsorb % &1 ineral acids
02 ==t 0'2" n SU'EF};':w;:_JBasorb
.OH > l% i
Ty 17
GO/TiO2 hybride membrane
TiOp +hv «eseee> @7 + h*

BSA degradation

h* + H20 —mee> "OH +H'
h*+ OH --—w> "OH
+
02 + & —> 07 —2H_s H202 >'OH

‘OH + BSA > CO2+H20 Mineral acids

Figure 4 - Possible photocatalytic mechanism in a TiO>-GO membrane.Adapted from
Nasrollahi et al. (NASROLLAHI et al., 2021) with copyright permission.

The photocatalytic activity of the TiO2 promotes the oxidation of pollutants, contributing to the
removal efficiency of the process with the generation of a lower load concentrate. The
photocatalysis also decreases membrane fouling by promoting the degradation of feed

compounds, thus generating self-cleaning surfaces, keeping the permeation stable
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(MOLINARI; LAVORATO; ARGURIO, 2017). The lysis of bacteria cells mitigates the
biofouling. The photo-induced hydrophilicity by the oxide due to its oxygenated functional
groups (PEDERSEN et al., 2018) also reduces the deposition of organic substances and
increases the permeate flux. This is because the permeability of the modified membranes is

influenced by their hydrophilicity, roughness, and porosity.

However, despite the described advantages, TiO> is only activated at sufficiently energetic
wavelengths. Among the different crystallographic phases of the semiconductor, anatase is the
most commonly used, and its band-gap is 3.2 eV, which means that the catalyst is activated by
irradiations in the UV region of the electromagnetic spectrum (<387 nm) (CHEN; CHEN;
CHEN, 2017). Thus, its large-scale use is limited by the energy expenditure due to non-solar
activation. Also, the high surface energy of the oxide increases the possibility of aggregation of
the nanoparticles, which reduces photocatalytic activity and can promote the blocking of
membrane pores (MOZIA et al., 2015). Some alternatives such as conjugation with other
semiconductors, doping with metals, non-metals, and coupling with carbonic materials have

been successfully addressed to solve these problems (REN et al., 2021).

The use of GO associated with TiO; has been extensively studied, due to important
characteristics of this carbonic material, such as high surface area, presence of a large amount
of oxygenated functional groups, and excellent electron transfer properties (SALEEM; ZAIDI,
2020; URSINO et al., 2018a). The high surface area associated with a large number of
functional groups in GO promotes intimate contact with TiO2> and the components of the
medium to be degraded. In this way, TiO> aggregation is avoided and the photodegradation is
increased. The electronic transfer properties of GO decrease the electron-hole recombination
rate in the TiO», as well as reduce the nanocomposite band-gap. Therefore, the association of
the nanomaterials enhances photocatalysis and enables visible light activation (GAO et al.,

2013; GAO; HU; M1, 2014b).

GO is a carbon nanomaterial obtained by oxidizing graphene, which can be massively produced
by exfoliating graphite (CHEN et al., 2018). It has a hydrophilic nature due to a large number
of functional groups (-OH, -COOH, -C-O-C, -C=0) in its two-dimensional structure. This
material improves the thermal and mechanical properties of polymeric membranes. Its sharp
edges also confer antibacterial properties by disrupting the cellular structure of microorganisms

(SONG et al., 2018). The non-oxidized regions of the GO form tortuous, almost frictionless
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nano-channels that act as high-speed permeation routes for water molecules (JIA; SHI, 2016).
However, such channels are not stable and can collapse, limiting the applications of GO alone
associated with membranes. Unattached GO sheets on membrane surfaces can also be easily
removed by rinsing with water (MENG et al., 2018). Besides, the interaction between the oxide
sheets causes narrow channels that can reduce the permeate flux (LIU; WANG; ZHANG, 2015;
WEI et al., 2016). The association of rigid materials, such as TiO> with GO, prevents the
collapse of the lamellar structure and improves the permeation performance (WANG et al.,
2017b). In such a way, associating TiO> to the GO improves the performance of both materials

in the modifications of membranes.

Although some studies use anatase and rutile phases, in general, commercial TiO catalysts in
the anatase crystallographic phase are used in the membrane modifications. Hummer's method
is the most used for GO synthesis due to its effectiveness consolidated by the scientific

community.

Table 2 presents a compilation of studies using TiO>-GO nanocomposites for modifying
membranes, the ways of obtaining the nanomaterials, and the main characteristics of the

modified membranes.
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2.3 - GO BENEFITS TO THE TI0O2-GO NANOCOMPOSITES AND THEIR
IMPACTS ON MEMBRANE PERFORMANCE

As previously described, the use of GO associated with TiO, improves the performance of the
semiconductor, and both increase the performance of the modified membranes. One of the first
study that described the association of these nanomaterials was that of Williams et al.
(WILLIAMS; SEGER; KAMT, 2008). The authors proposed a mechanism that proved to be
valid in other studies, in which the electrons generated by the UV irradiation of TiO» can
interact with the GO sheets, reducing some groups of its surface, and the remaining electrons
are relocated along the basal planes. Such electrons can react with adsorbed O; to form Oz~
radicals that can oxidize pollutant molecules in the medium. This effective charge transfer
between T10; and GO reduces the electron-hole recombination rate of the semiconductor and
increases the photocatalytic activity of TiO2 in the TiO>-GO composite. Another function of
the GO in the nanocomposite is to act as a sensitizer since the charge transfer from the GO to
TiO2, forming a p/n junction between the materials, and leaving a doped hole in the GO, has
already been confirmed (MORALES-TORRES et al., 2012). In such a way, the photocatalytic
activity can be amplified to visible light through the direct excitation of electrons from the GO
to the TiO2 conduction band. The GO band-gap depends on functional groups present in its
structure and the oxygen:carbon ratio (HASAN et al., 2017). Values that are close to 2.1-2.2
eV are reported in the literature, which corresponds to an activation at wavelengths around 550
to 560 nm, that is, in the visible light region of the electromagnetic spectrum (VELASCO-
SOTO et al., 2015). In the following paragraphs, studies describing membranes modified with
Ti02-GO in the treatment of pollutants are reported, emphasizing the gains in selectivity and

photocatalytic performance due to the presence of GO in the nanocomposite.

Zhang et al., (2021d) tested the efficiency of Polyacrylonitrile (PAN)/B-cyclodextrin (B-CD)
nanofiber membranes modified with TiO2-GO nanocomposites in removing methylene blue
(MB) and methyl orange (MO) dyes (10 mg L!). The modified membrane with the TiO2:GO
mass ratio 8:2 removed 93.52 + 1.83% and 90.92 + 1.52% of MB and MO, respectively, under
irradiation of natural light (noon on a sunny day) for 5 hours. MB removals of approximately
32%, 82%, 65%, and MO removals of approximately 30%, 75%, and 60% were achieved for
the membrane without modification, modified only with TiO2, and modified only with GO,

respectively. The authors observed that GO increased the photocatalytic activity of the
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nanocomposite; however, excessive doses reduced the absorption of light by TiO». The removal
by the membrane modified only with GO was attributed to its excellent ability to adsorb organic

components through electrostatic w-m interaction and hydrogen bonds.

Xu et al., (2016a) tested the photocatalytic properties of ultrafiltration PVDF membranes
modified with TiO>-GO nanocomposites to remove bovine serum albumin (BSA) (1 g L.
After 120 minutes of UV irradiation, removals of 8%, 46%, 53%, and 80% were achieved for
the membrane without modification, modified only with GO, modified only with TiO,, and
modified with TiO>-GO, respectively. The superior photocatalytic performance was attributed
to the integration of nanomaterials. In addition, the authors observed that the photodegradation
kinetics of the membrane modified with TiO2-GO was 108% faster than that modified only
with TiO2 and 153% faster than that modified only with GO. Still, in this study, it was verified
that the flux (operating pressure: 1 bar) of pure water (487.8 L m™ h'') remarkable increased by
the addition of the nanocomposite in comparison to the membrane without modification (157.1

L m? h'!), modified with TiO2 (302.4 L m? h™!) and GO (398.7 L m2 h'!).

(SURIANI et al., 2019) observed an increase in the performance of nanofiltration PVDF
membranes modified with TiO2-GO in the filtration of methylene blue dye (10 ppm) without
irradiation. Both the unmodified membrane and those modified only with GO and with the
Ti02-GO composite showed very similar rejection rates, equal to 92.79%, 92.81%, and 92.79%,
respectively. However, the permeate flux (operating pressure: 2 bar) of the membrane increased
from 1,146 L m™ h!, in the case of the unmodified membrane to 4,476 L m™ h™! in the case of
the modified one only with GO, and 7,770 L m h'! for the one modified with TiO,-GO. In

such a way, the permeability-selectivity trade-off is resolved.

24 - MAIN POLYMERIC MATERIALS FOR TIO2-GO
NANOCOMPOSITE MEMBRANES

Different polymeric materials have been used in the preparation of membranes modified with
Ti02-GO nanocomposites, as well as different routes of modification. Polymers such as
polyamide, PVDF, PSF, PES, nylon, poly (4-styrenesulfonic acid) (PSSA), polyvinyl alcohol
(PVA), PVC, CA, Nafion, polyetherimide, TAC are reported in the literature. Table A.l
(Appendix) shows some studies of different polymeric materials used in membranes modified

with TiO2-GO nanocomposites.
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As shown in Table A.1, most of the membranes modified with TiO2-GO nanocomposites are
flat sheets used in plate and frame configuration. Further studies of modifications should be
carried out also in spiral and hollow fiber configurations since these configurations present a
greater packaging factor than flat (BAKER, 2004), and from an economic point of view, they

are more attractive to the treatment processes.

Most studies report the modification of polysulfone membranes because they are widely used
in water and wastewater treatment due to their high thermal stability and good mechanical
resistance. However, this material is prone to fouling and has a low permeate flux, as it is
nonpolar (NGUYEN et al., 2019). Therefore, modifications with TiO2-GO aim to increase the
permeability with the maintenance of high rejection of contaminants. Some studies report
membranes with photocatalytic capacity (GAO et al., 2013; SUNDARAN et al., 2020;
TAGHIZADEH; KEBRIA; QADERI, 2019), and others aim to increase hydrophilicity by
incorporating nanocomposites regarding this polymer (HOSSEINI et al., 2017; SIRINUPONG
et al., 2018). Some studies promote the modification by physically contacting with the
membrane surface (DIOGO JANUARIO et al., 2020; SEHATI et al., 2015) and others by
blending the polymeric solutions (BAIG et al., 2019; CORREA et al., 2017).

Another polymer widely used in the modified membranes is polyamide, owing to its wide usage
in RO and NF membranes. Usually, these membranes are composed of a thin film, and the
selective layer has high salt rejection; however, the permeate flux is low, requiring the use of
higher pressures to promote permeation. The addition of nanocomposites to these membranes
has the main purpose of increasing the hydrophilicity of the material and, consequently, the
permeate flux. Another aim is to increase the resistance to chlorine, and to reduce bio-fouling
through the biocidal potential of TiO2-GO. For these membranes, most of the studies describes
the interfacial polymerization as the most common obtaining method, in which the

nanocomposites are mixed with the casting solutions [69].

Abadikhah et al., (2019b) modified TFC polyamide membranes with amino-functionalized
Ti0,-GO using interfacial polymerization. Functionalization was performed to increase the
compatibility of the composite with the polyamide. The authors point out that high doses of
nanocomposites in this modification can negatively affect the movement of monomers through

interfacial polymerization and limit successful polymer formation. Therefore, although higher
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doses of nanocomposites increase hydrophilicity and flux, attention must be paid to the

membrane's rejection capacity.

2.5 — Design and fabrication of TiO2-GO nanocomposite membranes

The usual methods for nanocomposite membranes fabrication are blending, surface coating,

and filtration.

2.5.1 Blending

The technique for preparing nanocomposite membranes using blending consists of mixing the
Ti02-GO nanocomposites to a polymeric matrix in an organic solvent. The solution is solidified
by phase separation which can occur by diffusion induced, temperature induced or solvent
evaporation (SALEH; GUPTA, 2016). The main advantage of the blending of TiO>-GO in the
polymeric matrix of the membrane is the reduction in leaching of the catalyst (MERICQ et al.,
2015). Besides, a more uniform dispersion of particles along the transverse and vertical
directions of the membrane is reported. In this way, the obtained membrane efficiency increases
by intensifying the contact of the materials with the feed water. Greater adherence of materials
to the polymer matrix is compared to other preparation techniques also reported. Additionally,
it is possible to increase permeability up to certain concentrations by the formation of pores
close to the nanocomposites. However, under high concentrations, the probability of formation
of agglomerates increases, which will generate a larger number of larger pores, reducing the
membrane rejection efficiency. Wang et al., (2017b) obtained nanofiltration membranes
modified with TiO>-GO through blending. The modified membranes showed a doubled
permeate flux compared to the pristine membrane in using a 0.2% of TiO2-GO. When using the
0.3% ratio, the permeability was reduced compared to the pristine specimen, showing increased
resistance to transport due to high doses. It is noteworthy to mention that blending with TiO»-
GO differs from blending with only GO. With only GO, the material sheets can compact
themselves in a lamellar manner to cause pore blockage leading to an overall reduced

permeability.
2.5.2 Surface coating

In the preparation of nanocomposite membranes using surface coating, nanomaterials are
deposited on the surface of a synthesized membrane. The process can take place through simple

contact of the materials with the membrane surface, called self-assembly (Fig. 5-a), or through
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the use of adhesion agents called cross-linkers (Fig. 5-b). In the case of self-assembly, there
must be interactions between the functional groups of the membranes and the nanomaterials.
When using cross-linkers, they act as “glue” between the structures. Usually, the materials are
placed in contact with the membrane surface for a while and, afterward, the non-adherent
residue is removed. This technique faces the problem of loss of active material, especially for
cases of cross-flow filtration, because the adhesion process can be weak. However, the

operational simplicity for preparing the modified membranes is an important advantage.

), S )

Time of contact Excess removal Modified membrane

BB

Nanocomposites suspension

b) = B
" Nanocomposites |
& suspension Il )
/Lm ey (Y =)

Time of contact Excess removal Time of contact Excess removal Modified membrane

Crosslinker

Figure 5 - Surface coating nanocomposite membrane fabrication (a) self-assembly (b) cross-
linker aid.

Gao et al. (GAO; HU; MI, 2014b) promoted the modification of commercial polysulfone UF
membranes with TiO2-GO through a variation of the self-assembly method called layer-by-
layer. A TiO> suspension was placed in contact with the membrane and stirred on its surface
for 3 hours. Subsequently, GO solution was poured onto the membrane surface and it was
soaked with 95% ethanol and irradiated by UV light to form strong bonds between TiO> and
GO. The authors attributed the adhesion of TiO> to the membrane surface to the Ti-O bond
formed between the Ti** and hydroxyl of the oxide and the sulfonic groups of the membrane,
and between TiO> and GO through hydrogen bonding between Ti™ and carboxylic groups in
GO. The modified membrane was able to degrade approximately 70% of the methylene blue
dye (50 mg L") after 5 hours of solar irradiation. The authors attributed the performance to the
association of materials that reduces the band-gap and its activation by solar energy. Figure 6
represents the self-assembly (a) and layer-by-layer (b) mechanisms of TiO2-GO on the surfaces

of polysulfone membranes.
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Figure 6 - a) Scheme of the self-assembly mechanism of TiO,-GO nanocomposites on the
surface of polysulfone membranes; adapted from Gao; Hu; Mi, (2014b) with copyright
permission. b) Scheme of the layer-by-layer mechanism.

In the surface coating, the assistance of binding agents as an alternative for greater adherence
of nanocomposites to the surface of membranes are reported. Zhang et al., (2017) modified
TFC polyamide membranes with TiO> with the aid of polydopamine. Anti-fouling behavior
was observed by filtration tests of bovine serum albumin (BSA) (0.5 g L™!). The flux with the
modified membrane remained constant, while the flux of the unmodified membrane declined
by 25% both after 8 hours of operation. The tests were performed in the absence of irradiation.
The authors attributed the results to the greater hydrophilicity of the surface by modification
with the oxide. Zhang et al., (2013) modified the surface of polyamide TFC membranes with
Ti0,. Self-assembly modification was compared to surface coating with the assistance of
dopamine. To assess the bond strength, the membranes modified by both methods were washed,
and subsequently dried with a tissue. SEM analyzes showed adhesion and coverage of the
membrane surface with TiO; even after washing, while most of the particles had been removed
from the modified self-assembly membrane. The authors justify the greater strength of
adherence to dopamine, which can polymerize in basic media and connect the materials by

long-lasting bonds.
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2.5.3 Filtration

The filtration technique consists of filtering the nanocomposites towards the membrane
(SALEH; GUPTA, 2016). The nanomaterials enter the pores of the membrane and are bound
using connections between the functional groups of the membranes and graphene oxide and

titanium dioxide. Under dead-end filtration, GO sheets tend to settle on a lamellar structure.

Gao et al., (2013) modified commercial cellulose acetate MF membranes with TiO2-GO
microspheres. A suspension (2g L") of TiO»-GO was filtered in a dead-end cell pressurized by
nitrogen gas. The authors tested the membranes for the degradation of rhodamine B and Acid
Orange 7 (AO7). The modified membranes completely removed the dyes in 30 and 20 minutes
of UV light irradiation, respectively. The unmodified membrane removed around 40% of the
dyes in the same operation times. Also, the steady-state permeate flux in the humic acid (HA)
filtration (200 mg L!) was 9 times higher in the modified membranes than those without
modification. Pastrana-Martinez ef al., (2015) modified mixed cellulose ester membranes (0.45
um pore size) with TiO2-GO (2 g L) by means of vacuum filtration of the material suspension.
A subsequent drying with N> flux was executed for 10 minutes. The modified membranes were
used to remove the pharmaceutical compound diphenhydramine (DP) and the organic dye
methyl orange (MO). The modified membrane removed 28% of DP under visible irradiation
and 73% under close UV-Vis, while the membrane without modification was unable to remove

the compound.

Diogo Januario et al., (2020) modified PES MF membranes by filtering individual solutions of
TiO; and GO in sequence in a dead-end cell. The solutions' pH was adjusted to ensure a
positively charged TiO: surface (pH adjusted to 2 with nitric acid), and a negatively charged
GO surface (pH adjusted to 10 with sodium hydroxide). Before the filtration of the nanomaterial
solutions, a sulfuric acid solution (10 % wt) was filtered through the membrane to induce its

surface to be negatively charged and favor the interaction with the materials applied thereafter

(Fig. 7).
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Figure 7 - Interactions between the membrane surface and TiO,-GO nanocomposites.
Adopted from Diogo Januario et al., (2020) with copyright permission.

Although the procedure just described is rather simple, the interactions between the materials
can be weak, and the nanocomposites can detach afterwards, generating secondary pollution.
Future studies should focus on these modifications of membranes by analyzing their stability

under extended periods of operation. Only few studies addressed this type of evaluation so far.

Modifying membranes with nanocomposites other than TiO>-GO can be performed by
techniques different than those mentioned above (QING et al., 2020). For example, in inorganic
membranes, chemical vapor deposition (CVD) or sol-gel are also used (LI et al., 2021).
However, the need to use higher temperatures or calcination steps limits the use in polymeric

membranes.

Although blending, surface coating, and filtration techniques are the most used in modifying
polymeric membranes with TiO,-GO nanocomposites, other variations of less common
techniques are reported in some studies (MARINHO; DACHAMIR, 2021; NASEEM et al.,
2018). Electrospinning and electrospraying are examples into the blending category. In the first
technique, the polymeric solution with the nanocomposites is transferred to a vessel in which,

under an electric field, the compound is injected into a conical tip to obtain a fiber membrane.
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Electrospraying is also reported as a coating technique by applying a high electrical potential
to atomize a solution by forcing it through a metallic capillary. The potential generates shear
stress with the formation of a fine dispersion (KORZHOVA et al., 2020). Chen et al., (2018)
obtained polyamide and GO nanofiltration membranes with intercalated TiO, nanoparticles
through electrospinning and electrospraying. The nanofiltration membranes with TiO2-GO
presented pure water flux greater than 13.77 L m™ h! bar! at low pressure (1 bar). This water
flux value was approximately 80% greater than the membrane modified with GO alone. High
rejections of organic dyes (>92% for MB and 99% for MO) were also achieved by the
membranes with the nanocomposite. The use of intercalated TiO> nanoparticles increased
membrane flux while maintaining high rejection capacity. Almeida et al., (2016) also obtained
membranes with nanocomposites through electrospinning. Poly(vinylidene difluoride-co-
trifluoroethylene) (P(VDF-TrFE)) was used to obtain fibrous membranes. The modified
membranes reached approximately 100% MB degradation after 90 minutes of exposure to

visible light.

Figure 8 shows the benefits and drawbacks of each fabrication technique.

Design and

Blending fabrication of Filtration
photocatalytic
membranes

Advantages |Disadvantages

Advantages| Disadvantages

* Reduction in the catalyst . Reduced accessibility of the + Possibility of increased |+ Low mechanical stability
leaching embedded catalysts selectivity by filling | * Not applicable for

* Uniform dispersionof | « Lower rejection at higher membrane surface coating dense substrate.
particles in the membrane concentration irregularities
*+ Greater adherence of | « possibility to compromise * Better performance in
materials to the polymer the original membrane fouling mitigation
matrix properties and Surface * Facile and straightforward
* Permeability increase in up functionalities coating operation

to certain concentrations
* Greater stability
Advantages | Disadvantages
+ Operational simplicity |* Loss of active material
= Possibility of increased | * Although simple, the

selectivity by filling operation can be manual,
membrane surface extensive and tedious
irregularities | * The use of cross-linkers in
+ Better performance in porous materials can block
fouling mitigation some pores on the surface

Figure 8 - Benefits and drawbacks of each nanocomposite membrane fabrication technique.

Blending can lead to the formation of pores close to the particles and reduce the rejection by
the membranes, whereas filtration and surface coating can fill irregularities in the surface of the

membranes and reduce the size of the pores by increasing selectivity.
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From the perspective of stability, blending-modified membranes are more advantageous.
However, when it comes to the interaction of nanoparticles with the solutes that cause fouling,
surface coating and filtration techniques generate greater exposure of these materials and better

performance in fouling mitigating.

Although with some promising results, there is a lack of information about the continuous
operation of these membranes and about the catalyst lifetime including analysis of a possible
detachment of the catalyst. In addition, the toxicity of the permeate has to be evaluated in order
to assess the safety of using nanomaterials in the modifications. The stability of nanocomposites
and membrane structures separately, as well as the stability of nanocomposites and membranes
in combination, should be assessed. A major bottleneck of photocatalytic membranes is the
irradiation under the surface of the membranes, which can damage the polymeric structure. The
loss of nanomaterials and damage to the structure of the membranes can cause a deterioration
of the permeate, secondary pollution, and a reduction of the performance of the treatment
system. Detailed assessments in this regard should be carried out in future studies. Further
research also needs to study the impact of the formed radicals on the surface of the membranes.
Another significant aspect is the cleaning procedure for these membranes, since depending on
the modification technique used and cleaning approach applied (backwashing, physical or

chemical cleaning), severe changes to the surface modification might appear.

Most studies with different modification techniques use dead-end systems and it is known that
the cross-flow system is the most widely used in industrial applications. The assessment of
stability in such systems is a gap that needs to be better clarified, with a view to the use of such

membranes at full-scale.

2.6 - TIO2-GO MEMBRANES CHARACTERIZATION TECHNIQUES

In the area of membrane synthesis and modification, characterization techniques play a crucial
role. Commonly, modified and unmodified membranes are characterized, and differences in
results are evaluated. Several techniques are more common for the characterization of
membranes modified with TiO-GO nanocomposites being described in the following

paragraphs with their respective purposes.

Scanning electron microscopy (SEM) and SEM coupled with elemental analysis by Energy

Dispersive X-Ray Analysis (EDX) are the most widely reported characterization techniques in
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the studies. Using SEM, the morphologies of the surfaces of the membranes are evaluated
before and after modification. On some occasions, the membrane surfaces are also assessed
after filtration/degradation tests, and the results are compared between the neat and modified
membranes. The study of morphology provides indications of the presence of nanocomposites
and their distribution on the surface of the membranes. The cross-sectional morphology analysis
also helps verify the thickness of the modifying layer in the case of surface modification
techniques. The membrane is immersed in liquid nitrogen and fractured for cross-section

analysis.

Atomic force microscopy (AFM) is widely used to verify changes in the roughness and
topography of the membrane surface after modification. The images generated by the technique
show darker regions representing valleys and pores, and lighter regions that are the highest
points on the surface of the membranes. The importance of the technique is associated with the
impact of roughness on the anti-fouling behavior of the membranes. In general, the membrane
roughness decreases leading to a decrease in fouling, as foulants are less likely to be adsorbed
on smoother surfaces. There is no uniqueness in the results regarding the change in roughness
by the addition of TiO2-GO nanocomposites. Some studies report an increase in roughness by
its addition (WU et al., 2019b) and others a decrease (XU et al., 2018b). It is worth mentioning
that the modification technique employed and the nanocomposite dosage used are preponderant

factors in this result.

The contact angle is another technique widely used in the characterizations because it results in
the wettability and consequent hydrophilicity of the membrane surface. The membrane is
considered hydrophobic if a water drop does not spread over its surface, and the angle between
the membrane and the drop is close to 90 °. In contrast, hydrophilic membranes have a much
lower angle. This parameter is important concerning the anti-fouling capacity of the modified
membranes, as a hydration layer is formed on the surface of hydrophilic membranes during the
filtration process that reduces the deposition of fouling agents. The addition of TiO>-GO
nanocomposites increases membrane hydrophilicity due to the oxygenated functional groups of

TiOz and GO.

Generally attenuated total reflectance - Fourier transform infrared spectroscopy is used (ATR-
FTIR) to check for the presence of new functional groups in the modified membranes and

analyze the connections involved between polymers and nanocomposites. Similar to FTIR, X-
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ray photoelectron spectroscopy (XPS) is used to check the chemical composition of the
material's surface. Besides checking the elements present on the membrane surface, the XPS

also indicates the electronic state of the elements.

Analyzes are also carried out to check the average pore size of the membrane, usually using
molecular weight cut-off (MWCO) measurements by filtering aqueous solutions of compounds
of different molecular weights. Porosity is usually measured using the dry-wet method, where
the dry and wet membrane weights are measured and compared. Thermogravimetric analysis
(TGA) are also reported to verify the alteration of the structural characteristics of the membrane
after modification, such as its thermal stability. Such an analysis is especially important for
membranes developed for the treatment of high-temperature currents. The mass of the
composites in the modified membranes can also be measured by the TGA analysis. The zeta
potential of the membranes is measured by a streaming potential analyzer. The antibacterial
properties of the modified membranes are assessed using Escherichia coli bacteria. The
membranes are immersed in a solution with bacteria, and after a specific contact time, alive and

dead bacteria are counted with the aid of microscopy and a bacterial viability kit.

Analyzes of nanocomposites are also usually employed, for example, UV/Vis diffuse
reflectance measures to assess the band-gap only for TiO,, only for GO and associated materials
in the form of TiO2-GO nanocomposite. Transmission electron microscopy (TEM) analyses are
done to evaluate the size of the nanoparticles, most commonly those of TiO;, and X-ray
diffraction (XRD) analyzes inform about the crystallinity of the materials as well as provids the
average crystallite size. Table 3 shows the most common benefits and disadvantages of the
modifications detected by the characterization techniques.

Table 3 - Usual characterization techniques for modified membranes with TiO.-GO
nanocomposites.

Characterization

. Gains Losses
technique

Ti0,-GO nanocomposites increases
finger-like pores. The hydrophilic nature
of nanocomposites increases the
exchange of solvent and non-solvent
The presence of GO reduces the during phase separation in the blending
agglomeration of TiO, nanoparticles. technique, forming larger pore channels
in the underlying layer of the membrane.
In the case of surface modification
techniques, GO provides wrinkled
surface morphology.

Scanning Electron
Microscopy (SEM)
and Energy
Dispersive X-Ray
Analysis (EDX)
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Characterization
technique

Gains

Losses

Atomic Force
Microscopy (AFM)

Contact angle

Fourier-transform
Infrared
Spectroscopy (FTIR)

X-ray Photoelectron
Spectroscopy (XPS)

Average pore size
and porosity

UV/Vis diffuse
reflectance

The use of nanocomposites leads to a
reduction in the roughness of the
membranes, especially in blending
techniques up to specific concentrations.

Modification with TiO»-GO
nanocomposites increases the
hydrophilicity of the polymeric
membranes.

Detection of characteristic bands of
functional groups belonging to
nanocomposites with proof of

functionalization.

Identification of modification of the
surface of the membranes by the
presence of elements of the
nanocomposites. Connection
confirmation between TiO, and GO and
between the nanocomposite and the
polymeric membrane surface.

The use of nanocomposites decreases
average pore size and porosity,
especially in surface modification
techniques.

The use of GO reduces the TiO; band-
gap in the nanocomposites.

The use of nanocomposites leads to
increased roughness in high
concentrations, especially in surface
modification techniques.

High doses of nanocomposites increase
average pore size and porosity,
especially in blending modification
techniques.

2.7 — Impacts of the TiO2-GO loading in the membrane performance

The dosage of nanocomposites used in the modification of the membranes is a determining

factor in the features and performances obtained. In the case of photocatalytic membranes, a

higher dosage of catalyst will generate a greater number of active sites available for the

formation of radicals which are able to attack pollutants and, consequently, to reduce fouling.

However, there is an optimum value that improves performance, above which efficiency

decreases again. An excess of catalysts can promote their aggregation, and as a result, part of
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the nanoparticles surfaces becomes unavailable. Unlike membrane photocatalytic reactors with
suspended catalysts followed by membrane units, the high concentration of catalysts does not
reduce the penetration of light into the system, in the case of photocatalytic membranes. It is
worth mentioning that the disposition of nanocomposites in surface modification techniques
generates more efficient membranes from a photodegradation point of view owing to the direct
contact of the catalysts with the compounds to be degraded in the feed. In modification
techniques such as blending, pores are generated in the vicinity of nanoparticles and a high dose
of nanocomposites can promote the formation of macropores, which, while increasing

permeability, may reduce the selectivity of modified membranes.

Tran et al., (2020b) modified PVDF membranes with different proportions of TiO; in the TiO»-
GO composite. For TiO> percentages up to 50% wt in the composite, SEM micrographs showed
that the surface of the membranes resembled the deposited sheets. While above 75% wit,
agglomerations, and clusters of TiO> particles are observed. Tests of degradation of phenol and
m-nitrophenol using the modified membranes were performed under UV irradiation. 70% and
44% removal of phenol and m-nitrophenol was obtained, respectively, with the membrane
modified with 25% wt TiO; in the composite, while 78% and 48% for the membrane modified
with 50% wt TiO;. This increase in the percentage of removal was attributed to the increase in
the number of active sites, which increases the generation of radicals for the degradation of
organic compounds. However, by increasing the concentration to 75% wt of TiO., the removal
reduced to 74% and 48%, of phenol and m-nitrophenol, respectively. The drop in the efficiency
was explained with the agglomeration of nanoparticles under high dosages, with a consequent
decrease in specific surface area and reduction in photocatalytic activity. Therefore, the GO
avoids the agglomeration of the nanoparticles and there is an optimum dosage point of TiO> to

intensify the photodegradation.

Zhu et al., (2020a) evaluated the performance of polysulfone UF membranes modified with
different amounts of TiO2 and GO. The authors noted an increase in permeability with an
increase in the concentration of TiO2 and GO. However, in terms of rejection of dyes (Chrome
Black T, Brilhante Blue, and Congo red), the rejection percentages decreased with increasing
concentrations of TiO, and GO above 0.125 mg L™ and 125 mg L™}, respectively. The increase
in permeability was attributed to the increase in the hydrophilicity of the membranes, confirmed
by the reduction of the contact angle. Besides, the space between the GO leaves was increased

by the addition of TiO, nanoparticles, with a consequent reduction in resistance to water
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movement. Simonsen et al., (2020) argue that a higher load of TiO; increases the amount of
OH groups on the membrane surface, thus the surface energy is enhanced and the contact angle

is reduced.

Ngo et al.,, (2020) modified polyamide membranes through TiO»-GO nanocomposite
suspension filtration. A fixed concentration of TiO> (35 mg L) was established for
modification and different concentrations of GO were used (0.30 mg L™ to 9.33 mg L!). The
Ti02:GO mass ratio varied from 117:1 to 3.75:1. An increase in the permeabilities of the
modified membranes were observed with the increase in the dosage of GO. The authors justified
this behavior by the membrane hydrophilicity increase caused by adding higher dosage of
hydrophilic groups of GO to the coating. However, the permeability reached a maximum value
in the modification with 4 mg L'!. Above this concentration, the permeability was reduced due
to the increase in resistance owing to the large number of particles deposited on the surface

blocking the pores.

Future studies should be carried out to evaluate the maximum concentration of nanocomposites
that increases the performance of the membranes under given conditions while not been leached
during operation. The optimal TiO2:GO mass ratio that cooperates for membrane stability

should be better evaluated.

2.8 — Fouling control in TiO2-GO nanocomposite membranes

The modifications of polymeric membranes with TiO>-GO aim mainly at reducing fouling
propensities and improving the membrane performance by means of permeability enhancement
with the maintenance of elevated removal efficiency of contaminants. These nanocomposites
reduce the spaces where contaminants could penetrate through the membranes. Also, the
nanometric dimensions give them excellent properties owing to the high surface area per
volume (LAMBERT et al., 2009; QU et al., 2013). Thus, they are interesting for photocatalysis
or increased hydrophilicity. When it comes to the reduction of fouling in modified membranes,
this can be due to the degradation of foulants in the feed by photocatalysis, the antibacterial

properties of the nanocomposites, or the increased hydrophilicity of the membranes.

2.8.1 Degradation of fouling compounds by photocatalysis

Zhul et al., (2017) modified cellulose membranes (0.45 um) with TiO2-GO composites. They

observed that membranes modified only with GO have a greater capacity for adsorption of the
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methylene blue dye (10 mg L) than those modified only with TiO,. Therefore, the
modification of the membranes with TiO2-GO composites favors the interaction of pollutants
with the TiO,, which increases the photocatalysis. By performing the dye filtration with and
without UV light irradiation, the authors observed a stable flux in the absence of irradiation at
around 2.5 L m™ h'! and a sharp drop, while under irradiation, the flux stabilized around 7.5 L
m™ hl. Besides, the removal of the dye without irradiation was around 72%, while under
irradiation the removals were above 90%. Moreover, the authors observed that the flux
recovered to 96% after 100 minutes of dye filtration in pure water, which indicates that the
photocatalysis improved membrane performance by reducing fouling and there is a potential

for application in wastewater treatment.

Yan et al., (2019) modified PAN membranes with Ti02-GO and observed a removal of 58.8%
of methylene blue dye after 200 minutes of UV irradiation. The unmodified membrane and the
modified one without irradiation were unable to remove the dye. Removal was only possible
by photocatalysis. The modified membranes showed a recovery of 54% of the flux in water
permeation after dye permeation. In contrast, the recovery of the membrane without

modification with the nanocomposite was only 30%.

2.8.2 Antibacterial properties

Fouling caused by microorganisms is called biofouling. The biofouling arises by the adhesion
of microbial cells to the surface of the membranes, inducing the formation of a biofilm layer
that hinders the operational performance by a critical decrease in the flux. These microbial cell
generate extracellular polymeric substances (EPS) that accentuate the process and, among the
types of fouling, this is one of the most severe (PICHARDO-ROMERO et al., 2020). The
phenomenon is especially important in membranes used in bioreactors and desalination
processes. The modification of membranes with TiO,-GO nanocomposites attracts great

attention of the scientific community due to the anti-bacterial properties of both materials.

When irradiated, TiO> promotes the formation of reactive radical species capable of promoting
the death of microorganisms through a lipid peroxidation reaction (VATANPOUR et al., 2012).
GO, in addition to having anti-adhesive properties, which reduces the deposition of
microorganisms, also promotes the rupture of the bacterial cell membrane, owing to its sharp

edges (AKHAVAN; GHADERYI, 2010; LIU et al., 2011).
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Zhu et al., (2020b) proved the antibacterial capacity of membranes modified with TiO>-GO
testing E. coli colonies survival under the membrane surface. The numbers of alive and dead
bacteria cells were counted at the beginning of the process and after 6 hours of contact with the
membranes. The unmodified membrane showed a 19.7% reduction in the number of living
bacteria, whereas the modified membrane showed an 87.8% reduction. The antimicrobial
activity of PES membranes modified with TiO»-GO was also tested by Jiang et al., (2015). An
E. coli dispersion was placed in contact with the membrane surface without modification and
modified with the nanocomposite for 2 hours. Only 3% of viable E. coli bacteria remained on
the modified membrane surface, while nearly 100% remained on the pristine membrane. Kim
et al., (2014) reported the complete sterilization in a film on TiO>-GO membranes after 15

minutes of test.

2.8.3 Increased hydrophilicity of membranes

The hydrophobicity of most polymeric membranes is one of the main factors that cause fouling.
Organic molecules, which make up most of the effluents, adsorb on the surface of the
membranes and reduce the permeate flux, as well as increase the operating pressure and
operating costs (KOULIVAND et al., 2020; LEE; KIM, 2014). Changing the hydrophobic
feature of membranes to hydrophilic can be achieved by the addition of nanocomposites with a
large number of oxygenated groups, as it is the case with TiO»-GO. The increase in

hydrophilicity, through modification, therefore promotes the mitigation of fouling (Fig. 9).
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Figure 9 - Surface hydrophilicity of the membranes modified with TiO,-GO.Adapted from
Nasrollahi et al. and Jhaveri & Murthy (JHAVERI; MURTHY, 2016a; NASROLLAHI et al.,
2021) with copyright permission.

Kumar et al., (2016) observed an increase in the water uptake of polysulfone membranes
modified with TiO2-GO as the load of composite used in the modification increased. The
maximum value (70.3%) was reached in the modification using 5% wt TiO2-GO. For the

membrane without modification, this value was just 41.2%. This increase in the water-binding
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in the membranes is due to the increase in the hydrophilicity of the structure by the presence of
the groups like -COOH, -OH, and Ti-OH of TiO2-GO. The contact angle of the membrane
modified with 5% wt was equal to 50° and that of unmodified equal to approximately 75°. The
water flux increased from 105.3 L m? h! for the case of the membrane without modification to
135.2 L m™ h'! with the addition of 0.2% wt of TiO>-GO. Above this percentage, the permeate
flux reduced owing to the low porosity of the membranes with a higher load of nanocomposites.
Fouling tests showed a considerable reduction in the amount of HA adsorbed on the surface of
the modified membranes (15 ug cm™) compared to those without modification (45 ug cm) and
a 93% flux recovery, while in the unmodified one the value was 73%. The presence of a
hydrated layer on the membrane surface was responsible for reducing the amount of HA
adsorbed and, accordingly, the fouling was reduced. (MORALES-TORRES et al.,
2016)Morales-Torres et al., (2016) obtained similar results in reducing the contact angle of

PSF-PVP membranes from 77° to 61° after modification with TiO»>-GO.

2.9 — TiO2-GO nanocomposite membranes applications

Membranes modified with TiO>-GO nanocomposites are very promising for the treatment of
wastewater effluents as reported in different studies, in which they have been tested in the recent
years in different matrices (LIU et al., 2021; WANG et al., [s.d.]; ZHANG et al., 2021d).
Contaminants of emerging concern (i.e., drugs, hormones and herbicides), salts, acids, dyes and
hydrocarbons are examples of these matrices. Although promising, such membranes are still
mainly tested on laboratory and bench scales, and some details should be better clarified for
their implementation on a large, industrial scale. Applications of TiO,-GO nanocomposite

membranes are summarized in Table 4.
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Although many applications of TiO2-GO nanocomposite modified membranes are being tested,
most of the treated matrices are dyes, salts, or synthetic effluents of isolated molecules. The
understanding of the operation of such membranes in the treatment of complex matrices, such

as real wastewater, is still a gap that needs to be better elucidated.

2.10 - CONCLUSIONS AND PERSPECTIVES

The association of membranes with TiO2-GO nanocomposites is a promising way in obtaining
membranes with better performances. Nanocomposites increase the hydrophilicity of polymeric
membranes due to their oxygenated functional groups, consequently increasing the permeate
flux and reducing the deposition of organic fouling. Membranes with antimicrobial behavior
are obtained by adding nanocomposites. Biofouling is mitigated, and process performance is
improved. Photocatalytic activity of the membranes is obtained through modification with the
nanocomposites, promoting pollutants attack and organic fouling reduction. Also, the
photoactivity of the catalysts allows the removal of organic compounds from effluents such as

contaminants of emerging concern.

Different modification techniques have been used. Although nanomaterials are more evenly
distributed over the membrane in the blending technique producing more stable membranes,
they have less contact with the contaminants. Surface coating and filtration techniques are
simpler and promote greater nanomaterials exposure to contaminants; nevertheless, more
unstable membranes are obtained. The load of nanomaterials influences the performance of the
membranes, and a higher load promotes greater hydrophilicity and greater photocatalytic
activity. But high doses can promote the agglomeration of nanomaterials, causing the formation

of macropores and efficiency reduction.

The effects of irradiation on the surface of modified membranes should be addressed in future
studies. Although one of the main goals of GO associated with TiO> is the activation of the
catalyst under visible light, most studies still conduct tests with UV irradiation, which can
compromise the polymeric structure of membranes and, consequently, their lifespan, limiting
scale-up. In this regard, the electronic transfer mechanism between GO and TiO> needs to be
better evaluated, and the best proportions of materials defined for the optimum performance. It
is also necessary to investigate the mitigation of the deposition of inorganic fouling, such as

salts, on the surfaces of modified membranes, since the depositions can reduce the permeation
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area and the efficiency of the nanocomposites. It is also worth noting that, as this is a hybrid

process, the residence times of photocatalysis and membrane separation must be well adjusted.

The technology has the potential to treat complex effluents and ensures highly robust
membranes. However, some gaps still need further attention for its application on an industrial
scale. Most studies are on a bench scale and focus on the degradation of synthetic matrices and
dyes. Further studies should consider the treatment of real matrices, such as industrial and
municipal wastewater effluents. Besides, the stability of modified membranes over a practice-
relevant period of operation (months, years) is not yet investigated. The estimated lifespan is
not known, and this is a critical point that needs to be further clarified. Fouling mitigation
strategies should be better evaluated that do not compromise the integrity of the membrane,
e.g., what are the effects of backwashing and cleaning on the loss of the catalyst? Studies for
establishing cleaning protocols should be carried out, evaluating the effects of chlorinated,
acidic, and alkaline solutions and which concentrations are best suited to each membrane. The
effluent pH and temperature effects on the performance and integrity of the membranes also
need to be analyzed. TiO-GO based membranes are a promising technology for water
purification, but still many challenges need to be addressed in the future to make that

technology ready for prime time.

Programa de Pds-graduagcdo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



79

CHAPTER 3

Converting recycled membranes into
photocatalytic membranes using greener Ti0O»-
Graphene oxide nanomaterials
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3.1 INTRODUCTION

Membrane separation processes are widespread technologies effectively applied to water and
wastewater treatment (HUANG; SHANG:; LI, 2021; JOHARI et al., 2021; NIKBAKHT FINI
etal.,2021; ZHANG et al., 2021b). Given their robustness, ease of operation, and modularity,
MSPs were also considered in decentralized treatment approaches for water supply, solving
different challenges related to water quality and quantity especially in developing and transition

countries (CAPODAGLIO et al., 2017; PETER-VARBANETS et al., 2009).

Despite their use and advantages, proper fouling control is a key for achieving a stable
performance of most pressure driven membranes. The phenomenon contributes to a decline in
flux and physicochemical quality of the permeate. To maintain permeate flux in fouled
membranes, higher operating pressures are required, potentially promoting irreversible damage

to the membrane, which in turn may require its replacement.

Most membrane modules operate for 2-5 years (DE PAULA; AMARAL, 2017,
ZONDERVAN; ROFFEL, 2007) until their replacement. Passed that period, in developing
countries membranes are generally discarded in landfills as a secondary pollution source. Grossi
et al., (2021) estimated that 900 tons of reverse osmosis (RO) elements waste were generated
in Brazil from 2016 — 2019, and predicted that the amount of waste produced would increase
to 1,800 tons by 2024. Furthermore, the worldwide amount of RO membranes annually
disposed in landfills reached 16.5 tons (equivalent to 37.1 m?) in 2018 (MORADI et al., 2019).
The increased value is directly associated with the growth of membrane market shares in water
and wastewater treatment systems. For example, the global desalination capacity increased
from 66.4 million m*/day in 2012 to 99.7 million m?/day by 2018, and in 2016 RO technology
accounts for 65% of the globally installed desalination capacity (MITO ef al., 2019). A direct
response to the increased demand would be the increase in membrane manufacture, however,
that is intrinsically correlated with several environmental impacts (YADAV et al., 2021).
Yadav et al., (2021) suggested that replacing fossil-based polymers with bio-based alternatives
could reduce the environmental impacts by 35% associated with membranes manufacturing.

Furthermore, another approach would be the use of recycled membranes.

De Paula & Amaral, (2017) recommended the conversion of end-of-life reverse osmosis (RO)
membrane into ultrafiltration-like membranes through chemical oxidation. Rather than being

disposed, end-of-life RO could be recycled by a low-cost oxidative treatment producing a
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porous membrane with properties similar to ultrafiltration membranes. Besides the
environmental gains, the recycled membranes had also lower acquisition costs (for instance the
average costs of commercial membranes are 25.13 US$/m?, of recycled membranes 0.22
US$/m? (COUTINHO DE PAULA; SANTOS AMARAL, 2018)), representing additional
benefits to their use. Moreira et al., (2021) recently investigated the use of recycled RO
membranes for water treatment which apart from the effectiveness in terms of pollutants
removal, reported a flux decay greater than 40% due to fouling. To address this issue, recycled

RO membranes could be modified by nanocomposites.

Among the materials available for membrane modifications, titanium dioxide (TiO2) has a
superior performance to alleviate fouling and improves membrane rejection efficiency
(AYYARU; AHN, 2018; LI et al, 2019a). The material also exhibit photocatalytic
characteristics, which would be interesting when considering the removal of chemicals of
emerging concern, such as pharmaceutically active compounds (PhACs), increasingly recurrent
in aqueous matrices (REIS et al, 2019; SANTOS et al., 2020b). Despite the promising
performance of TiO> modified membranes shown in recent literature, their performance can be
further improved when other nanomaterials, such as graphene oxide (GO), are incorporated,

too.

The use of GO associated with TiO2 aims to increase the performance and reduce certain
limitations of the semiconductor such as its quickly electron-hole recombination rate and
narrow photoabsorption spectrum (ZHANG et al., 2021¢). In turn, the nanocomposite TiO>-
GO increase the performance of the modified membranes. The electrons generated by UV
irradiation of TiO; can interact with the GO sheets, reducing some groups of its surface, and
the remaining electrons are relocated along the basal planes. Such electrons can react with
adsorbed O» to form O radicals that can oxidize chemicals in the medium (WILLIAMS;
SEGER; KAMT, 2008). This effective charge transfer between TiO> and GO increases the
photocatalytic activity of TiO; in the TiO2-GO composite. The formation of Ti-O-C bonds can
also expand the light absorption to longer wavelengths offering a great opportunity to use the
photocatalytic activity driven by visible-light MORALES-TORRES et al., 2012). GO bandgap
values in the range of 2.1-2.2 eV are reported in the literature, which corresponds to an
activation at wavelengths around 550 to 560 nm, being in the visible light region of the
electromagnetic spectrum (WILLIAMS; SEGER; KAMT, 2008; ZHANG et al., 2021e¢).

Moreover, the GO sheets can avoid the TiO> nanoparticles agglomeration and favor the
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interaction of some pollutants with the membrane surface by the presence of functional groups
able to adsorption. These groups can also increase the membrane hydrophilicity (KUMAR et
al., 2016).

There are several methods employed for the fabrication of modified membranes as summarized
by Leong et al., (2014). Nevertheless, to the best of our knowledge, none photocatalytic
membrane was ever obtained with the use of RO recycled membranes as a support. In addition,
the major part of the studies uses commercial TiO2 in modifications, which is different from the
proposal of the present study where we use greener catalyst, synthesized with energy reduction.
Thus, the developed membranes are in line with requirements of a circular economy and eco-
efficient processes. From the modification techniques available, we decided to investigate and
compare the performance of recycled RO membranes modified with TiO»+GO by self-
assembly (1), sonication and further filtration of GO and TiO: solutions (2), TiO»+GO
incorporated by dopamine polymerization (3), and TiO; incorporated by dopamine
polymerization (4). The modified membranes were characterized by their morphology,
composition, and film adhesion. Flux, fouling, permeability, and dyes removal efficiencies
were evaluated as well, comparing the modified and unmodified RO recycled membranes. The
best performing membrane was then finally tested for the removal of seven indicator PhACs
commonly present in surface water matrices. The use of photocatalytic membranes to threat

complex matrixes, as a mix of emerging pollutants, is also a novelty.

3.2 MATERIALS AND METHODS

3.2.1 Reagents

The reagents used in the present work were dopamine hydrochloride (Merck); eriochrome black
T (Synth); hydrogen peroxide (35%) (Sigma-Aldrich), hydrochloric acid (37%) (Sigma-
Aldrich); Micrograf HC30 graphite (Nacional de Grafite, Brazil); methylene blue (Exodo
Cientifica); potassium permanganate (KMnO4) (Merck); sodium hydroxide (NaOH)
(Dindmica); sodium nitrate (NaNO3) (Merck); sulfuric acid (95-98% H>SO4) (Sigma-Aldrich),
and titanium tetrachloride (TiCls) (Merck). All reagents were analytical grade and all solutions

were prepared with Milli Q ultrapure water.
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3.2.2 Fabrication of the photocatalytic membranes

The photocatalytic membranes are composed of recycled membranes, titanium dioxide
nanoparticles, and graphene oxide. The recycled membranes were obtained by oxidation of end-
of-life reverse osmosis membranes, by immersion in a commercial sodium hypochlorite bath,
at a contact time intensity of 300,000 ppm-h at room temperature. Details on this methodology
can be found elsewhere in our previous work (DE PAULA; GOMES; AMARAL, 2017). The
end-of-life membrane sample used in this study was taken from a spiral-wound module,
specifically the model FilmTec BW30 of 2.0x10"! m in diameter, 1.0 m in length, and an active
area of 41 = 3 m%. This membrane was used in a desalination plant of the Agua Doce Program,
Brazil. The program aims to promote sustainable use of groundwater resources and provide
potable water for human consumption in areas with critical water scarcity in the Brazilian
semiarid region through desalination systems using RO technology. 811 RO plants are in

operation serving 320,000 people in the Agua Doce Program.

The titanium dioxide used in the synthesis of photocatalytic membranes was obtained through
a greener route, with a reduction in the consumption of reagents and energy. Details of the route
and characterization of the materials can be found in our previous study (OLIVEIRA; VIANA;
AMARAL, 2020). In summary, titanium tetrachloride and water were used as precursors to
obtain TiO2 nanoparticles in the anatase crystallographic phase, with an average crystallite size

of 14 nm.

Graphene oxide was prepared from natural graphite powder according to Hummers modified
method (PARK et al., 2012). Briefly, the graphite was oxidized by a mixture of KMnO4 and
H>SO4 under magnetic stirring until homogenization. The mixture was placed in an ultrasonic
bath and H>O; was added. The mixture was washed successively with 10% HCI solution,
subsequently rinsed with deionized water until pH 7, and then centrifuged. Finally, the
dispersion was washed with distilled water until pH ~ 6 and the material obtained was dried by

freeze drying. The percentage of oxygen in the GO is 32.4%.

Four different routes for TiO2-GO incorporation in recycled membrane were evaluated. The
membranes were humidified in 200 mL of ethanol (50% v/v) before modification in all routes.
This process aimed to swelling the polymeric matrix, increasing the hydrophilicity. Route 1 is
described in the literature as self-assembly and is based on the work of Gao; Hu; Mi (2014a).

The recycled membrane was immersed in deionized water for 2 hours prior to modification.
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Then it was stuck on a glass plate. 0.25 g of TiO2 was dispersed in deionized water and sonicated
during 30 minutes. The suspension was poured over the recycled membrane and constantly
stirred in a shaker for 3 hours at room temperature. After this time, the membrane was rinsed
to remove any residuals and was dried in an oven at 65 °C. Subsequently, graphene oxide
solution (1g L!) was poured over the membrane, which was soaked with ethanol 95% v/v and
exposed to UV light for 15 min to partially reduce the GO and form strong bonds between the
GO and TiOo.

Route 2 was adapted from the work of Zhu et al., (2020a), in which 2.5 mg of GO were
dispersed in 100 mL of water and sonicated during 2 hours while a TiO, (0.25 mg L)
suspension was also sonicated separately. The TiO2 suspension and the GO solution were mixed
and sonicated again for 1 hour. The mixture was filtered three times in an Amicon dead-end
cell (UFSC20001) fitted with a 28.7 cm? recycled membrane and pressurized by compressed

air at 2 bar.

Route 3 is based on modifications reported by Zhang ef al., (2013) and Zhang et al., (2017), in
which a TiO; suspension was prepared in a basic medium (pH 12) and sonicated. An aqueous
GO solution was mixed with the TiO> suspension and subsequently sonicated. A dopamine
solution was also prepared in a basic medium. The dopamine solution was transferred to the
Amicon cell fitted with a 28.7 cm? recycled membrane and kept for a while to promote the
dopamine polymerization. The TiO>-GO suspension was poured over the membrane and kept
at rest. The excess was washed with deionized water. The modification was also promoted using
only TiO; and dopamine (route 4) following the same procedure, except for the addition of GO.
Table 5 presents the abbreviations used in the figures regarding the modification routes in the

document.

Table 5 - Specifications of the different modification routes.

Route Components Abbreviation
1 Ti02+GO -
2 Ti02+GO Mod. Filtration
3 Dopamine+TiO>+GO Dop+Ti0,+GO
4 Dopamine+TiO» Dopamine+TiO»
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3.2.3 Photocatalytic membranes characterizations

The photocatalytic membranes were characterized by scanning electron microscopy (SEM)
coupled with Energy-dispersive spectroscopy (EDS) (Jeol JSM-IT300 microscope) to verify
the morphology of the obtained membranes, as well as to verify the changes in their thickness
after modification. The elemental composition of the membranes was also assessed using this
technique. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra of the
recycled membranes prior to and after modifications were recorded using a FTIR Shimadzu
IR Affinity-1 instrument. The samples were analyzed by direct exposure to radiation in the ATR
module in the range of 400-4,000 cm™ (resolution: 4 cm™; number of scans: 20). All the
membranes were washed after the modifications and cleaned softly with tissue paper in order
to verify the stability of the surface coverage. Visual inspections of the coverage were carried

out.

3.2.4 Impact of the modifications in the membrane performances

The performance tests were conducted in an Amicon dead-end bench system (acrylic module,
operating pressure of 1 bar, effective permeation area of 28.7 cm?). Flux normalization to 25

°C was carried out using a correction factor related to the fluid viscosity (Eq. 1),

Iy = AV u(T)

AAtT pu(25°0) 1

where Jn is the normalized permeate flux at 25 °C, is the permeate volume per time, A is the
permeation area, u(T) is the water viscosity at the process temperature, and p(25 °C) is the

water viscosity at 25 °C.

The water permeability at 25 °C was obtained using the linear regression of the pressure versus
the normalized flux of distilled water in the recycled membrane at pressures ranging between

0.5 and 3 bar.

In order to investigate the modifications in the rejection capacity of the modified membranes,
eriochrome black T dye removal assays were performed. 120 mL of the dye solution (100 mg
L!) were permeated on the synthesized membranes, separately. The permeation occurred in the
absence of irradiation. 10 mL of permeate samples were collected sequentially and the time for

each ten-milliliter collection measured.
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Methylene blue was also used as a model pollutant solute. In this case, the test was conducted
without permeation. The recycled membrane modified by the dopamine-TiO2-GO route was
immersed in 300 mL of methylene blue solution (10 mg L™!). Tests with UV irradiation (low
pressure (6W) mercury vapor lamp emitting 254 nm radiation) and without irradiation were
performed. A control sample of only the dye without membrane was irradiated for comparison.
Samples were collected every 20 minutes to assess the reduction in the dye concentration. The

tests were performed in a dark box.

The dye concentration of each sample was obtained by UV-Vis spectrophotometer at the
maximum absorbance wavelength (525 nm for eriochrome black T and 665 nm for methylene

blue, respectively) based in an external calibration curve (R?>0.99).

3.2.5 Pharmaceutical active compounds removal

Based on the best results found in terms of stabilities of the nanocomposites coverage and the
fluxes, observed in the experiments with the dyes, degradation tests with a synthetic matrix
composed of six different PhACs (concentration of 1 pug L' each) simulating wastewater
effluent quality after secondary treatment were performed. These PhACs were betamethasone
(BET), ketoprofen (KET), fenofibrate (FEN), fluconazole (FLU), loratadine (LOR), and
prednisone (PRE), and their main physical-chemical properties are summarized in Table A.2
(Appendix). Their selection is based on their previous detection in surface and groundwater,
drinking water, or treated municipal wastewater effluents (JELIC et al., 2011). They have also
been detected in Brazilian supply waters, are on the list of the top ten best-sellers or highest
sales in 2015 in Brazil, and are provided free of charge by the Brazilian public health system
(CAROLINE RICCI et al., 2021). A stock solution with a concentration of 2 mg L™ of each
drug in methanol was prepared and stored at —20 °C to avoid degradation. The stock solution
was added to a cylindrical reactor to generate a concentration of 1 ug L™ of each PhAC. The
tests were performed using a submerged plat and frame module. Modified membranes (Route
3) fragments (12x17 cm) were fitted in both sides of the module (Figure 10). The UV lamp was
positioned above the module. The test lasted for about 90 minutes with a 20% recovery rate
(operation pressure = 0 bar). According to the methodology described by Faria et al., (2020),
the detection of the concentrations of the PhACs after treatment were determined by high-
performance liquid chromatography coupled with a quadrupole time-of-flight mass

spectrometer.
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Figure 10 - Schematic design of the experimental apparatus.

3.3 RESULTS AND DISCUSSION

3.3.1 Characterization of the photocatalytic membranes

The original BW30 membrane was characterized by a permeability of 3.0 L h"! m™ bar! and a
rejection of NaCl (2.0 g L") of 99.5% (DOW, 2012). The characteristics of the recycled
membrane are permeability equal to 86 = 11.4 L h™! m™ bar!; 16.7 + 2.5% of saline rejection
(NaCl 2.0 g L"); contact angle of 75.5 = 1.7° and roughness of 6.13 = 0.86 nm. The increase in
permeability and loss of saline rejection are associated with changes in the selective layer of

the membrane due to the degradation of the aromatic polyamide layer.

A low adhesion of nanoparticulate materials to the recycled membrane surface was verified in
depositions by self-assembly type (route 1) as shown in Figure 11(a). When washing was
promoted to remove the material in excess, a great portion of the nanoparticulate material
detached from the membrane (Fig. 11b). Several studies focus on this modification technique
and characterize it as practical and versatile due to its methodological simplicity. However, the
main limitation is the weak binding forces between nanomaterials and the surface of the
membranes (MANSOURPANAH et al., 2009) rendering it a non-suitable method for this kind

of application.
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Figure 11 - Samples of membranes modified with TiO>-GO. a) self-assembly modification; b)
washing after self-assembly modification; c) filtration modification of the suspension, and d)
modification using dopamine.

For pristine RO membranes, being composed of aromatic polyamide as a selective layer and
polysulfone and polyester as support layers, a greater interaction between TiO2 and GO with
the selective layer through hydrogen bonds is expected. In the case of TiO», the connection is
between the hydroxyl of the oxide and the carbonyl of the polyamide and between the carbonyls
of the GO and the hydroxyls of the TiO> (SHAO et al., 2017b). When recycled membranes are
used, since the selective polyamide layer was partially removed by the oxidative process (Fig.
12), the weak interaction between the materials and the membrane surface may be associated
with weak connections between the nanomaterial functional groups and the supporting layers
of polysulfone and polyester. Moreover, the non-uniformity of the membrane surface chemical

composition after the recycling process could further contribute to this low adhesion.
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Figure 12 - Schematic representation of the RO membranes characteristics before and after
recycling process.

Figure 13 shows the SEM micrographs of the recycled membrane prior to modifications. The

surface of the recycled membrane (Fig. 13-a) is predominantly smooth, represented by uniform
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coloration throughout the observed area, with few topographical irregularities. This
characteristic is caused by the recycling process, where the selective polyamide layer
characterized by the finger like structure was removed, leaving the intermediate polysulfone
layer. The higher portions in the plane are the remnants of the selective layer. Irregular pores
of different dimensions and shapes along the membrane surface can be found. The average pore
size is 4.7 = 2.9 pm, based on the measurement of 170 pores, reaching up to approximately 20
um. It is worth highlighting that, after the recycling process, the dense reverse osmosis
membranes are transformed into porous membranes intermediate between ultra (pore size
range: 0.001 — 0.05 um) and microfiltration (pore size range: 0.05 — 10 pm) (SENAN-
SALINAS et al., 2019). The micrographs in the cross-section (Fig. 13-b) clearly show two
layers with different thicknesses and shapes (highlighted with yellow arrow in the figure): the
structural polyester, lower and thicker, and the polysulfone, thinner above. Elemental analysis
by EDS detected carbon, sulfur, and oxygen, characteristic elements of the mentioned
polymers. Depending on the region analyzed (not shown), nitrogen was also detected, showing

residual traces of the removed selective layer of the RO membrane.

Figure 13 - SEM micrographs of the recycled membrane (a), cross-sectional image of the
recycled membrane (b) and micrograph of new RO membrane (c).
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A different behavior was obtained when the nanocomposite suspension was filtered after its
sonication. As shown in Figure 11-(c), a uniform and well-adhered layer was formed onto the
membrane’s surface, even after rinsing with water. This behavior has already been detailed by
other authors who reported that stable suspensions of graphene oxide sheets could be easily

transformed into well-laid films using filtration (XU et al., 2013a).

On the other hand, the dopamine modification method generated a membrane with a
homogeneous film on its surface (Fig. 11d) stable even after washing. Mechanical friction was
also promoted on the surface of this membrane with a tissue paper, and no alteration or
detachment of the formed layer was noticed. This greater stability of the membrane is due to
the dopamine, which acted as an adhesion substance for the nanomaterials on the membrane
surface. Dopamine can self-polymerize in basic media, promoting the bond between the
materials (LEE et al., 2007). Zhang et al., (2013) compared the effectiveness of bonding TiO>
nanoparticles to the surface of polyamide membranes using self-assembly methods and the
application of dopamine. Washings of the obtained membranes and cleaning of its surfaces with
a cotton tissue was carried out. Using SEM micrographs, the authors verified the surface
coverage by the particles in the method using dopamine, even after washing and cleaning with

cotton tissue.

Since the synthesized membranes will be used in environmental applications, it is desirable that
they have the stability to treat different water matrices and can withstand severe operational
conditions, such as elevated pressure and shear forces created by the flow of fluids. Thus, the
most promising modification technique generates the most stable coverage in terms of binding

strength of the nanocomposites and better separation/degradation performance.

SEM micrographs with X-ray maps of the modified membranes by routes 2, 3 and 4 are
depicted in Figure 14. The membrane modified by route 1 was not evaluated because the

nanocomposite coverage completely detached.
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Figure 14 - SEM micrographs of the membrane modified by filtration (a), membrane modified
by Dop+TiO.+GO (b), membrane modified by Dop+TiO2 (c). Red dots indicate the presence
of the element titanium.
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The SEM micrographs of the modified membranes confirm the presence of the titanium
element, corresponding to the adhesion of TiO2 nanoparticles to the surface of the membranes.
Different particle distributions are observed for the different techniques used. For the
modification by filtration (Fig 14a), the nanoparticles were concentrated at specific points,
forming clusters. When using dopamine, it is possible to observe that both in modifications
with TiO2-GO (Fig. 14b) as well as with only TiO» (Fig. 14c), the particles are dispersed over
the entire membrane surface. The suspension of the nanocomposites, upon coming into contact
with the surface of the membrane modified with dopamine, is attracted by the catechol and
quinone groups of polydopamine. In this way, the nanocomposites, linked by strong
coordination bonds, make the nanoparticles remain in their initial position and avoid forming
large clusters (ZHANG et al., 2017). For the sample with GO a higher concentration of titanium
in the sample is apparent, meaning that a higher concentration of semiconductor nanoparticles
adhered to the surface. This behavior can be explained by the ability of GO to act as a binding
element between materials, favoring adhesion in the presence of dopamine (Fig. 15). From the
photocatalytic activity point of view, more dispersed particles will generate greater specific

surface area and, consequently, greater photodegradation activity.
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Figure 15 - Schematic representation of the adhesion mechanisms in the filtration, dop+TiO>
and dop+TiO,+GO modification routes.

FTIR was used to characterize possible changes in functional groups on the surface of the

recycled and the recycled modified membrane with dopamine, TiO2, and GO (Fig. 16). The
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band close to 3,383 cm™! may be related to O-H stretching vibration, while the band close to
2,964 cm’! correspond to aliphatic C-H bonds (e.g.: CH3 and CH») characteristic of the
membrane polymer matrix. The functional groups NH> and NH from the remaining polyamide
were responsible for the bands at 1,585 — 1,495 cm™!, whereas aromatic polyamide and
polysulfone supports would show no or only very weak IR absorption (SHULTZ et al., 2018).
It is known that GO has several functional groups in its structure, which results in a spectrum
of greater complexity for the modified membrane, besides peaks of higher intensity and new
ones. Examples are the bands observed in 1,741, 1,656, and 1,075 cm’!, attributed to carbonyl
(C=0), hydroxyl (OH), and epoxy (C-O) groups (SAFARPOUR; KHATAEE; VATANPOUR,
2014). Peaks at 1,487 and 1,101 cm could be induced by C-OH and C-O-C vibrations,
respectively (ZHU et al., 2020b). Other peaks, as those observed between 600 - 700 cm’!, can
be correlated with the interactions between the species of oxygen-titanium (Ti-O-Ti) and
titanium-oxygen-carbon (Ti-O-C) (NGUYEN-PHAN et al., 2011). Other spectral regions that
maintained their pattern for pristine and modified membranes reassures that the membrane

polymeric matrix was not damaged nor chemically altered during TiO2 and GO assimilation.
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Figure 16 - Fourier infrared spectroscopy of the recycled membrane and recycled modified
membrane with dopamine, TiO, and GO.

Hydraulic permeability tests were performed to complement the membranes characterization.
Fig. 17-(a) shows the permeate flux of deionized water for different membranes and operating
pressures, whereas Fig. 17-(b) shows the hydraulic permeability values of the membranes

obtained by the different modification techniques.
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Figure 17 - (a) Water flux under different pressures and (b) hydraulic permeability of the
obtained membranes.

For the recycled membrane without surface modification (pristine recycled) and modified in
the self-assembly method, the water flux profiles were close to each other and followed a
similar pattern. This finding is another evidence of the non-adherence of TiO>-GO to the

membrane surface, what was already apparent during visual inspection (Fig. 11b).
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The membrane hydraulic permeability significantly declined when filtration procedures were
considered. This indicates that the membrane surface was successful modified since the
permeability reduction can be justified by the reduction of the membrane pore size by the
deposition of TiO>-GO nanoparticles. In other studies similar results after modification with
Ti02-GO are reported (ATHANASEKOU et al., 2014; GAO et al., 2013). The authors
described the formation of smaller pores (nanometric), capable of retaining a greater number of
compounds. It is noteworthy that even after certain pressure increases (from 0.75 to 2 bar), the
flow remained stable at around 100 L m™ h'!. As the test was performed at increasing pressures,
this result may be associated with coating compaction with the possibility of greater penetration
of the coating layer into the pores of the membranes. As a result, there is an enhanced pore
reduction and increased transport resistance in the coating, and consequently, lower operational

permeability at higher pressures.

A decrease in permeability is also observed for the membranes modified with dopamine. At 2
bar, the membrane modified only with TiO, and dopamine showed a permeability around 1.4
fold lower than the membrane without modification, and for the case of that modified with
dopamine, TiO> and GO, this reduction was even more severe with about 2.9 fold. This decrease
in permeability was expected and is confirmed by other studies due to the blockage and
reduction of the original pores of the membrane owing to the modification. Zhang et al., (2017)
also observed an increase in the hydraulic resistance of membranes modified with TiO; and
dopamine. The greater decrease in the membrane modified with dopamine, TiO2, and GO is
associated with a greater reduction of the pores due to the GO deposited sheets. Gao et al.,
(2013), studying the deposition of different masses of GO-TiO; under cellulose acetate
membranes, found that the greater the deposited mass, the greater the decrease in the permeate

flux.

When comparing the permeabilities of membranes modified by dopamine and filtration
methods, the membranes obtained in the first method showed greater permeability compared
with the second. This behavior is due to the GO sheets orientation and the compacting of the
Ti0; nanoparticles in the different techniques. In the case of the filtration modification, it is
usual to layout the GO sheets in a lamellar manner, forming compact films that behave as
barriers to permeation (GUO et al., 2012; XU et al., 2013b). In this way, when the stability and
permeability of the membranes obtained in the different techniques is evaluated, it is expected

that the membranes modified with the aid of dopamine will be the most promising.
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Tests for removing the eriochrome black T dye (461.31 Da) without irradiation were conducted
with the membrane modified by filtration, modified with dopamine-TiO>, and dopamine-TiO>-
GO (Fig. 18a). An identical control test was performed with the pristine recycled membrane to
compare the results of the modified with the unmodified membranes samples. The membrane
modified by the self-assembly method was not used in these tests due to its instability and

detachment from the nanomaterials layer.

The modified membranes reached practically 100% rejection of dye compared with 56% for
the membrane without modification. This finding aligns well with previously observations in
terms of membrane porosity and justifies the greater dye removal (KUMAR et al., 2016). The
reduction in pore size has the advantage of increasing the residence time of compounds inside
the reactor without impacting the hydraulic residence time, which can be advantageous
considering the operation under conditions that contribute to pollutant’s reduction, such as
irradiation or oxidation. Another factor that increases the rejection of the dye by the membrane
is the repulsive effects caused by the negative surface of the membranes modified with TiO»-
GO and the negatively charged molecules of the eriochrome black T dye (SAFARPOUR;
VATANPOUR; KHATAEE, 2016).
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Figure 18 - (a) Rejection efficiency of the eriochrome black dye by the modified membranes,
and (b) hydraulic permeability during removal of the eriochrome black T dye.

The fluxes of all modified membranes are smaller than those of the membrane without
modification (Fig. 18b). However, a sharp decline (approximately 32%) is observed in the
membrane permeability without modification at around 30% recovery rate, whereas the
permeability for the modified membranes remained quite stable. This phenomenon in the

membrane without modification might be explained by the formation of more severe fouling
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and it can be anticipated that the modification of the membrane surface decreases the fouling

vulnerability.

The presence of TiO2-GO convert the membrane surface to ultra-hydrophilicity by forming a
hydrated layer that repels organic fouling (DAMODAR; YOU; CHOU, 2009; JHAVERI,
MURTHY, 2016a). Furthermore, the surface modification increases the smoothness of the
membranes surface and reduces the adsorption of organic molecules, in addition to the fact that
the presence of negatively charged functional groups can repel negatively charged fouling
agents (URSINO et al., 2018b). Zhu et al., (2020Db) tested the potential for removing eriochrome
black T dye (0.1 g L") by TiO>-GO modified polysulfone nanofiltration membranes. They
performed the membrane stability long tests for 9 hours of operation. It was verified that the
dye rejection (97.8% - 98.5%) and the hydraulic permeability (3.6 - 5.8 L m™ h™! bar!) remained
stable during the evaluated time, concluding that the addition of the materials gives resistance

to fouling.

In order to assess the adsorption and photocatalytic contribution, tests for the removal of
methylene blue were carried out with and without irradiation and permeation with the
membrane modified with dopamine-TiO2-GO. As shown in Figure 19, under irradiation in the
absence of the membrane, the concentration of the dye remained practically unchanged,
showing the absence of photolysis. Similar results were reported by Zhu et al., (2017a), in
which the degradation of methylene blue under UV irradiation was also not observed. During
the test with the membrane without irradiation, a slight drop in the dye's concentration was
observed, indicating removal by adsorption. During the 90 minutes of the experiment, the dye
concentration was reduced by about 10% in the case of the membrane in contact with the dye
without irradiation. Studies point to the high adsorptive capacity of GO due to the presence of
its oxygenated functional groups that can promote the intimate contact of organic molecules
with the membrane surface (ZHANG et al., 2021d). The methylene blue dye can be captured
through =#-m bonds, hydrogen bonds, and electrostatic interactions (VARAPRASAD;
JAYARAMUDU; SADIKU, 2017). Zhang et al., (2021d) observed the removal by adsorption
of the methylene blue dye by Polyacrylonitrile (PAN) membranes modified with TiO2-GO
nanocomposites, too. The authors also argue that the GO’s negatively charged surface favors
the adsorption of cationic dyes, such as methylene blue, in addition to the factors mentioned

above. The dye removal by adsorption naturally contributes modestly only when evaluating the
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overall membrane removal performance. However, the adsorption favors the interaction of the

dye with the catalysts and, therefore, the photocatalytic degradation process.
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Figure 19 - Methylene blue removal by the Dop+TiO2+GO membrane under UV irradiation
(254 nm) and in the combination of both.

When irradiation is considered, it is possible to notice a more pronounced drop in the
concentration of the dye over time, with the removal of approximately 30% being obtained after
90 minutes. It is noteworthy that longer experiment times would probably generate a higher
removal efficiency. This is one of the great benefits of the hybrid process. For photocatalysis
only, a longer residence time would be needed. However, with the photocatalytic membrane,
the membrane instantly retains the dye. Thus, it is possible to operate with a shorter overall
hydraulic residence time while guaranteeing a concentrate with better quality. The obtained
result reveals the photocatalytic potential of the developed membrane, well in line with other
studies also observing degradations of dyes by photocatalysis with membranes modified with
Ti02-GO nanocomposite. Yan et al., (2019) obtained around 45% removal of methylene blue
by PAN modified membrane after 90 minutes of UV irradiation. It is important to mention that
the degradation efficiency is directly related to the mass of nanocomposite present in the
membrane, since photocatalysis is directly proportional to the available surface area of the

catalyst (ZHENG et al., 2017), and, for this reason, different photocatalytic degradations are
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reported by different studies. The membrane performance is believed to be even improved in

solar irradiation tests, since GO has the potential to reduce the TiO> bandgap.

Considering the modification stability, nanocomposites distribution on membrane surface,
permeability, and rejection efficiency of dyes, the membranes modified with dopamine-TiO»-
GO was considered as the most promising. Besides the high removals of dyes by this membrane
(practically 100%), photocatalysis would even reduce the concentration of the rejected
pollutants in the concentrate and would reduce membrane fouling. For this reason, the hybrid

configuration was considered the most promising and was further tested for PhAC rejection.

3.3.2 Rejection of PhACs

Because the Dop+Ti0>+GO membrane exhibited the best performance in all previous tests, this

membrane was further tested for its removal of PhACs (Fig. 20).
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Figure 20 - Concentration of PhACs on the permeate without irradiation, permeate with
irradiation, rejection efficiency of the Dop+TiO2+GO photocatalytic membrane without, and
with irradiation at 254 nm.

The rejection efficiency by filtration (rejection w/o irrad.) in the photocatalytic membrane in
most cases was low causing a severe breakthrough of several PhACs to the permeate. This
indicates that the membrane, even after modification, is still porous. In contrast tight NF and
RO membranes, reach a rejection of PhACs of 98.8% (betamethasone rejection by NF)
(FOUREAUX et al., 2021) and >99% (fluconazole rejection by RO) (COUTO et al., 2020).
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The highest rejection by the membrane was for fenofibrate (FEN, 85.8%), one of the PhACs
with the highest molecular weight (361 Da) and log Kow (5.28). Such physical chemical
characteristics are known to favor membrane rejection by size exclusion — because of the high
molecular weight, and the adsorption onto the membrane surface. On the other hand,
fluconazole (FLU) showed one of the lowest rejection efficiencies by the membrane (2.1%).
This observation might be explained by the PhAC physical chemical characteristics, with one
of the lowest log kow (0.4). To support that these results are linked to physical chemical
properties a moderate and significant correlation between the log kow and the rejection by the
membrane was found (p<0.05, r=0.59). Furthermore, the pKa — which can also favor adsorption,
exhibited a strong relationship between its value and the rejection efficiency by the membrane
(p<0.05, r=-0.92). These results suggest that adsorption would be the main mechanism
responsible for PhACs removal since the relationship between the PhACs molecular weight
and their removal efficiency were non-significant (p=0.76). The adsorption by the
photocatalytic membrane configuration is an interesting outcome since an effective
photodegradation relies on effective adsorption of PhACs. Therefore, it would be no limitation

on overall efficiency in PhACs removal by the hybrid system.

When the irradiation is applied, the rejection efficiency increases in most cases. Betamethasone
(BET) had the highest rejection gain (85.5%) when irradiation was activated, from 1.1 to 86.6%.
Nonetheless, fenofibrate (FEN) did not exhibit gains in rejection efficiency, mainly due to its
inability to be oxidized. In such cases, the benefits of the photocatalytic membrane are
harnessed for fouling mitigation, rather than the photocatalytic activity. Furthermore, the PhAC
physical chemical characteristics can also be linked to the photocatalytic efficiency. For
example, the log Kow exhibited a moderate and significant correlation between its value and the
rejection efficiency with irradiation (p<0.05, r=0.52). It is known that for the photocatalytic
activity take place, the compound needs to be on the catalyst surface, thus, higher log Kow can

favor the adsorption and ultimately the photocatalytic activity.

Besides the PhACs content in the permeate, their content in the concentrate is also important.
One of the major criticisms against MSPs is the concentrate generation, which usually pose
higher risk to the environment (due to the higher concentration) in comparison with the feed.
In this context, the application of photocatalytic membranes is also recommended, given that
the photocatalytic activity can reduce the content of pollutants in the concentrate stream.

Regarding the PhACs, the test without irradiation give rise to a concentrate with higher PhACs
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content than the feed. Concentration factor between 1.04 to 1.64 was found for these tests.
When the irradiation was turned on, none of the PhACs exhibited concentration factors >1, they
ranged from 0.07 to 0.93, confirming that the concentrate had lower PhACs content than the
feed. Thus, besides the aforementioned advantages, the use of photocatalytic membranes can

also reduce the risks posed by the concentrate, a ubiquitous drawback from MSPs.

3.4 CONCLUSIONS

Different routes for the synthesis of photocatalytic membranes from discarded RO were

assessed. The main conclusions are:

e Self-assembly was deemed unsuitable due to the low adhesion of nanoparticulate materials
to the recycled membrane surface;

e For the membranes modified by filtration and dopamine aid, a decrease in hydraulic
permeability due to the blockage and reduction of the original pores of the membrane owing
to the nanocomposite coverage was observed;

e A better distribution and greater number of nanocomposites were observed on the
membrane surface modified by dopamine + TiO, + GO;

e The rejection of dyes was mainly due to size exclusion and photocatalytic activity;

e The photocatalytic membrane was able to generate a permeate with reduced content of

PhACs, and a concentrate that has lower content than the feed.
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CHAPTER 4

Use of photocatalytic recycled T1i0,-GO
membranes for the removal of TOrCs from
wastewaters
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4.1 INTRODUCTION

Water scarcity, driven by population growth, urbanization and pollution, has become one of the
major problems facing humanity (HE et al., 2021; HUANG et al., 2021). In this context,
particular attention has been paid in recent years to the environmental penetration of emerging
pollutants, such as pharmaceuticals active compounds (AHMED et al., 2021; VASILACHI et
al., 2021). These compounds, even if present at low concentrations, can have adverse effects
on human and animal health. Thus, advanced treatment solutions have been explored to remove
these contaminants and membrane separation processes, and advanced oxidative processes are
promising (EGEA-CORBACHO LOPERA; GUTIERREZ RUIZ; QUIROGA ALONSO,
2019; JOURSHABANI et al., 2019; RATHI; KUMAR; SHOW, 2021; ZHANG et al., 2021c).

The association of technologies, such as in photocatalytic membranes, is an improvement in
treatment systems aligned with process intensification, as they reduce the size of facilities and
resolve or at least mitigate the limitations of technologies if used separately (CAMERA-RODA
et al., 2017; IGLESIAS et al., 2016). In the case of membranes, fouling, characterized by the
deposition of compounds on its surface throughout the period of operation, increases the energy
requirements for maintaining the flux, with consequent increases in costs and a reduction in the
quality of the permeate. While the use of nanoscale catalysts for photocatalysis is still limited
by the challenges of recovery of the catalysts in these dimensions (KHAN et al., 2015; QING
et al., 2019). The combination of the two processes gives the membranes self-cleaning
capabilities, as well as reducing the load of the concentrate stream by the degradation of the
feed compounds. Furthermore, the maintenance of the catalyst in the operating system is

possible (DAROWNA et al., 2017; JIANG; CHOOQ, 2016).

Titanium dioxide (TiO2) is one of the most common nanomaterials used in photocatalytic
membranes because of its low cost, non-toxicity, high stability and high hydrophilicity
(BOBIRICA et al., 2021; JIANG et al., 2015; ZHANG et al., 2020; ZHOU et al., 2021). When
irradiated by irradiation below 320 nm, electrons from the valence band of the oxide are
migrated to the conduction band leaving holes in the valence band. The electron-hole pair forms
radicals with species present in the medium, initiating a series of oxidation-reduction reactions
with the resulting degradation of pollutants (LEONG et al., 2014). However, high energies are
necessary to activate the semiconductor and electron-hole recombination occurs easily.

Strategies such as doping with metals or sensitization with organic molecules aim to circumvent
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this problem, and the association with graphene oxide shows to be very promising, as the oxide
has interesting electronic properties, with the potential to reduce the TiO2 band-gap and
decrease the rate of electron-hole recombination, in addition to having several functional groups
capable of promoting the adsorption of pollutants for their subsequent degradation (DE
OLIVEIRA et al., 2022a; GAO; HU; MI, 2014a; YAN et al., 2019).

Liet al., (2022) evaluated the removal of three pharmaceuticals (naproxen, carbamazepine and
diclofenac) by TiO2-GO photocatalytic membranes. Under UV-LED irradiation, removals of
100% of diclofenac and naproxen and 90% of carbamazepine were obtained, while 80%, 70%
and 13% of rejection of the same compounds, respectively, were obtained in the absence of
irradiation only by the membrane filtration. In addition, degradation tests of the compounds
were performed by the membrane being irradiated with and without filtration and the
degradation efficiency increased four times for the case of the system with filtration.
Chakraborty et al., (2017) obtained the degradation of approximately 40% of the Chlorhexidine
digluconate antiseptic in 280 minutes of operation by using PES hollow fiber photocatalytic
membranes, while the membranes without modification showed removals of only 15%. Singh
et al., (2021) noticed greater removals of the antibiotic chloramphenicol through photocatalytic
membranes as the concentration of TiO» increased (around 25% without the oxide and around
62% with the oxide, both in 120 minutes of operation). Moreover, the fluxes were higher in the
modified membranes (21.2 L m? h') compared to the pristines (5.7 L m? h'!), due to the
increase in the hydrophilicity of the membrane surface by the addition of the semiconductor. In
addition to better contaminant removal efficiency, photocatalytic membranes also have lower
electrical energy per order, as well as lower energy consumption due to reduced fouling and

concentrated loads.

Several factors impact the efficiency of the pollutant’s degradation process through
photocatalysis in photocatalytic membranes, such as catalyst dose, substrate concentration, pH,
system temperature, light intensity, among others (KOE et al., 2020). To activate the catalyst
and carry out photodegradation reactions, light irradiation must be used. And this parameter is
one of special relevance, quite elucidated for the case of applications of suspended catalysts
(UNG-MEDINA et al., 2015), but little discussed in the context of photocatalytic membranes.
Koe et al. (2019) reports that the reaction rate is directly proportional to the square root of the
light intensity, wherein low intensities are insufficient for the migration of electrons from the

conduction band to the valence band of the catalyst, and high intensities can increase electron-
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hole recombination, with a consequent reduction in the pollutant degradation reaction speed
(KUMAR; PANDEY, 2017). In this way, optimized intensity is desirable with the aim of
improving the performance of the process. Guozheng et al., (2010) studied the relationship
between phenol degradation and light intensity using TiO»/activated carbon under 254 nm
irradiation. Intensities ranged from 0.875 to 2.625 W L' and higher degradation was achieved
at higher intensities up to the limit of 1.75 W L-!. Beyond this value, intensity was no longer a
constraining factor. Wang; Fane; Lim, (2013) compared the degradation of carbamazepine in a
membrane photocatalytic reactor and observed greater removals when the system was subjected
to irradiation of higher intensities (68% removal) compared to lower intensities (28% removal).
Especially in the context of photocatalytic membranes, the use of optimized light intensity, in
addition to promoting greater catalyst efficiency, can also reduce energy consumption, as well

as decrease the degradation of the polymeric chains of the membranes.

Although photocatalytic membranes have notable advantages, the stability of nanocomposites
within their structure or on their surface, and the degradation of polymer chains by long-term
UV-C irradiation on them are still drawbacks that need to be better elucidated (MUCHTAR et
al., 2019). One of the solutions to overcome such limitations is the use of compounds that
promote greater adhesion of nanocomposites to the surface of membranes and provide
protection to polymeric chains by absorbing the radicals generated by irradiation. One of the
recently used for these purposes is polydopamine (PDA) (WU et al., 2017; ZHU et al., 2017b).
PDA, a mussel-inspired polymer, has the ability to adhere and form stable layers on most
material surfaces and, consequently, promote the adhesion of nanocomposites to membrane
surfaces. Furthermore, it acts as a free radical scavenger, as it is a catechol-bearing compound
rich in electron-donating hydroxyls and amine groups, which provides protection to the

polymeric structure of the membrane (FENG et al., 2015).

Therefore, the present work aims to evaluate the removal of emerging contaminants from
wastewater after biological treatment using photocatalytic membranes based on titanium
dioxide, graphene oxide and dopamine. Recycled reverse osmosis membranes converted to
porous membranes, after their lifespan, are used as support membranes. The effects of different
sources of irradiation (UV-C and LED) are assessed and the impacts of the position of the lamp
inside the reactor are discussed. As far as we are aware, with the exception of the work
developed by our group (DE OLIVEIRA et al., 2022b), recycled photocatalytic membranes

have not been identified in the literature. There are also very few studies that evaluate the layout
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of the system where photocatalytic membranes are used and consider the effects of the
irradiation intensity that reaches the membrane surface as a function of position. More than
that, most studies test the efficiency of photocatalytic membranes in the removal of isolated
compounds, such as dyes and drugs in synthetic effluent, which greatly compromises the
evaluation of the effectiveness of this technology in the treatment of real effluents, which differs

from the performed in the present study.

4.2MATERIALS AND METHODS

4.2.1 Materials

The reagents used in the present work were dopamine hydrochloride (Merck); hydrogen
peroxide (35%) (Sigma-Aldrich), hydrochloric acid (37%) (Sigma-Aldrich); graphite
Micrograf HC30 (Nacional de Grafite, Brazil); potassium iodide (KI)(Merck); potassium iodate
(KIO3) (VWR); potassium permanganate (KMnOa4) (Merck); sodium borate (NaxB4O7.10H20)
(J.T. Baker); sodium hydroxide (NaOH) (Dinamica); sodium nitrate (NaNO3) (Merck); sulfuric
acid (95-98% H>SO4) (Sigma-Aldrich), and titanium tetrachloride (TiCls) (Merck). All reagents
were analytical grade and all solutions were prepared with Milli Q ultrapure water. End-of-life
membrane sample used in this study was taken from a spiral-wound module, specifically the
model FilmTec BW30 of 2.0x10™' m in diameter, 1.0 m in length, and an active area of 41 + 3

m?. This membrane was used in a desalination plant of the Agua Doce Program, Brazil.

4.2.2 Modified membrane preparation

First, post-lifespan reverse osmosis thin-film composite membranes were recycled to act as
support membranes for the modification process with nanocomposites. The recycled
membranes were obtained by oxidation of end-of-life reverse osmosis membranes by
immersion in a commercial sodium hypochlorite bath, at a contact time intensity of 300,000
ppm-h at room temperature. Details of this methodology can be found elsewhere in our previous
work (DE PAULA; GOMES; AMARAL, 2017). TiO, was prepared using a pathway with lower
reagent consumption and microwave use, by means of titanium tetrachloride and water as
precursors. The methodological details can be found in our work (OLIVEIRA; VIANA;
AMARAL, 2020). GO was prepared using the modified Hummers method from natural
graphite powder (ALAM; SHARMA; KUMAR, 2017). TiO2 suspension (0.5 g L") in pH 12

buffer solution was sonicated for 1 hour in a beaker. At the same time, GO suspension (25 mg
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L!) were also prepared in pH 12 buffer solution and sonicated for one hour. The suspensions
were mixed and sonicated for 2 hours. A solution of dopamine (2 mg mL™") in pH 12 buffer
solution was prepared and poured over the membrane and kept resting to polymerize for one
hour. After this period, excess dopamine was removed with deionized water and the suspension
of Ti02-GO nanocomposites poured over the membrane and allowed to rest for one and a half

hours. After this period, the excess was gently washed off with deionized water.

4.2.3 Photocatalytic reactor design

A rectangular (12x17 cm) flat metal module was built to support the produced photocatalytic
membrane. The module was designed to operate submerged in the reaction tank and the
permeate flow occurred inward of the module, as shown in Figure 21. A source of aeration,
made of a perforated sphere has been placed inside the reactor to reduce fouling and improve
the number of potential species to form reactive radicals. A chiller has also been integrated to
the reactor to maintain the temperature of the medium. A pressure gauge, flowmeter and

peristaltic pump were connected to the module.
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Figure 21 - Schematic representation of the experimental apparatus.

The reactor layout was optimized through actinometric tests with iodide/potassium iodate
(SPERLE et al., 2022) to determine the position of the lamp inside the reactor that generated
greater efficiency in terms of light intensity reaching the membrane surface. The concentrations
of the actinometric solution were determined with the aid of the DR 6000 UV/Vis
Spectrophotometer (HACH, Germany). For the actinometric tests, a module was developed
with the same geometric characteristics of the module that supported the membrane, except for

being massive and not hollow, with only a hole in its center with the dimensions of a quartz
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cuvette (1,3x1,3x4,5 cm), in which the cuvette was inserted with the actinometric solution in
the light intensity tests. The cuvette simulated the location of the center of the membrane
receiving the light irradiation. The lamp (UV-C, 9W) was fixed inside the reactor at a distance
of 3.5 cm from the membrane surface. Supports have been created inside the reactor to ensure
that the membrane, lamp and aeration source (7,5 cm distant from the lamp) always remain in
the same position in all tests carried out. Comparative tests were also carried out with an LED
lamp (Grow Light Bulb Sun-Like Full Spectrum LED, 20W), this turn outside the reactor at a

distance of 12 cm from the surface of the liquid inside the reactor.

4.2.4 Photocatalytic and filtration tests

The tests with photocatalytic membranes were performed in batches in a cylindrical reactor
(diameter 27,5 cm, height 25 cm) (Figure A.6). 12 liters of wastewater after treatment from the
wastewater treatment plant (WWTP) located in Garching, Germany were used as process feed.
The WWTP mainly treats domestic effluent from a population of approximately 31,000
inhabitants. The plant, in addition to secondary biological treatment, also has stages of nitrogen,
phosphorus and disinfection removal. First, tests were carried out with only UV-C irradiation
on the effluent for 90 minutes to determine the effect of photolysis on the removal of Trace
Organic Chemicals (TOrCs). Subsequently, the membranes were moistened in 50% v/v ethanol
for 15 minutes and after that, immersed inside the reactor, which was again fed with new 12
liters of Garching effluent for a new batch of tests. These first membrane tests lasted 90 minutes
and were conducted in the absence of irradiation to detect the membrane rejection potential
without considering the photocatalytic effect. Operating pressure was -0,9 bar, aeration at a
pressure of 0,4 bar and flow rate of 225 qnL h™!, and temperature inside the reactor maintained
at 17 °C. Following this, tests were carried out with the system in operation with membrane
filtration during irradiation. The operating conditions were similar to the membrane test with
no irradiation. The same test was carried out changing the pH of the wastewater to 9 using
sodium hydroxide (NaOH). Similar experiments were carried out with the system by switching
the irradiation source to LEDs. All tests were conducted in triplicate and at the end of each
batch, permeate and concentrate samples were collected for characterization. All samples for
TOrCs measurements were collected in 20 mL prewashed amber glass vials and sealed with
PTFE caps. When quantification measures could not be taken within 3 days of sampling,

samples were stored at 4°C.
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4.2.5 Analytical methods

The wastewater before and after treatment with the membranes were characterized in terms of
pH, Conductivity, UV absorbance at 254 nm (UVA2s4) with the aid of a DR 6000 UV/vis
Spectrophotometer (HACH, Germany), total organic carbon (TOC) (Vario TOC cube analyzer
(Elementary Analysensyteme, Langenselbold, Germany) and total nitrogen (TN) (LCK 138,
HACH-Lange, Germany).

The concentrations of trace organic chemicals were measured using liquid chromatography
coupled with direct injection tandem mass spectrometry (LC-MS/MS PLATINblue UHPLC —
Knauer, Germany, ABSciex TQUAD 6500 — SCIEX, USA) by the method established and

described by Miiller; Drewes; Hiibner, (2017). Quantification was performed in positive mode.

Prior to the measurements, 1900 pL of the sample was spiked with 100 pL. of a 10 ppb isotope-
labeled aqueous standard mixture. Filtration was performed using 0.22 um PVDF membrane
filters and stored in 2 mL amber glass vials. For chromatographic separation of the analytes, a
XSelect HSS T3 column (particle size 2.5 mm; 2.1 x 100 mm) (Waters, Germany) was used.
For component separation, a binary gradient method was developed using A: water containing
0.2% formic acid and B: acetonitrile. Data exploration and peak integration was performed

using Analyst 1.6.2 and Multiquant software (ABSciex — SCIEX — USA).

To better elucidate the results of removing TOrCs with respect to the membrane properties, the
membranes were characterized by measuring the zeta potential of their surfaces (SurPASS 3,
Anton Paar), thermal analysis (alumina melting pot, gas flow of 100 mL min', nitrogen
atmosphere) (DTG-60H, Shimadzu), contact angle (goniometer, 2x2 cm samples, average
droplet volume 17 pL) and scanning electron microscopy (SEM) (FEI Quanta 3D FEG).
Samples for microscopy were metallized with gold/palladium. Recycled membranes and

membranes recycled and modified with nanocomposites were characterized.

4.2.6 Calculation

The removal values for UVA»zss, TOC, TN, conductivity and concentration of each of the

evaluated TOrCs were calculated using generic equation 2:

R, = ﬁxlOO )
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Where R is the removal, J can represent each of the evaluated parameters (UVA2s4, TOC, TN,
electrical conductivity and concentration of each of the TOrCs) and Jo the initial values of the

evaluated parameters.

The fluence radiation incident on the cuvette inserted in the module simulating the center of the

membrane was calculated using equation 3, described by Sperle ef al. (2022):

w () —azs,(t=0))-V
UV fluence [::n—z] = (a352£352_:zi.t.A .y 3)
Where: &35, = 27636 M! cm™ is the molar absorption coefficient of the formed I3, U is the

Gas2()"%352(00)
t

photon energy at 254 nm, V is the sample volume, A is the irradiated area, S

obtained by the slope of the linear regression of the decay of the absorption coefficients of the
actinometric solution as a function of time, ®,s, represents the quantum yield of the
actinometric solution at 254 nm equal to 0.71 mol Einstein™!. The quantum yield was adjusted

based on the temperature of the experiment.

The fluence at the lamp output was calculated based on the fluence value reaching the

membrane surface, with the aid of the Lambert-Beer Law (4)
I_l — 10—alc (4)

Where Iy is the light intensity that leaves the lamp, I is the intensity of the light that reaches the
membrane surface after passing through the medium, o is the molar absorptivity of the
substance, 1 is the distance that the light travels through the medium, c is the concentration of
adsorbing substance in the medium. a*1*c was calculated using effluent absorbance and the
resulting value was 0.195. With the calculated value of the fluence that leaves the lamp, equal
to 1.97 mW cm™, it was also possible to calculate, by the Lambert-Beer law, the fluence in
other positions of the membrane, considering the distance of the traveled path, from the lamp
to a point on the surface. To stipulate the distances traveled by light, they were considered to
be the hypotenuse of different right triangles (Fig. 22) formed when moving in different points
parallel to the surface of the membrane starting from the center of the membrane, from where

the measurements were made.
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Figure 22 - Geometrical calculation strategy for the light fluence.

Multivariate statistical analyzes were carried out in Jamovi Software 2.2.5

4.3 RESULTS AND DISCUSSION

4.3.1 Membrane characterization

The modified and unmodified membranes were characterized by different techniques to
elucidate the removal of emerging contaminants regarding the membrane’s properties and
characteristics. Zeta potential measurements (Fig. 23) of the modified membrane reveal that the
membrane surface charge is positive at acidic pHs up to neutral pH. Above neutral pH, the
membrane surface becomes negative. The isoelectric point occurs around pH 7, which means
that operating with effluents at this pH value, the membrane surface will have no charge. When
observing the unmodified membrane, it is possible to notice a change in the behavior of the
formed curve when varying the pHs, in which the membrane surface has negative zeta potential
for the entire pH range analyzed. It is important to mention that it is also much more negative
than in the regions where the modified membrane is. The same behavior was found by Ji ef al.,
(2019) who found negative zeta potentials on the surface of polysulfone membranes in the pH
range from 3 to 10. It is important to mention that the recycled membranes were obtained by
chemical attack on post-lifespan reverse osmosis membranes. In this process, the selective layer
of aromatic polyamide was removed, leaving the intermediate layer of polysulfone. On the other
hand, the zeta potential differences for the modified membrane are due to the presence of
nanocomposites on the membrane surface after modification. The presence of a large number
of functional groups of GO gives it an expressive electrical character that can facilitate
adsorptive processes and, consequently, increase the photodegradation process by TiO,. In

addition, TiO; presents ionizable groups on its surface, such as Ti-OH, and can adsorb ions
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from the bulk solution, causing its surface to be electrically charged, favoring electrostatic
removal mechanisms (ZIMMERMANN et al., 2010). For P25 titanium dioxide, the isoelectric
point is 6.8 (SZYMANSKI; MORAWSKI; MOZIA, 2016), which agrees with the values

obtained from the membrane surface. Thus, at values lower than this, the membrane surface is
positively charged and the opposite happens at pHs greater than 6.8. Darowna et al., (2017)
also obtained a similar curve for the zeta potential analysis of commercial TiO2 P25 Aeroxide,
with an inflection point at pH 6.3. The performance of membranes concerning to the zeta
potential will largely depend on the characteristics of the feed components. For example,
Szymanski; Morawski; Mozia, (2016) observed higher humic acid removals at acidic pHs (3
and 6.5), compared to basic pH (9) using TiO»-based photocatalytic membranes, and justified
the results by the negative charge of the molecules of humic acid that increases the compound
attraction by the TiO> particles on the membrane surface at lower pHs, where the nanoparticles
will be positively charged, increasing, consequently, the removal. Mendret et al., (2013)
reported greater removal of AO7 dye by TiO»-modified membranes also at acidic pH and
observed that the adsorption mechanism was favored under these conditions because the dye is
anionic, and negatively charged at pHs lower than 11. However, the authors point out that under
these pH conditions, an expressive drop in flux occurred faster than at basic pHs due to dye
deposition and reduction of photocatalytic activity. Therefore, in the study, the reduction of
fouling was obtained at alkaline pHs where greater amounts of hydroxyl radicals can be formed
on the surface of the catalyst, increasing the efficiency of the photocatalytic process. On the
other hand, Singh; Sinha; Purkait, (2020) obtained greater removals of methylene blue dye by
photocatalytic membranes with TiO; at basic pH compared to acid pH. This is because the dye
at basic pHs has a positive charge and the membrane is negative, causing the opposite charges
to favor the electrostatic attraction between membrane and dye, with consequent adsorption
and, subsequently, photodegradation in the case of operation using sufficiently energetic
irradiation. Therefore, the definition of the best operating pH will be associated with the

characteristics of the compounds present in the process feed.
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Figure 23 - Zeta potential versus pH for the recycled and modified membrane.

It is possible to observe in the thermal analysis of the membranes in Figure 24, that the mass
loss profiles are very similar for the modified and unmodified membranes, which is coherent
since the highest mass composition of the membrane comes from the polymeric matrix. Only a
smaller percentage constitutes the surface modification with nanocomposites. The beginning of
mass loss occurs close to 400°C and for the unmodified membrane a loss of about 92% is
observed, while for the modified one, about 89%. Muhulet et al., (2020) obtained a 75.03%
mass loss of polysulfone membrane when evaluating temperatures from 100 to 800 °C. The
authors also found small differences in mass losses with membranes modified with
nanocomposites and without modification. Between approximately 550 and 600 °C, it is
possible to notice a detachment of the mass loss curves of the modified and unmodified
membrane. In the modified ones, a lower mass loss occurs in this temperature range, probably
due to the non-degradation of some portion of the nanocomposites. Alaoui et al., (2009)
evaluated the mass loss of PVDF membranes modified with different percentages of TiO> (0 to
1 TiOo/PVDF wt. ratio) and noticed in the ranges between 430° and 600° lower mass losses in
membranes modified with a greater amount of nanomaterial, justifying the behavior in their
presence. Therefore, the values found in the present study confirm the modification of

membranes by nanomaterials.
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Figure 24 - Thermogravimetric analysis of the recycled and modified membranes.

Contact angle measurements of modified and unmodified membranes were performed, since
this analysis gives an indication of the hydrophobic or hydrophilic character of a surface and is
associated with which extent the membrane is prone to fouling by nonpolar organic compounds.
The measured contact angle value of the unmodified membrane was 59.85+4.83° with an upper
value of 66.28° and a lower value of 53.79°, depending on the portion of the membrane surface
evaluated. The variation is justified by the chemical recycling process where different regions
of the polyamide layer may have been attacked with greater or lesser intensity, generating a
heterogeneous surface. As for the membranes modified with nanocomposites, a value of
55.54+2.11° was obtained, with a maximum value of 57.4° and a minimum value of 53.24°.
There is a reduction in the average contact angle value after the modification process, which
denotes an increase in the hydrophilicity of the membrane by the modification with the
nanocomposites. This is a beneficial effect because, in addition to reducing the tendency to
fouling, it can also increase the permeate flux. The presence of TiO2 on the membrane surface
increases its hydrophilicity due to its high affinity for water, and the hydrolysis of its surface
hydroxyl groups. Moreover that, there is a large amount of oxygenated functional groups, such
as carboxyl and hydroxyl on the surface of GO, promoting interaction with water molecules
through hydrogen bonds with increased hydrophilicity. Penboon; Khrueakham; Sairiam (2019)
also observed a reduction in the contact angle value when modifying PVDF membranes with
TiO2 nanoparticles and the values decreased even more as the mass of nanoparticles in the
composition increased. The original value for the unmodified membrane was 128.1° and
dropped to 114.3° for the modified membrane with 1 g L™'. Vatanpour et al., (2022) also

obtained similar contact angle reduction results when modifying polymeric polyamide
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membranes with TiO, and carbon dots. The values reduced more as the load of added

nanocomposites increased.

AFM was used to probe the surface changes of the membranes in the modification process. The
characterization analysis by AFM (Fig. 25) showed that the reverse osmosis membrane after its
lifespan, having gone only through a cleaning process, presents a topography of ridges and
valleys that are characteristic of the selective layer of aromatic polyamide formed in the
interfacial polymerization process characteristic of these thin film membranes. By promoting
recycling, it is possible to observe a considerable reduction in the surface roughness of the
membrane, as also reported in Table 6, resulting in a more homogeneous layer, which is
justified by the removal of the aromatic polyamide layer and exposure of the intermediate layer
of polysulfone. It is possible to notice the presence of elevations that are characteristic of the
nanomaterials deposited in the modification process on the modified membranes. It is possible
to observe well-defined peaks that are associated with TiO> particles, dispersed in a partially
uniform way over the membrane surface. As for the micrograph of the membrane after use, it
is possible to notice a very irregular relief with not very uniform geometric formations
associated with the deposition of incrustations during the operation with the membrane. It is
important to mention that for the membranes used, the value of the height difference of the
highest peak and lowest valley (Rz) was the most prominent, denoting a very irregular
topography surface. The roughness of the photocatalytic membrane with nanocomposites will
depend, in addition to the nanomaterials used, also on the process of obtaining them.
Techniques such as blending, filtration, and surface coating are used in the photocatalytic
membranes fabrication, and, depending on the technique, different authors report different
surface roughness (DE OLIVEIRA et al., 2022a). For example, in promoting the modification
by blending, in the phase inversion method, Xu et al., (2016b) observed a decrease in the
roughness of membranes modified with nanocomposites TiO2-GO compared to PVDF pristine
and explained the phenomenon by the filling of the membrane concavities by the inorganic
material. The reduction in roughness was associated with a better antifouling capacity of the
membranes obtained. When promoting the modification of porous cellulose membranes with
TiO2-GO through filtration, Zhul et al., (2017) observed an increase in roughness by the
addition of nanomaterials in the modification process. For the case of the present study, it is
worth mentioning that, after the recycling process, the roughness of the membrane obtained

was already very low and the modification with nanocomposites only contributed to a slight
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increase in this parameter.

Figure 25 - AFM micrographs of the (a) RO membrane after cleaning process, (b) recycled
membrane, (c) Modified membrane with TiO2-GO, (d) modified membrane after use.

Table 6 - Roughness parameters of the different membranes.

Roughness parameters (nm)
Membranes
Ra Rq Rz
RO membrane after
17.94+4.8 50.442.5 522.94+156.7
lifespan
RO recycled
2.840.8 13.545.9 283.7+131.0
membrane
RO modified
4.842.1 26.7+11.5 425.2+175.5
membrane
RO modified
-0.4+0.7 88.3+48.8 818.6+288.5
membrane after use
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Scanning Electronic Microscopy of the modified membranes after six months of use was carried
out to verify the modifications in the surface composition or the detachment of the
nanocomposites. The micrographs (Fig. 26) of the modified membrane after its use in the
different batches of treatment show the presence of compounds deposited on its surface, with
certain species with the appearance of crystals. The EDS analysis (not shown) and elemental
map confirmed the presence of the titanium element uniformly spread over the membrane
surface. This is a very interesting result, since one of the main concerns with the application of
modified membranes is the stability of nanostructured coatings. The evaluated membrane was
used in batches of treatment for 10 months and, even after this period, titanium oxide remained
present on the surface, confirming the validity of dopamine as a binding element between the
materials and a promoter of the stability of the formed membrane. Zhang et al., (2017) point
out that when in contact with the TiO> suspension, the catechol and quinone groups of dopamine
attract the TiO particles, and residual dopamine monomers can polymerize between the

nanoparticles and the membrane surface.

It is worth to mention that it can be observed, also by the micrographs, that there are pores on
the membrane surface after modification, but the surface is not completely porous, and different
rejections mechanisms can take place as size exclusion or electrostatic adsorption-repulsion, as

occurs in ultrafiltration or nanofiltration membranes.

M2202839
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Figure 26 - (a) SEM micrograph of the modified membrane after use and (b) SEM
micrograph with elemental map indicating the presence of titanium element.

4.3.2 The impact of light position on the fluence radiation incident on
membrane surface

For the activation of TiO> and the start of the photodegradation process, it needs to be irradiated
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by irradiation with an energy greater than its band gap (3.2 eV). Therefore, the fluence of
incident radiation at the membrane surface is one of the most relevant aspects in the
construction and functioning of photocatalytic membranes. For this study, the lamp was placed
at a fixed distance from the center of the membrane and actinometric tests were performed.
Based on the value of the luminous fluency that reached the center of the cuvette, the fluence
rate leaving the lamp was determined with the aid of the Lambert-Beer law, and based on the
fluence leaving the lamp, the fluence in different points of the membrane of rectangular

structure of 12x17 cm, were calculated, also by the Lambert-Beer law.

The distances were estimated using the hypotenuse, assuming that the perpendicular distance
from the center of the lamp to the surface of the membrane and the plane parallel to the
membrane are cathets (Fig. 22). For instance, for arbitrary values of cathets in the plane parallel
to the membrane surface, different values of hypotenuse were obtained for different points on

the surface.

It can be seen from the results presented in Figure 27 that the closer to the center of the
membrane, the greater the luminous fluency and, consequently, the greater energy use is
obtained. While in the right and left extremities the fluencies are lower. An approximate fluence
rate of 1.97 mW cm™ was detected on the lamp surface, while approximately 0.29 = 0.10 mW
cm? at the center of the membrane and 0.07 = 0.03 mW cm at the right and left extremities.

Such results can be used as tags to define the spacing between lamps in a full-scale facility.
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Figure 27 - Light fluence as a function of the position on the membrane surface.
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Energy losses occur depending on the environment in which the light moves. And the greater
the distances traveled, the greater the losses. With the submerged lamp arrangement layout as
planned, these losses were in the order of 85% to 96%, which is already quite expressive. Many
studies use lamps external to the reaction medium, so the losses are even greater and there is
great energy waste, given that in addition to the path in the air to be covered, the radiation will
also travel through the fluid in the reaction medium. Thus, designing membrane photocatalytic
reactors and thinking about the position of the irradiation source and reactor geometry is an
important aspect in the sustainability and efficiency of the project. Wang; Fane; Lim (2013)
compared the degradation of carbamazepine in a membrane photocatalytic reactor and observed
greater removals when the system was subjected to irradiation of higher intensities (68%)
compared to lower intensities (28%). Kertesz; Cakl; Jirankova, (2014) also found the same in

the decolorization of dyes.

An optimized layout can improve energy use and, consequently, reduce energy consumption
and waste generation from its production. From the results obtained, it is concluded that the
best strategy is the use of lamps submerged in the reaction medium and, if possible, not only
one, but a set of lamps aligned in parallel and of lower power, so that the irradiation reaches
perpendicularly to the complete membrane surface traveling the same distances. One of the
limitations of irradiation on the surface of membranes is the degradation of polymer chains.
Therefore, thinking strategies that guarantee greater energy use and greater photocatalytic

performance, but also less damage to the membrane must be evaluated.

4.3.3 Membrane performance on the wastewater treatment

Different treatment alternatives were approached and their efficiencies were evaluated in the
removal of conductivity, TOC, and UVA»s4 parameters from wastewater after tertiary
treatment. As can be seen from the Figure 28, the electrical conductivity removals were low in
all the studied treatment systems, which is consistent since the membranes used are porous, as
they had their selective layer removed in the chemical recycling process. The systems that use
only irradiation, whether UV-C or LED, did not present practically any removal of
conductivity, which was already expected, since this process is not capable of precipitating ions
and or retaining them, as done by membranes. The highest conductivity removal, around 20%,
was obtained with the entire system operating with UV-C irradiation. This is attributed to the

removal of multivalent ions by the membranes, which can be considered in low concentration
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compared to other species that confer high conductivity to the effluent. The UV As4 parameter
was monitored to evaluate the attenuation of the presence of compounds with double and triple
bonds present in the effluent and, it can be observed that all treatment processes were effective
in this removal, with a minimum value of 5% by irradiation UV-C alone up to approximately
38% for systems with irradiation and filtration operating at basic pH (9). In the case of TOC
removal, in systems where only irradiation was used, whether UV-C or LED, there was an
increase in the parameter value. The same occurred in the entire system being irradiated with
UV-C. It is suspected that there may have been a degradation of the polymeric structures of the
reactor by UV-C irradiation. In the entire system with LED and the entire system with UV-C

at pH 9, the removals were positive.
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Figure 28 - Parameters removals by different treatment techniques.

4.3.4 Removal of emerging contaminants

The attenuation of nineteen TOrCs with different characteristics present in the wastewater from
the Garching treatment plant after tertiary treatment were evaluated. Their main characteristics

are presented in the table 7.

Table 7 - TOrCs main characteristics.

Compound Molecular Weight Log Kow pKai; pKaz; pKas
3-OH Carbamazepine 252,27 - -
Methylbenzotriazol 133,15 - 1,4
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Compound Molecular Weight Log Kow pKai; pKaz; pKas
Amisulpride 369,5 1,1 9,37
Antipyrine 188,23 0,38 1,4
Atenolol 266,34 0,16 9,60; 14,08; 15,95
Benzotriazol 119,12 1,44 8,37
Caffeine 194,19 -0,07 14
Candassartan 440,5 4,79 2,45; 6,70
Carbamazepine 236,27 2,45 13,9
Citalopram 324,4 1,39 9,78
Diclofenac 296,1 4,51 4,15
Fluconazol 306,27 0,5 1,76
Gabapentin 171,24 -1,1 3,7; 10,70
Metoprolol 267,36 1,88 9,56
Sulfamethoxazol 253,28 0,89 1,60; 5,70
Tramadol 263,37 2,4 9,41; 13,08
Trimethoprin 290,32 0,91 7,12
Valsartansaeure 4355 4 4,73
Venlafaxin 2774 32 8,91; 14,42

TOrCs removals were quantified by different treatment strategies and the results are shown in

Figure 29.
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Figure 29 - TOrCs removals by different treatment techniques.

When observing the attenuations of the compounds, it is noted that antipyrine, diclofenac and
sulfamethoxazole are the components with the highest removal percentages only by UV-C
irradiation, which has also been confirmed in other studies (MULLER, et al, 2017), while
carbamazepine, fluconazole and trimethoprim were the lowest. In the case of these last
compounds, in the operation with the entire system and only with the membrane, it is possible
to observe very close attenuations, indicating that the removal mechanism occurred through
size exclusion or electrostatic repulsion and not by photocatalysis mechanisms.
Phototransformation is therefore component dependent and the component structure has great

relevance in the efficiency of direct photolysis (PAREDES et al., 2019).

Statistical analysis showed that for compounds with molecular weights above 200 g mol!, there
is a statistically significant positive correlation between removal by the system operated only
by membrane filtration and molecular weight (p=0.007<0.05). The justification for this fact
may lie in the irregularity of the surface of the membrane formed after the recycling process
and subsequent modification with dopamine-TiO,-GO. Although the formed membrane has
some pores, its behavior seems to resemble membranes between ultrafiltration or nanofiltration,
as ultrafiltration membranes have a molecular weight cutoff of around 100 KDa (SHENG e¢

al., 2016), and all trace compounds investigated have masses smaller than that.
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The removal only through the membrane can also occur by adsorption or rejection by
electrostatic mechanisms. For the evaluation of the first mechanism, the Kow log is a widely
used parameter. When this value is low (<2.6), the compounds have low lipophilicity and high
hydrophilicity, while for high log Kow values (>4.5), the characteristic is the opposite. The
components with the highest removals in the membrane-only treatment system were citalopram
and benzotriazole and all of them have low log Kow values: 1.39, 1.44, respectively, which
denotes hydrophilic character. It is important to note that although the membrane is polymeric,
in the surface modification process with the nanocomposites there was an increase in its
hydrophilicity, as confirmed by the contact angle results, due to the presence of the functional
groups of GO and hydroxyls of TiO>. Therefore, the attenuation may have occurred by
adsorption or electrostatic attraction. For compounds with high log Kow values that are still
attenuated through the membrane, even on a small scale, the justification may be their
deprotonations with a consequent reduction in their hydrophobicity, as in the case of diclofenac.

Similar results were also reported by (SNYDER et al., 2007).

In the case of integrated membrane UV-C system, the correlation value for the removal values
and molecular weight presents p-value equal to 0.637 denoting that the irradiation causes a
distinct mechanism of removal of the drugs that there is no exclusion by size, which was already
expected because in this case, removal by photocatalysis also occurs. Moreover, there is a
statistically significant positive correlation between log Kow and TOrCs attenuation (p = 0.026
< 0.05). The justification lies in the fact that photocatalytic reactions take place on the surface
of the catalyst. Thus, the adsorption step is important in the mechanism. The higher the log
Kow, the more lipophilic the compound and the removal mechanism may have been by

adsorption on the surface of the polymeric membrane.

For the case of the operation of the integrated membrane - UV-C system, the analysis is
complex, because in addition to the mechanisms of rejection only by the membrane, there are
also the mechanisms of removal by photocatalysis, making it difficult to consider the impact of
each happening simultaneously. What may have justified greater or lesser removals of certain
compounds are the charge characteristics of the compounds, since photocatalysis with TiO» is
non-selective, since hydroxyl radicals and other reactive substances are non-selective in nature.
The average pH of the process feed effluent is around 7.5 and under these conditions, as
observed in the zeta potential results, the membrane surface is negatively charged. Therefore,

cationic compounds such as venlafaxine, carbamazepine and tramadol will have a favored
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interaction with the nanocomposites and consequently the photocatalytic process will be
benefited. Arlos et al., (2016) reported this behavior with the use of TiO,. However, this rule
cannot be affirmed for the present system studied since compounds such as caffeine and
atelonol, also cationic, had a reduction in removal when evaluating the integrated membrane

UV-C system in operation compared to only membrane filtration.

In general, the performances of the systems where LED was used were lower than the complete
systems where UV-C irradiation was used, which was to be expected since the wavelengths in
the case of LED were longer, with consequent lower energies. The lower energies, in addition
to not promoting the photolysis of TOrCs, were also unable to activate the nanocomposites on
the membrane surface. Surprisingly, for some compounds, there was an increase in
concentration after LED irradiation, which can be explained by the release of certain
compounds present in suspended solids in the irradiation process or even the synthesis of new
compounds by smaller precursors molecules. Valsartansaeure and venlafaxine do not follow
this profile and were more attenuated throughout the system being irradiated by LEDs. This
mechanism cannot be very well explained, as venlafaxine, for example, is not photosensitive
(SANTOKE et al., 2012). However, a hypothesis for the values found is indirect photolysis due
to the presence of dissolved organic matter. The treated wastewater had total organic carbon
values around 7 mg L' and UVAys4 around 0.150. This organic matter, when irradiated, can
have its singlet state excited, which can return to the ground state or transit via intersystem
crossing to the excited triplet state. In this way, energy transfer occurs between the excited
organic matter and the molecule of interest or oxygen, returning to the ground state. Excited
oxygen decomposes into reactive species. These reactive species, in turn, react with the trace
organic compounds causing their degradation (TRAWINSKI; SKIBINSKI, 2017). Other
studies also mentioned the increase in the photodegradation rate (8-fold) of venlafaxine by the
presence of organic matter in a study with river water and ultrapure water being irradiated by
sunlight (RUA-GOMEZ; PUTTMANN, 2013). For comparative purposes, interesting results
were found by Wawryniuk; Pietrzak; Natecz-Jawecki (2015) when evaluating the
decomposition of mianserin. The drug is not degraded by visible irradiation directly, but when
humic acid was added to its solution, rapid decomposition was observed under visible

irradiation.

Through the analysis of principal components using multivariate statistics (Fig. 30), a greater

positive correlation can be observed between the removal by integrated membrane LED system
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and log Kow, and a completely different behavior of the system operating only with LED
irradiation from the other treatment systems evaluated. The systems of UV-C irradiation only,

membrane only and membrane UV-C system showed positive correlations.
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Figure 30 - Principal components analysis of the different techniques and evaluated
parameters.

Experiments were performed with the membrane UV-C system with correction of the
wastewater pH to 9 and the results are shown in Figure 31. Except for caffeine, the removal of
all other 18 trace organic chemicals was superior in the higher pH operation. Removal values
are associated with compound speciation, membrane surface charge, and feed solution pH
(HUANG et al., 2015). As evidenced in the zeta potential tests, the higher the pH, the more
electronegative the membrane surface due to graphene oxide and TiO2, consequently, in
addition to the adsorption and photocatalysis, electrostatic repulsion mechanisms can play a
relevant role, making the rejection of the evaluated contaminants greater. In the case of
diclofenac, for example, removal of 92% was achieved in the operation of the entire system in
pH 9. Expressive results were also obtained for antipyrine (~87% attenuation). In terms of
percentage gains, the removals of atenolol and amisulpride increased considerably in the

operation at higher pH.

All 18 compounds, with the except caffeine and carbamazepine, will be negatively charged at
pH 9 or with pKas close to 9. Therefore, since the membrane surface is negatively charged, the

main mechanism of interaction is electrostatic repulsion. Huang et al. (2015) when evaluating
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the rejection of sulfamethoxazole by membranes modified with TiO2, observed that higher pHs

increased the removal efficiency through electrostatic repulsion.
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Figure 31 - TOrCs removals in different pHs.

4.5 CONCLUSIONS

Membranes modified with TiO>-GO nanocomposites with the aid of dopamine proved to be
stable in successive batches of operation. Micrographs showed the presence of TiO> in the
membranes after use. The improvement of membrane characteristics such as increased
hydrophilicity and greater electronegativity on the surface contributed to better performances
in the removal TOrCs. The system operating in conjunction with filtration and photocatalysis
obtained more satisfactory results in terms of removal of trace organic chemicals. Better
performances were observed with pH elevation, which may justify an electrostatic rejection
mechanism. Statistical analyzes showed a positive correlation between the molecular mass of
the components and removal, as well as with log Kow and removal. Outstanding attenuation of
TOrCs were achieved as for the case of diclofenac (92%) and antipyrine (87%). Thus, the
photocatalytic membranes are a promising technology to generate safe water and even produce

reuse water.
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CHAPTER 5

Photocatalytic recycled membranes for
municipal wastewater treatment: economical
evaluation
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5.1 INTRODUCTION

Compared to some years ago, the outlook for wastewater treatment has changed. In addition to
decreased water availability and increased demand for water, global awareness of the presence
of contaminants in low concentrations with potential adverse effects on human health and other
organisms, such as trace organic compounds (TOrCs), has grown. Furthermore, laws in various
parts of the world are becoming more restrictive, and the costs of obtaining clean water are
rising. As a result, reuse is viewed as a viable option with both economic and environmental

advantages (HUNTER et al., 2019).

Conventional treatment plants are inefficient in the removal of TOrCs and do not even meet the
standards for the generation of reuse water, requiring the use of advanced techniques for this
purpose. Coagulation, sedimentation, ozonation, membrane separation processes, disinfection,
and other tertiary treatments are commonly used in this context (WANG et al., 2018). And,
while each has advantages and disadvantages and produces satisfactory results in terms of
technical effectiveness, their use is limited by an economic criterion that renders the process
unfeasible. For example, Remy et al. (2014) concluded that membrane bioreactors were the
best in terms of effluent quality when evaluating the environmental impacts of five tertiary
treatment processes using life cycle analysis. However, the costs of electricity and chemical
consumption were prohibitively expensive. As a result, the process's efficiency must be

considered alongside economic criteria.

Wastewater treatment plants have two types of costs: capital and operating. The first is related
to the costs of equipment, construction, land, and permits. The second is about the costs of
energy, maintenance and repairs, chemical consumption, and labor, among others. The type of
technology used in the plant, as well as its size, will have a direct impact on costs, and
evaluating these parameters serves as a management tool for decision makers (OZGUN et al.,

2021).

Among the available tertiary treatment processes, membrane separation processes receive
special attention (QING et al., 2019; WANG et al., 2022). However, while they reduce the
polluting load, they involve a phase transfer process that generates a concentrate stream with a
higher charge than the process feed that must be treated and disposed of, incurring additional
costs and steps (CHELME-AYALA; SMITH; EL-DIN, 2013). Associating membranes with

advanced oxidative processes is a promising alternative not only for improving performance,
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but also for cost reduction in concentrate treatment steps, because mineralization of polluting

compounds in effluents is possible (SINGH et al., 2021).

Photocatalytic membranes, which act through separation mechanisms as well as photocatalysis,
are being studied extensively as a technological alternative for producing high-quality water.
However, most of the research is still in its early stages, taking place on a laboratory scale and
focusing on the removal of isolated compounds, primarily in synthetic matrices. There are few
studies that evaluate the treatment of complex real matrices, and to the best of our knowledge,
no studies that make the economic evaluation of the process taking into account the treatment
compatible with the capacity of a plant that serves the population of a city or region. As a result,
the current study assesses the CapEX and OpEX of an advanced treatment system comprised
of photocatalytic membranes based on recycled post-life reverse osmosis membrane, TiO2
nanoparticles, graphene oxide and dopamine. The use of recycled membranes and a catalyst
produced in a more environmentally friendly manner are both novelties that help to reduce the

overall cost of the treatment process.

5.2 MATERIAL AND METHODS

5.2.1 Photocatalytic membrane preparation

The preparation route of the photocatalytic membranes was reported in our previous studies
and more details can be found in De Oliveira et al., (2022). In general, after-lifespan reverse
osmosis membrane is recycled and transformed into an ultrafiltration membrane, greener
titanium dioxide (TiO2) nanoparticles, graphene oxide (GO), and dopamine are used as
precursors. The membranes obtained demonstrated high rejection of trace organic compounds
in wastewater treatment after tertiary treatment and were stable in operation for 10 months.
Each synthesis method produced membranes with a surface area of 0.0204 m? and a permeate

flux of 20 L m2 h ! bar!. These values were used in process costing and scaling.

5.2.2 Wastewater treatment plant

Garching wastewater treatment plant in Germany was used as a data reference for calculating
the costs of using photocatalytic membranes in the advanced treatment of municipal
wastewater. The treatment flow at the station is 1,812,859 m?® year!, and it primarily treats
domestic effluent from a population of approximately 31,000 inhabitants. In addition to

secondary biological treatment, the station includes nitrogen, phosphorus, and disinfection
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steps. The use of photocatalytic membranes as an advanced treatment step to remove trace
organic compounds was considered, and calculations were performed based on the plant's

treatment capacity.

5.2.3 Data collection, Capex and Opex calculation

First, the equipment and chemicals required to fabricate the photocatalytic membrane were
evaluated. At this point, in addition to the costs of chemical precursors, the operating costs of
the used equipment were considered, depending on the time required for each manufacture and
the power of the equipment. With the membrane values, the acquisition costs (CapEX) and
operating costs (OpEX) of the treatment system were calculated. The treatment system was
based on the treatment performed on a bench scale (Fig. 32), followed by scaling factor
corrections. In this system configuration, permeation occurs in the direction of the membrane's
surface towards its interior, and the membrane used was flat.

©Q —

A

Aeration Permeate Tank

Feed Tank

Figure 32 - Schematic representation of the treatment system.

The capital (CapEX) and operational (OpEX) costs were calculated taking into account a flow
of 207 m* h!, which concerns the treatment flow of the Garching wastewater treatment plant.
For the cost of equipment (Cb), estimates were made with the base variable (Sa), costs in the
base variable (Ca, taking into account the equipment acquisition and installation costs) and an

exponent factor (n), according to equation 5.

6o =Ca (/) ®)

For CapEX, the initial costs of acquiring the membranes to start the treatment process were also

considered. The membranes were estimated to have a useful life of 5 years. In terms of operating
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costs, we considered the energy required by the lamps to activate the photocatalytic membranes,
the energy required for pressurizing and pumping, the energy required for the aeration system,
maintenance costs, and membrane replacement costs. The value of 5% of Capex was considered
for maintenance, and since the useful life of the membranes was assumed to be 5 years, the total
value of the acquisition of the membranes was calculated and divided by 5 to generate the
annual cost. It is important to note that this contribution will become valid after the first five
years of plant operation, because the acquisition of membranes was already considered in

CapEX during the initial stage.

5.3 RESULTS AND DISCUSSION

5.3.1 Photocatalytic membrane fabrication costs

The costs of chemicals, materials and operation of equipment used to manufacture
photocatalytic membranes are shown in Table 8.
Table 8 - Summary of cost variables considered for estimation of photocatalytic membrane

production. *Values were based on the most recent Chemicals Market Report provided by
the Independent Commaodity Intelligence Service (ICIS)

Chemicals and Bare
Base Real Cost
utilities for cost
Process Step variable variable (USS;
membrane costs (USS;
(Sa) (Sb) Cb)
estimation Ca)
1000
TiCls 251,34 6 mL 1.51
mL
1000
NH4OH 5,75 15 mL 0.09
mL
TiO2 synthesis o 0.13
Synthesis Microwave 1 KWh 0.11 0.014
KWh
0.07
Centrifuge 1 KWh 0.11 0.0077
KWh
Kiln 1 KWh 0.11 8 KWh 0.88
Muffle 1 KWh 0.11 7 KWh 0.77
Total cost to produce
3.27

2.5 g of TiO, (USS)
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Chemicals and Bare
Base Real Cost
utilities for cost
Process Step variable variable (USS$;
membrane costs (USS;
(Sa) (Sb) Cb)
estimation Ca)

Total cost to produce
TiO2 (US$ g
Photocatalytic TiO; used in the

1.31

25¢g 3.27 0.02¢g 0.026
membrane fabrication = membrane preparation

GO costs lg 0.5 0.001 g 0.0001
Dopamine lg 11.34 0.08 g 0.91
Buffer solution 1L 13.79 0.12L 1.65
0.48
Ultrasound 1 KWh 0.11 0.0528
KWh

UF recycled membrane 1 m? 0.208  0.0204 0.00424

Total cost for the Total cost to produce
photocatalytic one photocatalytic
membrane membrane of 0.0204 267
m’(USS$)
Total cost to produce
one photocatalytic 129.41

membrane (US$ m™)

The cost to produce each photocatalytic membrane is approximately US$ 2.64. However, the
membranes produced are laboratory scale with an area of 0.024 m? and a permeate flow of 20
L m? h'! bar’!. If considering the area of membrane produced, the cost for production was
approximately 129.41 US$ m™. These are values higher than those reported for commercial
ultrafiltration membranes, whose price would be close to 25 US$ m? (COUTINHO DE
PAULA; SANTOS AMARAL, 2018). On the other hand, if compared to emerging
technologies such as membrane distillation and direct osmosis, which still depend on greater
technological maturity for large-scale implementation, prices would be comparable. LI et al.
(2020b) presented costs close to 100 US$ m for the combined system of membrane distillation

and direct osmosis when applied for the treatment of industrial effluent. The authors also
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worked with the synthesis of membranes and considered expenses with chemicals, solvents,
purification processes, among others, emphasizing the need for technological advances that
were capable of simplifying the presented production costs. In all cases, the trend to be observed

is lower costs of obtaining these membranes as one advances in the production scale.

It is worth mentioning the advantage of using recycled membranes, both in economic and
environmental aspects. The costs for obtaining photocatalytic membranes based on recycled
membranes were lower due to the lower acquisition costs of these membranes. The cost
expectation for photocatalytic membranes obtained by commercial ultrafiltration membranes
(25 US$ m2) is 153.92 US$ m2, with greater contribution from ultrafiltration membranes (16%;
Figure 33). The expectation is that the amount of end-of-life reverse osmosis membranes
disposed of in landfills in 2018 has reached values close to 16,500 tons (MORADI et al., 2019),
value that tends to grow with the spread of reverse osmosis technology. On the other hand, they
are membranes that can be recycled even at the end of their lifespan, producing membranes
similar to the ultrafiltration membranes that would act as a support for the photocatalytic
membranes. Due to the simplicity of obtaining, they are low cost membranes with values close
to 0.208 US$ m?, as shown in Table 33 (COUTINHO DE PAULA; SANTOS AMARAL,
2018).

Ultrasound
Buffer solution

. Dopamine
Contribution of UF GO costs

Recycled UF + membranes the .
total costs: <1% I TiO,
| I Membrane

Contribution of UF
membranes the
total costs: ~16%

Commercial UF

0 1 2 3 4 5 6

Costs for the obtainment of photocatalytic
membranes (US$)

Figure 33 - Costs comparison between photocatalytic membranes obtained by commercial
and recycled UF.
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5.3.2 CapEX

Since the cost calculations are performed to evaluate the process in the tertiary treatment of
wastewater in a given region, the treatment flow of the ETE Garching in Germany was taken
into account. At this station, the treated flow is 207 m>h™'. With the flow rate of the obtained
photocatalytic membrane, a membrane area of 11500 m? would be required to meet the flow
rate. Thus, the scale factor used to scale the values was based on dividing the required
membrane area by the produced membrane area (scale factor = 563,725.50), generating a

membrane cost equal to US$ 1488235.32.

The other values of the treatment system are described in table 9 and refer to the equipment and

accessories for the tertiary treatment using the photocatalytic membrane.

Table 9 — Summary of cost variables considered for estimation of capital expenses (Capex)

of the tertiary treatment unit.

Equipment
Equipment
Description for Base variable Bare cost Real variable
n* Cost (USS;
Capex (Sa) (USS; Ca) (Sb)
Cb)
estimation
Feed tank 90 m? 63524 0.6 207 m? 104706,716
Permeate tank 90 m® 63524 0.6 207 m? 104706,716
Peristaltic pump 5.5 KWh 20026 0.7 - 20026
Multiple pipe — 5% of all costs
104563,75 - - 104563,75
carbon steel of installation
Membrane
0.0204 m? 0.57 0.6 11500 m? 1614,943774
module
Rotameter - 1012 - - 1012
Manometer - 20 - - 20
126823.24 m?
Aerator 18 m>h! 207.50 0.7 o 102471,3568
11500
0.0204 m? o
UV-C Lamp o 28 0.7 (irradiated 297101,8817
(irradiated area)
area)
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Adding the values of the photocatalytic membranes with the treatment system, the Capex of the
process is US$ 2224458.68, that is, approximately 1.23 US$ m™. The highest values are
associated with photocatalytic membranes with a contribution of 67% to the total acquisition
value of the system (Figure 34). Then, acquisition of UV-C lamps, with a contribution of 13%
to the total value of the system. Following these are the feed and permeate tanks, which due to
the high volume also had considerable costs with a contribution of 5% each. In the case of
combination with an existing wastewater treatment plant, the feed tanks could be replaced by
direct connection of the system to the secondary effluent network, while the permeate tank
could be replaced by direct integration of the photocatalytic system into the discharge network

of the treated effluent.

u Feed tank Capex

u Permeate tank

5%

Peristalt 0%
= Peristaltic pump 0%
Multiple pipe — carbon 0%

steel
® Membrane module

4%

u Rotameter
® Manometer

H Aerator

mUV-C Lamp

u Photocatalytic membrane

Figure 34 - Percentage impact of each equipment on Capex.

The investment to be made to implement the photocatalytic process is higher than those
obtained by Ozgun et al. (2021) for the same treatment capacity. The authors evaluated the use
of anaerobic-anoxic-aerobic (A%0) systems, with and without integrated digesters, as a tertiary
treatment technology, reporting implementation costs ranging from US$ 212923.75 -
542554.35. When comparing the capital costs for different treatment plants in different
countries with different capacities, the authors found that, as expected, the larger the size, the
greater the Capex and that for a small capacity plant (<100000 m> day™!), Capex is 0.056+0.009
US$ m?. This value is much lower than that found in the present study, since it takes into
account the capital for installing an entire treatment plant from preliminary to tertiary treatment
and, in this type of approach, the previous processes, as they require less sophisticated

equipment, such as tanks and other physical mechanisms, it ends up diluting the cost to the
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treatment capacity. Unlike the analysis carried out in the present study, where only the value

per m® is considered for only the tertiary treatment.

Knowing that the greatest impact on Capex is due to the acquisition of photocatalytic
membranes, it is interesting to verify the cost portions of its production process. And observing
Figure 33, it can be noted that the highest costs of the produced membranes relate to the
expenses with the tris buffer solution (62% of the total cost of the membrane) for basifying the
medium and polymerizing the polydopamine. An alternative to reduce costs would be the use
of sodium hydroxide to adjust the pH in the synthesis. This alternative has already been tested
by our research group and the membranes obtained had performances comparable to those
synthesized with a tris buffer solution in terms of stability and rejection. Therefore, this may be
a promising modification for process scaling. It is interesting to note that for the synthesis of
the photocatalytic membrane, the TiO> used was obtained by a greener route with reduced
consumption of chemicals and energy, produced by our group. This route reduced the costs of
such a nanomaterial to manufacture the membrane, since commercial TiO; (Degussa P25) has
a higher cost (3.35 US$ g!') (MERCK, 2022) than that synthesized in the present work (1.308
Uss$ gh.

5.3.3 OpEX

In order to calculate the operating costs of the process, it was taken into account that the lifespan
of the membranes is 5 years (ZHANG et al., 2021a), therefore, the production value of the
membrane area that meets the treatment capacity was divided by 5. In addition, there are costs
associated with the consumption of electricity for pressurizing the system and pumping
wastewater, as well as for operating the lamps and aeration (Table 10). The maintenance cost
was defined as 5% of Capex (MOREIRA ef al., 2022). The total calculated cost of Opex is
6803249 USS$ year™!. Since the total flow treated per year is 1812859 m?, this value corresponds
to approximately 3.75 US$ m™ (Table 3). Regarding operating costs, it is possible to observe
that the energy requirement for irradiation of the membrane by means of a UV-C lamp
represents the greatest preponderance (75% of Opex) and this is one of the factors that most
limit the use of large-scale technologies that use photocatalysis with TiO». This finding is in
agreement with other authors who reported energy consumption as the one with the greatest
impact on tertiary treatment of wastewaters (TSAGARAKIS; MARA; ANGELAKIS, 2003).

However, if the material could be activated by irradiation of shorter wavelengths,
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corresponding to the visible region of the electromagnetic spectrum, the use of solar irradiation
could be a promising alternative in terms of cost reduction. The data obtained in the present
study show membrane activation by LED irradiation at shorter wavelengths, thanks to the use
of graphene oxide. If the use of lamps were removed, the Opex cost would be reduced to
approximately 0.93 US$ m™. There are still other simplifications that can be made in the
treatment, such as the removal of the aeration system. This system was used in order to reduce
incrustations on the surface of the membrane during the period of operation. However, although
it is an item for improving performance, this is not a fundamental criterion for its operation.
Thus, if it were disregarded in the cost analysis, the new OpEX would be approximately 0.23
US$ m>. Mulder; Antakyali; Ante (2015) compared the costs of different tertiary treatment
techniques for removing micropollutants in the planning of wastewater treatment plants in the
Netherlands, based on the values of tertiary treatments already implemented in Germany and
Switzerland. For ozonation, the Opex value found was 0.105 US$ m™, while 0.116 US$ m™ for
powdered activated carbon and 0.231 US$ m™ for granular activated carbon. When comparing
these values, it is possible to observe that the photocatalytic membrane has a higher cost than
the other techniques. However, it must be considered that for other advanced techniques, such
as activated carbon, there are still costs for treatment and disposal of the sludge that must be
taken into account. In addition, the replacement of the material must take place at certain
intervals (6 months in the case of granular activated carbon) due to the saturation of the active
sites over the operating period. Moral ef al. (2019) when carrying out the analysis of operational
costs of tertiary treatment in Spain in 2017, found values between 0.147 and 0.284 US$ m™.
Close values, 0.286 US$ m™, were also calculated by Gallego Valero et al., (2018) in the year
of 2014. Therefore, if it is possible to operate the membrane in a scenario of solar irradiation,

in addition to being technically, the technology is also economically viable.
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From the results obtained, it is possible to observe that adding both costs (CapEX and OpEX)
the cost of Opex is more prevalent than Capex, representing approximately 75% of the total.
Ozgun et al. (2021) also noted that Opex is more relevant (58%) in tertiary treatment.

Table 10. Operational costs for the tertiary treatment of secondary wastewater by
photocatalytic membranes.

Chemicals, materials
and utilities considered Bare Cost Real variable Real Cost

for OpEx estimation

Energy for the lamp
0.115US$ kWh!  4.44x10’ KWh year! 5111073.62 US$
(OW)
Energy for the pump (5.5
0.115US$ kWh!' 48180 KWh year! 5540.7 US$
KW)
Energy for the aeration 1.11 x10” KWh year
0.115 US$ kWh'! 1277768.73 US$
system (180 W) !
Membrane replacement 129.41 US$ m™ 2300 m? ano™! 297643 US$
Maintenance - 5% Capex 111222.94 US$

The consideration of the tertiary treatment process would imply an increase of 3.75 US$ m™
for the wastewater treatment plants. However, the additional cost must be evaluated from a
broader perspective, considering the advantages of the photocatalytic process. In the study
presented by Garcia-Ivars et al., (2017), nanofiltration membranes were evaluated as a tertiary
process for the removal of eight trace organic compounds. Removals ranged from 30 - 40% for
acetaminophen and caffeine to values close to 80% for triclosan. Variability is expected when
dealing with compounds with different molecular weights and hydrophobicity, characteristics
considered essential when dealing with the mechanisms involved in the removal of organic
compounds by nanofiltration membranes. In addition to the variability in removal capacity,
they are processes incapable of completely destroying the pollutant, transferring it from one

phase (feed) to another (concentrate).

The system evaluated by Foureaux ef al. (2021) also considered the use of nanofiltration
membranes for betamethasone removal, also classified as a trace organic compound. High
rejection values (>98.8%) were observed up to a recovery rate of 60%. Values higher than this

resulted in the transfer of the compound to the permeate, compromising its quality. The study
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suggests that of the total volume fed to the system, 40% would be converted into a concentrate
stream, requiring additional treatment steps with direct implications for operating costs. Thus,

the costs presented by the authors of 0.434 US$ m™ would certainly be higher since the costs
of treatment and disposal of the concentrate were not considered.

Some alternatives for managing the concentrate generated in these processes are disposal in

surface water, disposal in the sewage collection network, injection into underground wells,
evaporation ponds and soil application. The decision for the best strategy must consider,
however, the impacts associated with each of the mentioned practices and the legal aspects
involved. In addition, they are practices whose associated cost may even be higher than the total
cost of treatment, ranging from 0.69 —3 US$ m> (VERGILI et al., 2012). Thus, considering the
treatment costs reported by Foureaux et al. (2021), associated to the concentrate disposal costs,

the processes become equivalent in economic terms. Figure 35 shows the comparison of the
two processes.

Amortization
7.5% Maintenance
Cleaning agent 1.6%
Membrane replacement oy
3.6% /

0.1%

Membrane replacement ‘
Energy requirement 4.3% B
1%

Maintenance

.
/

- Energy requirement
\ .
. \

.. . 94.1% S
/ Concentrate disposal \\ Energy.contrzbutlon breakdown ;
, 87 4% ' . Pumps: <0.1% K
K : v Lamp: 73.1% K

/ Vo Aeration: 17.6%

3.43 US$/m?

3.75 US$/m?

Cost comparison between tertiary treatments (US$/m?)
Il Photocatalytic membranes
[ Conventional NF

Figure 35 — Comparison between the operational costs obtained for photocatalytic
membranes and the costs reported by Foureaux et al. (2020) for conventional membrane
separation processes.
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If considering the disposal costs of the concentrate, the nanofiltration treatment presented by
Foureaux ef al. (2020) would have a final operating cost close to 3.434 US$ m™, compared to
3.75 US$ m? for the photocatalytic system. However, the photocatalytic system would have
advantages of not generating concentrate and greater treatment efficiency, after all, trace
organic compounds would be degraded regardless of their molecular weight or hydrophobicity.
Thus, the expectation is for a concentrate stream even free of these compounds if their complete
mineralization by the photocatalytic process is proven. Studies that evaluated the photocatalytic
process for the mineralization of trace organic compounds reported efficiencies that ranged
from 94.52% to values close to 100% (XU et al., 2020), reinforcing the advantages associated

with the greater efficiency of the process when compared to conventional ones.

5.4 CONCLUSIONS

The investigation of technological alternatives for wastewater treatment should be based not
only on technical efficiency and performance criteria, but also on economic feasibility. The cost
variables of system implementation and operation serve as a tool for decision makers in
selecting the best option for a given situation and as a tool for comparing different technologies.
In the case of the photocatalytic membranes, the implementation of a system for the tertiary
treatment of wastewater from a population of approximately 31,000 people was considered.
The calculated CapEX was US$ 1.23 per cubic meter, and the Opex was US$ 3.75 per cubic
meter. Such values are higher than the costs of conventional processes and even some advanced
processes, and the majority of the Opex costs were associated with electricity consumption. If
the system was simplified by using natural irradiation such as sunlight and removing the
aeration system, the new Opex would be US$ 0.23 per cubic meter, which is comparable to
other advanced techniques such as granular activated carbon. It is worth noting that
photocatalytic membranes have the advantage of not producing sludge and the generation of
concentrate with less load, with consequent lower cost to be treated, aside from not being an
environmental liability. As a result, all of these variables must be considered, and the

technology shows promise for future scalability.
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CHAPTER 6

Final considerations and suggestions for
future works
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= Among the techniques for modifying recycled membranes with TiO2-GO, the one based on
dopamine as a binding agent showed the best results. Dopamine acts as a “glue” between
the materials and, therefore, the membranes generated in this route showed greater stability,
even after being physically cleaned with water and tissue paper; Moreover, even after 10
months of operation, the presence of nanoparticles on the membrane surface was detected.
A better distribution and greater number of nanocomposites were also observed on the

membrane surface modified by this route.

= The self-assembly modification route did not generate satisfactory results, which may be
associated with the weak interactions of nanomaterials with the remaining polymeric

structure (polysulfone and polyester) in the membrane after the oxidation process;

= The modification route by filtration generated a membrane with a high capacity to reject
the black eriochrome black dye (around 95%). However, it was the membrane with the
lowest permeate flux among the evaluated, in addition to having presented instability as the

detachment of the nanomaterials;

= High rejection of the eriochrome black dye was achieved by the membrane modified with
the aid of dopamine (around 96%). Furthermore, the permeate flux during dye filtration

remained practically unchanged, evidencing the anti-fouling capacity of the membrane;

= The increased rejection of eriochrome black dye by modified membranes compared to
pristine is attributed to the decrease in pore size caused by the modification with the
materials, as well as the electrostatic repulsion promoted by the functional groups of

nanomaterials;

= Photocatalytic tests showed the photocatalytic activity of the membrane modified with
Ti02-GO reaching 30% degradation of the methylene blue dye in 90 minutes of UV-C
irradiation. These results are promising since the combined operation of the
filtration/photocatalysis system will promote the retention/degradation of pollutant

compounds without affecting the overall residence time. Thus, in addition to guaranteeing
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its removal, it will also guarantee a concentrate with a lower load, and the fouling will be

mitigated.

By the results of the system being irradiated by LED, there are great prospects for the TiO>-
GO nanocomposite to be activated by solar irradiation due to the presence of GO. This is a
promising perspective, especially when thinking about scaling and reducing the process's

costs and this alternative must be investigated.

One of the biggest bottlenecks in the use of photocatalytic membranes is their stability. The
route with dopamine is as a promising alternative and long-term tests (years) need to be

performed to evaluate its performance and prove its stability.

Eco-friendly and cost-effective photocatalytic membranes were developed.

Fouling mitigation and enhanced rejection were found for photocatalytic membranes.

Effective rejections of dyes (~100%) and PhACs (up to 95.7%) were achieved.

Concentration of PhACs was clearly reduced in the feed solution under permeation with

UV-C irradiation.

In addition to producing a permeate with a lower concentration than the feed, the
photocatalytic membrane produced a concentrate with a lower charge, which helps to solve

a problem in membrane separation processes: the treatment and disposal of the concentrate.

The photocatalytic membranes have demonstrated promise in removing TOrCs from

domestic wastewater after secondary treatment.

The inclusion of dopamine throughout the fabrication process allowed the membranes to

demonstrate stability after 10 months of use.

By modifying membranes with nanocomposites, an increase in membrane hydrophilicity
and increased surface electronegativity was demonstrated which contributed to better

performances in the removal TOrCs.
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= The effect of the lamp position on the light fluence that reaches the membrane was assessed,
and greater values were found in the middle of the membrane, providing parameters for

process optimization.

= ]t was examined wastewater treatments with the photocatalytic membranes by complete
UV-C system (irradiation and filtration), full LED system (irradiation and filtration), only
the filtration system, the UV-C system alone and LED system alone. In general, the best

results were obtained with all UV-C system.

= Qutstandig reductions in the concentrations of diclofenac (92%) and antipyrine (87%) were

achieved in 90 minutes of the system operation.

*= Changes in effluent pH demonstrated an improved trend in the attenuation of TOrCS

concentration at higher pHs.

=  The implementation of a photocatalytic membrane system for wastewater treatment at a
flow rate of 207 m> h'!, serving a population of approximately 31,000 people, will result in
a Capex of 1.23 US$ m™ and an Opex of 3.75 US$ m™. These values are higher than
conventional and advanced techniques that have been on the market for a longer period of
time. However, such costs can be reduced by adaptations as using solar irradiation or
removing the aeration system. As a result, photocatalytic membranes show technical and

economic promise.

* To maintain the process's efficiency, it is suggested that cleaning processes for membranes
be evaluated, as well as the frequency of this procedure. Furthermore, the maintenance of

the nanoparticles on the membranes’ surface after cleaning should be assessed.
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Calibration curve of the eriochrome black T dye
y = 32,015x + 0,1251

Where y is the absorbance and x is the concentration of the eriochrome black T dye.

Table A.2. PhACs main physical-chemical properties.

Molecular Molar KH
PhACs weight volume log Kow pKa (atm.m?/mol)
(g/mol) (cm?) '
BET 392 296 3.38 13.4 7.36E-11
KET 254 212 3.12 4.45 1.45E-09
FEN 361 306 5.28 -4.9 4.11E-09
FLU 306 205 0.4 11.01 7.12E-09
LOR 383 304 5.2 4.33 1.6E-08
PRE 358 274 1.46 12.58 1.24E-09
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Figure A.1: XRD patterns of TiO2 nanoparticles.

Scherrer Equation

_ ka
- B.cos@

=13,54 nm = 14 nm

2 _ 2 2
B = WrTi02” — Wnacl
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Where:
D = Average particle diameter

k = Particle shape dependent proportionality constant = 0,94 = assumed value for particles to
be spherical

). = Wavelength of electromagnetic radiation = 0,154184 nm
B = Width at half height of diffraction peak

0 = Diffraction angle = 12,55° = 0,2190 rad

wrio2 = Enlargement due to TiO> crystals

wnac1 = Enlargement due to equipment and NaCl standard

Figure A.2: TEM micrographs of TiO-.
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Figure A.3 - Filtration cell used in the preliminary surface modification of the membranes.

Permeate

Feed

Membrane

Figure A.4 - PMR module configuration.

Figure A.5 - PMR module structure.
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Figure A.6 - PMR module structure.

Average Angle : 66,28

Left Angle : 66.26

Right Angle : 66,31

Drop Volume[ul] : 17.31

Rec. DateTime : 2022-05-15 16:56:57.090
Rec. Position[mm] : (0,946561674)

Rec. Temperature[C] : 5430463

Syringe Temp. [C] : 56300624

Rec, Tilt[degree] : 0

Figure A.7 — Drop on the surface of recycled membrane — contact angle measurements.
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Average Angle :
Left Angle :

Right Angle :
Drop VYolume[ul] :

53.24
53.21
53.28
17.08

Rec. DateTime : 2022-09-15 16:53:14.121
Rec. Position[mm] : {0,946551800)

Rec. Temperature[C] : 5480463

Syringe Temp. [C] : 56301632

Rec. Tilt[degree] : 0

Figure A.8 — Drop on the surface of the photocatalytic membrane — contact angle

measurements.

Programa de Pds-graduagao em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG

186



