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Riassunto

| cambiamenti climatici in atto, la crescita dgli@polazione mondiale e I'urbanizzazione sono tra le
principali cause della carenza di acqua in moledPael mondo. L'acqua rappresenta una risorsa
essenziale per la vita per tutti gli organismi witree la sua tutela ed un suo responsabile uso sono
urgenti sfide che I'umanita dovra affrontare nebggsimo futuro. Al fine di ottenere uno sviluppo
sostenibile per la corretta gestione e sfruttameleibacqua, il trattamento delle acque reflue, sia
industriali che municipali, risulta pertanto essgrfondamentale importanza.

Attualmente, il progresso tecnologico ha portatio @viluppo di una serie di tecnologie che
rendono il processo di trattamento delle acqueieesempre piu concreto ed efficiente. Tra di esse,
i processi a membrana, rappresentano una validenativa grazie ai numerosi vantaggi offerti
quali il basso impatto ambientale, I'alta efficianed i basti costi correlati. Lo scopo del presente
lavoro di tesi € stato la preparazione di membnamléneriche ottenute mediante la tecnica di
polimerizzazione di microemulsione bicontinua (PBM)e microemulsioni bicontinue sono
costituite da una rete interconnessa di canali @ige oleosi (rappresentati da un monomero)
stabilizzati dalla presenza di un tensioattivo afaftante. | canali oleosi possono essere
polimerizzati per formare la matrice polimericaldehembrana, mentre i canali acquosi rimangono
inalterati e sono responsabili della formaziondadpbrte porosa della membrana. Nel presente
lavoro di tesi, membrane ottenute mediante PBM ssiate utilizzate, per la prima volta, come
materiale di rivestimento (coating) di membrane gwrctiali in polietersulfone (PES) sulla cui
superficie e stata polimerizzata la microemulsidrzeprima parte del lavoro € stata incentrata sulla
sintesi del surfattante polimerizzazibile bromuraadriloilossiundeciltrietiiammonnio (AUTEAB)
che é stato successivamente utilizzato per la flamiane della microemulsione. E’ stata, inoltre,
valutata la possibilita di utilizzare un surfatemon polimerizzabile commerciale come il bromuro
di dodeciltrimetilammonio (DTAB) per la preparazédella microemulsione. Le membrane cosi
preparate sono state caratterizzate, nella secpada del lavoro, al fine di identificare le
membrane con le migliori proprieta e caratterigich test di caratterizzazione condotti sulle
membrane rivestite con PBM hanno chiaramente ntosteaimportanti potenzialita che queste
innovative membrane possono rivestire nell’applimaz dei bioreattori a membrana (MBR) per il
trattamento delle acque reflue. Infatti, la sumsfparticolarmente liscia, I'alto livello di idnditita

e la tipica struttura bicontinua, rendono le memébravestite con PBM altamente resistenti allo
sporcamento (fouling) della loro superficie. Questspetto € di fondamentale importanza
soprattutto alla luce del fatto che lo sporcameidtono dei maggiori svantaggi di quasi tutti i

processi a membrana. Esso € principalmente legéiewcamulo di materiale organico e/o
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inorganico sulla superficie della membrana causa@dena diminuzione delle prestazioni, un
aumento del consumo di energia e (in casi piu gravidanno strutturale della membrana stessa.
Inoltre, le membrane PBM, in seguito alla presedrasurfattanti cationici, hanno mostrato
un’interessante attivita antimicrobica. La pos#ibildi avere membrane dotate di attivita
antimicrobiche previene il fenomeno del biofoulicgusato dall’adesione e dall’accumulo di
microorganismi sulla superficie della membrana. fé&e le potenzialita mostrate, le membrane
rivestite con PBM sono state testate con successiultima parte del presente lavoro, nel
processo MBR per il trattamento di acque reflue elloddell'industria tessile. Le membrane PBM,
raffrontate alle membrane commerciali, hanno massaddisfacenti risultati per un lungo periodo
di tempo (6 mesi) in termini di permeabilita e mdme ai coloranti. Ulteriormente, I'applicazione
delle membrane PBM ha permesso di operare con mmosti legati alla manutenzione e alla
pulizia delle membrane. Le nuove membrane sviltgppassono essere dunque utilizzate anche ad

altri processi a membrana per il trattamento ceigue reflue.



Abstract

Climate changes, population growth and urbanizasi@some of the causes of water shortage in
many countries of the world. Water is essentialthe life of all living organisms and its
preservation and responsible use are some of thkeobes that humanity will face in the near
future. In particular, the possibility of treatimgnd re-using municipal and industrial wastewaters
can represent an important solution to water styar€echnological breakthroughs have led to the
development of a number of technologies that caefbeiently applied in wastewater treatment.
Among them, membrane applications are receivingirameasing attention thanks to their
versatility, low environmental impact, easy scabeand high product quality. Aim of this thesis
was to produce polymeric membranes obtained thrabghpolymerisation of a polymerisable
bicontinuous microemulsion (PBM). Bicontinuous memulsions consist of an interconnected
network of oil and water channels stabilised byudagtant. Oil channels can be polymerised,
forming the membrane matrix, while water channelmain unaffected, forming the pores. In the
present work, for the first time PBM membranes wapplied, by polymerisation, as coating
material for commercial polyether sulfone (PES) rbeanes. In the first part of the work, the
polymerisable surfactant acryloyloxy undecyltriddmgmonium bromide (AUTEAB) was
synthesised and used for microemulsion formulafidre possibility of using a non-polymerisable
surfactant such as dodecyltrimethylammonium brenidTAB) was also evaluated. In the second
part of the work, novel membranes prepared by maiodsion polymerisation were characterised
in order to select the proper membrane with swstabbracteristics and properties. Characterization
tests carried out on PBM membranes showed the pgogantial that these membranes could have
on wastewater treatment in membrane bioreactor (M#RRlications. In particular, the very smooth
surface, the relatively high hydrophilicity and ttiegannel-like structure (typical of the bicontinsou
microemulsion) make PBM membranes less prone agtdyhresistant to fouling. This aspect is the
key point if we consider that fouling is one thejonadrawbacks affecting almost all membrane
processes. Fouling is mainly due to the deposiiioorganic and/or inorganic matter on the surface
of the membrane, causing therefore a decline in lon@ne performance, an increase in energy
consumption and (in severe cases) damage of thebraem structure. Furthermore, PBM
membranes, due to the presence of a cationic samfacpresent an interesting antimicrobial
activity. The possibility of having membranes widmtimicrobial properties prevents the
phenomenon of biofouling caused by the adhesion thadaccumulation of microorganisms at
membrane surface. PBM coated membranes were, sheoessfully applied to the MBR process

for the treatment of wastewater from textile dyirl8M coated membranes, when compared with
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commercial PES membranes, showed superior result& flong time (6 months) in terms of
permeability and dye rejection. Moreover, less mileg efforts were required leading to lower costs.

Novel PBM coated membranes developed can be, dlssapplied to other membrane processes
for wastewater treatment.



Thesis outlines

The present work is organised in 6 different chapsssembled in 3 sections:

Section 1 “General introduction” contains the fitato chapters. Chapter 1 starts with a brief
introduction and the discussion of the scope ofkwdihe main objectives are reported and a
schematic description of the work carried out Igstirated. In chapter 2 the state of the art on
polymerisable microemulsions with particular rensarlon bicontinuous microemulsions

polymerisation (PBM) is reported. Furthermore, thain concepts on membrane technology and

membrane processes are underlined.

Section 2 “Material and methods” comprises Chaptén this chapter the materials, equipment and
instruments used to perform this work are describedetails. The methodologies and routes that

have been followed in order to accomplish the warkreported.

Section 3 “Results and discussion” contains theeerpental work together with a discussion of the

results obtained. In particular, Chapter 4 focusmesthe preparation of membranes through a
bicontinuous microemulsion polymerisation (PBM) heitjue. The organic synthesis of the

surfactant and preliminary characterization testglf as conductivity measurement) are reported.
In chapter 5 the characterisation tests carriedoouthe PBM membranes produced are widely
discussed and in chapter 6 the application of tleelyred membranes within a Membrane Bio-

Rector (MBR) process is described. Chapter 7 deidlfsthe conclusions and final discussion.



Chapter 1

Introduction

1.1 Work objectives

Nowadays membranes are gaining more and more iattem different fields due to their
versatility, low energy requirement, low operatiboasts, environmental compatibility and high
efficiency, showing their huge potential in a widpectrum of applications. There are several
methods used for membrane preparation, dependiog tife application in which the membrane
has to be used. Phase inversion process is cgrtamlimost widely used technique in membrane
preparation. It consists in the precipitation of gholymer (dissolved in a suited solvent) with the
subsequent formation of the membrane. The pretigitaof the polymer can be induced by
evaporation of the solvent, by using a non-sohanwhich the polymer is not soluble (NIPS
technique) or by thermal- or vapour-induced phagmation (TIPS or VIPS techniques). In the
present work, novel membranes have been preparethéypolymerisation of a bicontinuous
microemulsion.

The synthesis of polymeric membranes obtained bgrinuous microemulsion polymerization
(PBM) has a significant technological importance &has been the main objective of this work.
The possibility to control the permeability and teeucture of the membrane depends on the
opportune modifications in  microemulsion compositioand polymerization conditions.
Furthermore, the possibility of dispersing nandpke$ and nanocatalysts into the starting
microemulsion and to incorporate them within théyperised membrane matrix allows to obtain
functionalised membranes broadening their appboat different fields.

Usually, the aim of polymerizing a microemulsiortaskeep the original size of the microemulsion
structure, which is also one of the main issueplgestudied in this work. Polymerised final latex
particles, in fact, have a diameter of around 50Q while the original microemulsion particles have
a diameter of 7-10 nm. The growth of the partickeslue to the monomer diffusion and to the
collision and coalescence of particles during tbkymerization [1].

The aim of the present work is to produce hydrophmembranes through the polymerisation of
polymerisable bicontinuous microemulsions (PBM).

Microstructured and nanostructured materials obthiny PBM have been widely investigated in
the course of the last 30 years. The interest ioraemulsion lies mainly in the possibility of

dissolving larger amounts of oil and water by usipglymerisable and non-polymerisable
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surfactants. By polymerising the bicontinuous mécnailsion it is possible to produce transparent
porous polymeric solids [2,3,4]. The polymerisation microemulsion gained an increasing
attention due to the possible application of theveed materials in catalyses, separation processes
or as drug delivery systems [5]. In the presensgitha polymerisable surfactant was synthesised and
applied to microemulsion preparation. The use a& fpolymerisable surfactant, acryloyloxy
undecyltrimethylammonium bromide (AUTMAB), for ma@mulsion preparation is very well
known and largely documented in literature [6,7]8ktead of the traditional AUTMAB, a novel
surfactant, acryloyloxy undecyltriethylammonium imide (AUTEAB), was synthesised due to its
lower synthesis cost and easier reproducibilitytti@rmore, the possibility of using a commercial
surfactant was also evaluated by exploring theastaht dodecyltrimethylammonium bromide
(DTAB) for PBM preparation. PBM membranes, produ@sdcoating material for ultrafiltration
commercial membranes, were applied for wastewedatrhent.

The wastewater treatment and water reuse repraspassible answer in the logic of sustainable
water management. Water, in fact, is essential ther life of all living organisms and its
preservation and responsible use is one of theagldiallenges that humanity will face in the next
future. In under developed countries in Africa, thearcity of freshwater is one of the most
important causes of death for children under 5 s/eBut the problem affects some European
countries as well, such as Cipro, the southern gfaltly, Spain and Portugal, which suffer from
insufficient freshwater supply. Within this conteitte European Union has promoted and financed
several research projects in order to explore r@wutiens that can face the incumbent problem of
water shortage by treating industrial wastewatdre project “Bionexgen” (Development of the
Next Generation Bioreactor system-Grant agreement246039), within our work has been
performed, is a clear example of this strategy.

The United Nations estimated that by 2025 one tbfrtiumanity will face the problem of water
scarcity. The question of water scarcity is dingdithked to the evidence that the world’'s water
resources are not unlimited and the increasing ddméwater due to urbanization and population
growth together with global climate changes haverg strong effect on water availability [9].

The increasing worldwide demand for clean watgruishing more and more the market to find new
strategies and innovative alternatives that carafygied for water reuse. The development of
efficient wastewater treatment technologies cams,thgive complete answers to many of the
problems related to water purification.

Wastewater treatment has a double purpose: progluuigh quality water from contaminated

resources and transforming wastewater in watertalbe reused in agriculture and industry.



In particular, membrane processes devoted to wastevireatment are gaining more and more
attention thanks to their high efficiency, energyiag systems, easy scale-up, and flexibility.Ha t
membrane field, membrane bioreactors (MBRS) irdtiaduring the early 1990s and represent today
one of the most important technologies on the mafée municipal and industrial wastewater
treatment. MBRs combine a biological process, dpdréy specialized bacteria, with a physical
separation, operated by selective membranes. @thventages of MBRs are a small environmental
footprint (thanks to the tight compaction of mem@s that reduces the surface area) together with
good effluent quality and high hygienic standarti3]]

Nevertheless, one of the major drawbacks of MBFRhrietogy is the fouling and biofouling
phenomena that occurs at membrane surface. Foidintharacterised by the deposition and
accumulation, at membrane surface, of materialféérdnt nature (organic and inorganic matters);
while biofouling is due to the deposition of bioicgl material, such as bacteria, proteins or lipids
that create a biofilm at membrane surface. Bothnpimena cause a decline in membrane
performances in terms of water permeability andegse drastically the membrane life.

Aim of the present work is to provide a technolagjibreakthrough in the field of water treatment
by using innovative PBM membranes. For the firgtetf PBM have been successfully used as
coating material for the preparation of flat shemtmbranes applied in MBR technology (Figure
1.1.1).
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Figure 1.1.1 PBM membranes separation mechanism MBR technology



PBM membranes were produced in order to lower figuiand improve rejection of low-molecular
micro-pollutants of existing commercial membrané3ptimization of the prepared PBM

membranes allowed extending the MBR operation iefiicy from high biodegradable organic
compounds to wastewaters containing stress-indistibgtances.

The new-developed PBM membranes presented numeduatages when applied in an MBR
system such as: constant water permeability in,tigo@d quality of the filtrate by rejection of

organic compounds, modest oxygen consumption ardcagase in the efficiency and durability of
the membranes and reduced use of cleaning agents.

The above mentioned goals were achieved by overmpmii reducing some of the conventional
limitations related to MBRs application. The maienbfits brought by the PBM membranes
produced were:

Anti-fouling properties
As described, fouling represents a major bottlerfeckMBR technology. In the present work
two different approaches were applied in ordeetiuce membrane fouling:

- Increasing membrane hydrophilicity: PBM coatingoaléd to enhance the hydrophilic
moiety of commercial membranes used as supporhetigydrophilicity resulted in better
performances in terms of water permeability andldiou rejection. The attachment of
various substances to the membrane surface isadty fainly due to hydrophobic
interactions. Hydrophilic membranes present a Vany affinity with dissolved organics so
that a lower water permeability decline, due tofthding phenomenon, can be observed.

- Increasing membrane smoothness: membrane sudagbness plays an important role in
the fouling process by increasing the “affinity”"tiveen the membrane surface and foulants.
The troughs created by rough membranes are, in paeferred sites of accumulation of
particles in comparison to smoother surfaces. TIBM Pcoating allowed to reduce

membrane roughness, therefore limiting the foulaygr formation.

Antimicrobial activity

Biofouling is formed by the sorption and subsequealonization of microorganisms at
membrane surface. It tends to occur in all the nramd processes where microorganisms and
nutrients are present. It is predominant in MBRemha population of bacteria is responsible

for organic matter degradation. The consequendgadbuling are: reduction in permeability,
9



increase in energy consumption and in membrane tem@nce costs. Thanks to their
antimicrobial activity, due to the presence of éiazac surfactant, PBM membranes showed

good antimicrobial properties for a long time.

Possibility of tuning the pore size

Pore size of produced PBM membranes could be finglgd by modifying the temperature of
microemulsion polymerization and its chemical cosipon. Thanks to this property,
membranes with different pore size could be obthirextending their application in several
membrane processes (microfiltration, ultrafiltrationanofiltration, in water filtration and

membrane bioreactor).

Pollutants rejection

Good quality of the filtrate by rejection of orgardompounds was achieved when, for instance,
membranes were applied in a MBR process (COD rejebigher than 97%).

Enhancement of biological degradation (in an MBBcpss) due to the permeation of salts was
also achieved. Furthermore, the water produced mesasdemineralized, offering therefore an

opportunity for the subsequent production of dmgkwater.

Nanoparticles incorporation

Nanoparticles and nanocatalysts were dispersed th# starting microemulsion and
incorporated by polymerization within the membranatrix, allowing to obtain functionalised
membranes. In the present work, this property wasnahstrated by incorporating
polyoxometalates (POMs) nanoparticles well known tieeir strong oxidant and catalytic

activity [11].

Low operational costs

From MBR tests it was demonstrated how the lifeeyafl PBM membranes was significantly
enhanced in comparison to pristine uncoated comatereembranes. Lower cleaning efforts
(due to the anti-fouling and anti-biofuling propes)) are also required, reducing, consequently,

the related costs.

The work carried out in the present thesis carubensarized as follows:
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1. A bicontinuous microemulsion was prepared by disipgr an oil phase into an aqueous
phase by means of a surfactant. A cross-linkinghagias also added to the system in order
to strengthen the matrix of the final latex, andae initiators were finally used in order to
promote the polymerization process.

2. The microemulsion so prepared was, then, used asngomaterial for a commercial
polyethersulphone (PES) membrane by polymerizaitomembrane surface. The coating
obtained had a thickness of 0.243.

3. Preliminary characterization tests were carriedaiuaib scale in order to study membrane
structure and membrane performances.

4. The membranes prepared were, then, assembledhiMBR module and tested at pilot
scale, under simulated MBR conditions. All the teswere compared with the ones
obtained by using, under identical conditions, membs without PBM coating. The lab
scale MBR prototype was developed and succesdfesiied for model textile wastewater

treatment.

All the steps followed in this work are schemalic@resents in Figure 1.1.2 ( a-f):
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Chapter 2

Polymerisable bicontinuous microemulsions (PBM)

and membranes

2.1 Microemulsions - Introduction

A microemulsion is a thermodynamically-stable dispen consisting of two immiscible liquids (oll
and water) stabilized by a surfactant. Often a dastant, usually represented by a short-chain
alcohol, is required for the formation of the mienaulsion. The cosurfactant, in fact, along with the
surfactant, lowers the interfacial tension to ayvemall (and sometimes even negative) value.
However, the use of cosurfactant may not be nepesgazen non-ionic surfactants, some cationic
surfactants or double-chain surfactants are used.
In contrast to emulsions, microemulsions form sppabusly, are optically transparent and
thermodynamically stable, have smaller droplet arz@ lower interfacial energy.
Microemulsions are conventionally divided in thcberent types:
1. Oil-in-water (O/W) microemulsions: they are formatl low oil concentrations. The oil-
swollen micelles are dispersed in a continuous maiase;
2. Water-in-oil (W/O) microemulsions: they are forma&idlow water concentration. The water
droplets are dispersed in a continuous oil phase;
3. Bicontinuous microemulsions: they are formed atbedéd conditions in which the oil and
water domains are randomly dispersed in two phgisesy a sponge-like structure.
At low surfactant concentrations, different muhigse equilibria, known as Winsor systems, arise :
1. Winsor | (O/W): surfactant-rich water phase coargsvith surfactant-poor oil phase;
2. Winsor Il (W/O): surfactant-rich oil phase coexigfiwith surfactant-poor water phase;
3. Winsor Il (bicontinuous): surfactant-rich hybrithgise coexisting with poor phases of water
and olil, respectively [1].
Microemulsions can provide reaction sites for somerganic/organic reactions and for
polymerization. Nanoparticles, microlatexes andopamous polymeric materials can be obtained
by polymerizing, respectively, W/O microemulsionr®/W microemulsions and bicontinuous
microemulsions [2]. Microemulsions are suitablestdubilise hydrophilic and lipophilic materials
that are relatively non soluble in water or orgasotvents. This is due to the presence of water and
oil microdomains within the same single-phase smutFurthermore, thanks to their versatility and
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thermodynamic stability, microemulsions are applieddifferent fields such as pharmaceutical,
cosmetics, agrochemicals, oil recovery, as foodt@edand as reaction media.

In bicontinuous microemulsions the surfactant ated at the interface between the oil and water
microdomains, forming a network of interconnecteater and oil channels. The oil channels can be
polymerized to form the matrix of liquid membranesile the aqueous phase remains unchanged.
For this reason, the microemulsions may be usedlfgurposes as membranes. Their tendency to
organize themselves into stable structures, depgnain the initial ratio between oil, water and
surfactant, allows the adjustment and control offoine morphology (size and pore distribution)
in the range of nanometers.

The study of microemulsion properties includes elght experimental approaches, such as
viscosity measurements, conductivity measuremepttase behaviour, static and dynamic light
scattering, NMR self-diffusion [3].

2.2 Microemulsions - State of the art

The term microemulsion was first coined by Schulnetral. in 1959 to describe a multiphase
system containing oil, water, surfactant and altoleading to the formation of a clear solution. A
guaternary solution of water, benzene, hexanol,laatkate was, then, prepared. The system was
stable, homogenous and slightly opalescent. hy¢laes between 1943 and 1965 Schulman and co-
workers described how to prepare these transpaysitems. They found that by mixing the right
combination of four components (water, oil, surdattand cosurfactant), a clear single-phase
solution could be obtained [4].

In 1980 Stoffer and Bone [5] studied the polymdraa of methyl acrylate (MA) in water/oil
systems (W/O) opening this field to an increasiomhber of investigations [6].

From that time on, many works were published onympekic membranes obtained by
microemulsion polymerization using both polymerisadind non-polymerisable surfactants.

Gan et al. [7-10], for instance, studied the polgizsion of methyl methacrylate (MMA) using
different types of polymerisable and non polymdrisasurfactants. Microporous polymeric
transparent materials were, thus, obtained andactaized. The zwitterionic surfactant
(acryloyloxyundecyldimethylammonium) acetate (AUDMA the anionic surfactant 11-(N-
ethylacrylamido)undecanoate (Nall-EAAU) and theiowio surfactanin-methoxy poly(ethylene
oxide)o undecyle-methacrylate (PEO-R-MA-40) were applied in thré#edent works to prepare
bicontinuous microemulsions using different chernamncentrations. The differences between the

use of polymerisable and non polymerisable sunfdstavere also investigated [9]. The anionic
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surfactant sodium dodecyl sulphate (SDS) and thetiorda surfactants of n-
alkyltrimethylammoniumbromide (TAB) allowed to obtain opaque polymer compositeshwi
different structures. The effect of the alkyl chkngth of GTAB ( n=12, 14 and 16) was evaluated
and its strong effect on bicontinuous microemulstmicture was found. By increasing the length
of the alkyl chain (from C12 to C16), in fact, th@orphology of polymerized microemulsions
varied from a globular shape to a worm-like mianesture. The microstructure presented a
dimension ranging from a few hundred nanometeis fiwv micrometers as the alkyl chain length
was increased. This was probably related to thengeér interactions established by;TTAB with

the thicker hydrophobic layer that limited the fatmon of fluid interfacial films. On the contrary,
when a surfactant with a shorter alkyl chain wasdysas @TAB, the formation of more fluid
interfacial films led to a globular microstructur&he above mentioned non-polymerisable
surfactants were suitable to obtain open-cell nsicttures even if the composites prepared were
not transparent but opaque. For this reason, iera obtain transparent latexes, polymerisable
surfactants such as sodium 11-(N-ethylacrylamidwjecanoate (SEAAL),
acryloyloxyundecyltrimethyl ammonium chloride or obride (AUTMAC or AUTMAB),
AUDMAA and (PEO-R-MA:) were applied. The produced polymer compositeswsdo a
promising application in the field of liquid sepaoa as selective membranes. By adjusting, in fact,
the composition of the microemulsion, the permeéigtnlf the membranes could be controlled.
When polymerisable surfactants are used to pregp@ranicroemulsion, as shown above, all the
components are polymerisable. After the polymeionatin fact, the surfactant results chemically
bonded to the membrane matrix enhancing the hydraphof the overall membrane [11].

As reported in literature, cationic and anionicfactants are generally the most used surface active
agents. Chieng et al. [12] in 1996 produced poqmalgmeric membranes using the anionic SDS
and the cationic dodecyltrimethylammonium bromif& AB) surfactants.

Membranes obtained with SDS showed higher opadiggnacompared to membranes prepared with
the cationic surfactant DTAB, indicating the largare size of the former ones (from 100 nm to 3
um). DTAB, on the other side, allowed to obtain #arent membranes with a smaller pore size
(less than 100 nm), and, furthermore, it showecdttdeb efficiency in stabilizing the copolymers
particles of MMA and of 2-hydroxyethyl methacrylatédEMA), used as cosurfactant, due to their
strong interaction of the surfactant with these.

Burban et al. [13-14] used didodecyldimethylammaniloromide (DDAB) a double-chained
surfactant, for the polymerization of MMA and sdigels eliminating the need of a cosurfactant

that was normally applied for microemulsion prepiara
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Bicontinuous microemulsions were, also, successfugked to prepare hollow-fiber membranes by
coating and polymerizing them on to the fiberssmtal surface. Li et al. [15] used bicontinuous
microemulsion to coat pre-fabricated polyetherswdfdiethylene glycol/N-methyl-2-pyrrolidone
(PES/DES/NMP) hollow-fiber membranes of differentgsize by in situ polymerization. Prepared
coated hollow-fiber membranes showed different greminces on polyethylene glycol (PEG)
separation and permeation that was found to bengliirodependent on the composition of the
bicontinuous microemulsion precursors.

Over the past decades an increasing interest watetkto microemulsion application as reaction
media [16-17], for polymerization [18-21] and enatin [22-23] reactions, and as drug delivery
systems [24-26].

Microemulsion polymerization, however, remains aifeghe most active field in microemulsion
application. The 2001 paper by Capek [27], discuiske radical polymerization of styrene in the
three and four component microemulsions stabillzga cationic surfactant. Polymerization in the
o/w microemulsion was defined as a new polymemratiechnique, which allowed to prepare
polymer latexes with a very high particle interfageea and narrow particle size distribution.
Subsequently, in 2003 Stromberg et al. [28] studib& electropolymerization of 3,4-
ethylenedioxythiophene (EDOT) from a highly concatgd bicontinuous microemulsion using a
nonionic surfactant, while in 2006 Lim et al. [2Ptoduced a proton exchange membrane by
bicontinuous microemulsion photo-polymerization. nAvel application was proposed by Figoli
[30,31], where PBMs were applied as liquid membsaa@d used in the immobilization of
porphyrin in the nanostructured bicontinuous mianaksion for the oxygen-facilitated transport.

In the last few years, bicontinuous microemulsistasted to play an increasingly important role as
drug delivery systems. Krauel et al. [21] in 20@gd different structure types of microemulsion for
the preparation of nanoparticles by interfacialypwrization. Nanoparticles were prepared by
selecting w/o droplet, bicontinuous- or solutiopgymicroemulsions with ethyl-2-cyanoacrylate.
Morphology of the particles and entrapment of thetersoluble model protein ovalbumin was
investigated. This study clearly showed how theagmhent of proteins was dependent on the
amount of the monomer used. The advantage of usic@ntinuous microemulsuion lay in the
larger aqueous fraction and in the possibility tdrap bigger amounts of proteins, although
entrapment efficiency was lower than in w/o dropletl solution-type microemulsions.

Another similar work was carried out by Graf et f82] in 2008. Poly(alkylcyanoacrylate)
nanoparticles based on microemulsions for insubintolled release were studied. Even in this
case, a low entrapment efficiency of the peptidéhm nanoparticles was observed that could be

compensated by administering a higher dose ofdimulation.
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Table 2.2.1 Summary of microemulsion literature déa

MONOMER COSURFACTANT
WATER (wt%) SURFACTANT (wt%) INITIATOR APPLICATION REFERENCE
(wt%) (wt%)
MMA (6-57) 4-40 SDS (1-14 wt%) HEMA
DBK, UV Not reported 33
(20-54 wt%)
MMA (18 HEMA APS-TMEDA,
30-36 SDS (4-10 wt%) Not reported 12
wt%) (42%) redox
MMA (18 HEMA APS-TMEDA,
28-33,2 DTAB (6.8-12 wt%) Not reported 12
wt%) (42%) redox
MMA (30-48 AUDMAA (17.5-28 HEMA APS-TMEDA,
20-50 wt% Not reported 34
wt%) wt%) (30-48 wt%) redox
MMA (30-48 AUTMAB (17.5-28 HEMA APS-TMEDA,
20-50 wt% Not reported 34
wt%) wt%) (30-48 wt%) redox
MMA ( 20-60
20-40 wt% AUDMAA (20-40 wt%) - DMPA, UV Not reported 8
wt%)
PEO-R-MA-40 APS-TMEDA, Pervaporation
AN (32.5-45 10-35 wt% - 11
(32.5-45 wt%) redox EtOH/H20
wit%)
Potential
MMA (7.5-20 construction of
wt%)/ C1-PEO-C11-MA-40 dressings and
23-33 wt% HEMA (5-20 wt%) DMPA, UV 35
NiPAAmM (0-25 (35 wt%) cell-delivery
wt%) systems for
wound healing
MMA (28-34
15-30 wt?% Nall-EAAU HEMA
wt%) DBK, UV Not reported 7

(21-25.5 wt%)

(21-25.5 wt%)
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MMA (8 wt%) 48-54 wt% C12TAB ( 6-12 wt%) HEMA (32 wt%) DBK, UV Not reported 9
AUDMAA (17.5-28
MMA/HEMA APS-
MMA/HEMA 20-50 wt% wit%) Not reported 9
(7:3) (30-48 wt%) | TMEDA,redox
(30-48 wt%)
MMA/HEMA
AUTMAB MMA/HEMA APS-
(7:3) (30-48 20-50 wt% Not reported 9
(17.5-28 wt%) (7:3) (30-48 wt%) | TMEDA,redox
wt%)
MMA

(13-38.6 wt%)

55.9-81.8 wt%

AOA/SDS

y-ray Not reported 36
(5.2-10.2 wt%)
Possibility to
serve for
Interfacial encapsulation
Isopropyl Caprylocaproyl Polyglycerol 32
10-50 wt% | izati rocesses for
Myristate Macrogolglycerides Oleate polymerization P
oral delivery of
insulin
Polyoxyethylene 20
Sorbitan Mono- Interfacial Protein
Ethyloleate Water Butanol 37
oleate/Sorbitan polymerization | entrapment
Monolaureate
Isopropyl Potential drug
PEG-8 caprylic/capric Polyglyceryl-6 Not
myristate (8- 10-60 wt% delivery 24
glycerides dioleate polymerised
18 wt%) systems
Enzymatic
Tetradecane 1-Pentanol (35 Not hydrolysis of
35 wt% CTAB (17,5 wt%) (R,S)- 22
(12,5 wt%) wit%) polymerised ’
ketoprofen
ethyl ester
MMA /21-32 Gas
- 0, _ 0,
i) 29-41wt% | AUTMAB (25-37 Wt%) | pyena (0-10 wi%) | Polymerised 30
° separation
AN: acrylonitrile; AOA: 12-acryloxy-9-octadecenoic acid; APS Ammonium persulfate; DBK: Dibenzyl Ketone ;
DMPA:

2,2-dimethoxy-2-phenylacetophenone;
tertramethylethylenediamine

NiPAAM:
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In Figure 2.2.1 the different fields of applicatioh bicontinuous microemulsions, from registered
patents, are reported.

Pharmaceutical field: Ref. [38], [40], [41], [46], [53], [55], [56], [57], [60], [61]; Biomedical field: Ref. [38], [40],
[43],[47], [48]; Cosmetic field: Ref. [50], [51], [52], [54] ; Other: Ref. [39], [41], [44], [45], [49], [58], [59], [32]

Figure 2.2.1 Diagram of microemulsions main fieldapplications

(Patents references)

According to patents data (Figure 2.2.1), the plaaentical field is the predominant area (almost
40%) of microemulsion applications. In particulanjcroemulsions are used as drug delivery
systems (transdermal, oral, transmucosal and &aBedlar administration) due to their high
solubilisation capacity for lipophilic drugs as was for their potential effect on topic and system
drug bioavailability [61].

The biomedical field follows with almost the 20% applications. In this area, microemulsions
formulations suitable for artificial cornea, forrtact lens application [43], for blood gas controls
and calibrators production [47] have been develoféd cosmetic field represents the 15% of
applications. Microemulsions are mainly used foegmampoos formulations [50] and general
cosmetic skin care products [53, 54].

Microemulsions are also used in other fields sush thinner paint production [58], porous
composites, catalytic materials [44], fluoropolysgsroduction [39] and in some diesel fuel
compositions in order to reduce harmful diesel erorss [49].
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To the best of our knowledge, for the first time,tihis work, a bicontinuous microemulsion was
successfully employed as coating material for trep@ration of composite membranes applied in

wastewater treatment.

2.3 Oil-in-water (O/W) microemulsions

In O/W microemulsions the polymerization of styreaed MMA was mainly studied. These
systems were prepared using nonionic, cationic. @IgAB) and anionic (e.g. SDS) surfactants.
One of the limitations of these systems was thg lex solubility of the monomer, normally not
exceeding the concentration of 8-10 wt%. For tk&son, high concentrations of surfactants were
required, making this process highly expensivethHaumore, the latexes often showed instability
and turbidity as a result of the incompatibilitytlveen the polymer formed and the cosurfactant.
Often, in fact, the alcohols used as cosurfactamet® solvent for the monomer but nonsolvents for
the final polymer.

Latexes obtained were usually in the range of Z80tam in diameter [62].

2.4 Water-in-oil (W/O) microemulsions

Acrylamide (AM), HEMA and acrylic acid (AA) were ¢hmost used water-soluble monomers for
WI/O (or inverse) microemulsion preparation. Thexas obtained were formed by swollen water
polymer particles dispersed in the continuous agy@hase [63]. The water-soluble monomers
usually played also the role of cosurfactant with Enhancement of the monomer solubilisation
through the increase of the flexibility and thedity of the interfaces [62]. Hydrocarbons soluson
of dialkyl sulfosuccinates surfactants, for ins@nehere the oil phase was toluene, benzene,

decane or heptanes, did not require any additimosdirfactants [63].

2.5 Bicontinuous microemulsions

In bicontinuous microemulsions, the amount of moaonthat can be incorporated in the
microemulsion can reach 25 wt%, producing stabtk @dear microlatexes with very small particle
size. The organic and aqueous phases coexist imtarconnected network with surfactant
molecules localized at the interface of water-ahdins. MMA and styrene are the most used
monomers for bicontinuous microemulsion preparat@osurfactant, such as AA and HEMA, are
commonly used and nonionic, cationic, zwitteriordaod anionic surfactants are applied. A

crosslinking agent, such as ethylene glycol din@tiate (EGDMA), can be included into the
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bicontinuous microemulsion to consolidate the fistucture. Since all the components of the
microemulsion are polymerisable, they can be capelysed forming a strong and resistant
network [64].

2.6 Phase diagram

The construction of a phase diagram allows therchétation of water dilutability of the system
and the range of compositions constituting a moasjaghregion [1].

As shown in figure 2.6.1, microemulsions can bé&form of oil-swollen micelles dispersed in a
continuous water phase (O/W), or water-swollen dspdispersed in an oil phase (W/O). In the
intermediate region, the structure is not globuarymore but it has a sponge-like structure
(bicontinuous microemulsion) where the oil and walemains coexist in interconnected domains.
At low surfactant concentrations Winsor phase d@opigl can be identified: Winsor | (O/W), Winsor
I (W/O) and Winsor Il (bicontinuous microemulsipn

The different phases and coexistence regions anguin a three-component water, oil and
surfactant system can be represented in a triangbsse diagram (ternary phase diagram).

Surfactant

Lamellar

ofw w/o

Bicontinuous

Water~ l l 2 0il
_D Winsarll _"“ Winsor Il ._D.i Winsorl
Figure 2.6.1 Ternary phase diagram representing soenphase equilibria in multicomponent

systems

As shown in Figure 2.6.1, at high oil concentratienerse micelles capable of dissolving water
molecules are formed. W/O microemulsions are formedonsequence of the furthaddition of
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water to the system. Here, water exists in thepbdse as droplets surrounded by the surfactant
molecules.

Upon further dilution with water, a crystalline Uigl region may be observed with the formation of
double layers of surfactant (lamellar structurahaly, as the amount of water increases, water
forms a continuous phase containing droplets ofstabilized by surfactant molecules (O/W
microemulsions). The bicontinuous microemulsionnfsrin the middle phase, which is in

equilibrium with almost pure water and oil phasespectively.

2.7 Microemulsion polymerisation

Free radical polymerization has been widely ingeg&d over the past few decades. Most of the
studies focused on the O/W microemulsion polymé&oma The basic sequence of the events
describing the general mechanism of O/W microeranlgpolymerization is reported in Figure
2.7.1. Two stages (defined as Intervals) can emtifled in microemulsion polymerization: Interval

| in which particle nucleation occurs, Intervaldlwhich particle growth occurs.

Interval I: Once initiators are added to the mionoésion, they produce, by their decomposition in
the aqueous phase, radical species able to prametection (Figure a). Thus, initiator radicalststa
reacting with water-soluble monomer molecules dspe in the aqueous phase to form oligomeric
radicals. At this point, particle nucleation occ(Fgyure b).

Interval II: In the second stage, the oligomeridicals, being more hydrophobic than the monomer
from which they originated, enter more favourabijoithe monomer-swollen micelles present in
the aqueous phase. Polymerization propagates witl@rmonomer-swollen micelles starting the
process formation of latex particles. The growthlatex particles is due to the diffusion of
monomer molecules from monomer-swollen micellegiFe c) and to the collision and subsequent
coalescence between two particles (Figure d).

If the transfer of a radical from the propagatinglymer to a monomer molecule occurs, the
monomeric-formed radical can continue to propagetlin the latex particle or it can exit the
particle and enter a micelle starting a new propagavent and a new latex particle formation.
Polymerization continues until the monomer is fgtalonsumed. The final latex consists of
surfactant-stabilized polymer particles and empigettes formed by the excess surfactant [64]
(Figure e).
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Figmre o Formation of initiating radicals in
the agqueous medium
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Figure 2.7.1 Schematic representation of O/W micrarulsion polymerization
(figure adapted from [64])
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2.8 Surfactants

Surfactants are amphiphilic molecules consistingaohydrophilic water-soluble head and a
hydrophobic oil-soluble tail. They are able to lowee surface tension of a liquid, facilitating the
wetting of surfaces or the miscibility among di#at liquids. The stabilizing behaviour of
surfactants depends on their molecular structure (geometry), the interactions they undergo
with water and/or oil and the elastic properties of the interfacial film they form.

Surfactants can be divided into ionic and non-ionic surfactants depending on the presence of a
charge.

Generally, ionic surfactants consist of an anionic headgroup, such as SOs;, or a cationic
headgroup like -N+(Me)3. Surfactants that bear both a positively and a negatively charged
group are zwitterionic and thus overall neutral. Non-ionic surfactants consist generally of an
AB block copolymer type structure. Those most commonly used are built up of ethylene

blocks (hydrophobic moiety) and ethyleneoxide blocks (hydrophilic moiety) (Figure 2.8.1).

Anionic surfactant

o, 0 .
W/ Na Sodium dodecyl sulphate
0 o (SDS)
H4C W\/
Cationic surfactant
HiC CHy
s \“m‘\‘/ . Cetyltrimethylammonium
3 WMN r .
CHy bromide (CTAB)
Zwitterionic surfactants
HyC oH MG 0 Guerbet alcohol hexadecyl glycidyl
0\/)\/-';!' 5 ether glycine betaine

H.C
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Non-ionic surfactants

OH

0
Cﬁuw N N i Octaethylene glycol
monododecyl ether
CH:
omg ’
Polymerisable (cationic) surfactant
o ':H'j EF.
" C\)]\ H Acryloxylundecyltrimethylammonium
20 GWT_CH-R bromide (AUTMAB)
CH;

5

Figure 2.8.1 Different structures of surfactants

In microemulsion preparation both types of polysabie and non-polymerisable surfactants are
used for the production of nanostructured materielswever, the structures of the materials
obtained with non-polymerisable surfactants caedmsly destroyed by chemical or physical forces.
For this reason, the use of polymerisable surfastas generally preferred. Polymerisable

surfactants can be, in fact, polymerized and clioged with other microemulsion components

thanks to the presence of their double bound. s way a strong and resistant network can be
obtained, which is able to keep its original stmet[65].

In the present work both types of polymerisable T&AB) and non-polymerisable (DTAB)

cationic surfactants have been used for bicontiaunicroemulsion preparation.

2.9 Generality on membranes

Membrane operations in the last years have gainede nand more attention due to their
characteristics of efficiency, simplicity, eco-indly applications, low impact costs, low energy
requirements, good selectivity and permeabilitynNdeane applications have, thus, been used in a
large variety of processes such as water desamativater treatment, gas separation,

centrifugation, clarification , crystallization,cet
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A membrane can be defined as a selective barradr dbparates or puts in contact two phases
allowing the exchange of matter, energy or infoiorabetween them in a specific or non-specific
way [66].

Polymeric membranes lead the membrane separatidustity market because they are very
competitive in performance and economics. Dependingthe type of separation, different
membranes, with different properties, can be predu@ased on their morphology, polymeric
membranes are classified in isotropic (or symmptad anisotropic (or asymmetric) membranes.
Depending on the size of separated molecules, narmabrcan be also classified in dense or porous
membranes. Dense membranes are generally useg@lioagipns where very small molecules need
to be retained or separated, such as pervaporajas),separation or reverse osmosis. In other
processes such as microfiltration, ultrafiltratmmnanofiltration, where large molecules (suspended
colloids, cells, biomolecules) are separated, pproambranes find their use.

The phase inversion technique is one of the ma$tiywiused methods for membrane preparation. A
selected polymer is dissolved in a suitable sohatré certain temperature and the membrane is
prepared through one of the following procedures:

- Non-solvent induced phase separation (NIPS): #sé film is immersed into a coagulation
bath containing a nonsolvent and the precipitatddnthe polymer occurs through the
exchange between solvent and non-solvent;

- Solvent evaporation: the volatile solvent is evaped from the cast film containing two or
more solvents with different dissolution properties

- Vapour-induced phase separation (VIPS): the chstif exposed to a non-solvent vapour
(generally water) for a fixed time and then immers#o a coagulation bath;

- Thermally induced phase separation (TIPS): the fdastprepared at elevated temperature,

is cooled down causing phase separation and polgreeipitation.

Figure 2.9.1 shows the generic casting methodepge membranes at laboratory scale as well as
the different phase inversion techniques.
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Wet casting process (non solvent
induced phase separation)

Casting direction  Cagting lnife " ‘l‘

y . Cast film
_.’ —r Diry casting procass
< \ ” e - {solvent evaparation)
- \ <
i X - .

" .- ™
- L]

LA s
Castingplate  Casting solution T3

Dry-wet casting process
(Vapourinduced phase separation)

)

Thermal induced phase separation

Figure 2.9.1 Procedure for casting flat sheet memhanes at lab scale and methods for inducing

phase-separation

Other techniques such as track-etching, sinteringeit extrusion are also used for the preparation
of different membranes, depending on the desiredlongne structure and on the final application.

In some membrane processes such as pervaporafipr6§f reverse osmosis or gas separation,
where dense membranes are applied, the mass tremgfeverned by the solution-diffusion model.
This model is based on the dissolution of targelemdes into the polymeric membrane matrix and
their subsequent permeation and desorption thrdighmembrane’s permeate side. In order to
achieve an acceptable flux, the membrane shouds ltlein as possible. For this reason, asymmetric
membranes are generally used. Unfortunately nothallavailable polymers can be used for the
production of asymmetric membranes by phase inwersgechnique. This had led to the
development of composite membranes obtained bydép®sition of a very thin layer of dense
coating material on a porous membrane supportniérabrane’s surface acts as a selective batrrier,
while the porous sublayer acts as support for tleeadl membrane.

In the present work, composite membranes, withnadhle pore size, were obtained by casting a
polymerisable bicontinuous microemulsion on thdame of commercial polyether sulfone (PES)
membranes. The result was a thin coating layempetised on the surface of a porous support.
Produced membranes where thus characterised bretitf techniques in order to study and to
evaluate membrane properties and performancesodtiopic analyses (atomic force microscopy

and scanning electron microscopy), pure water florglecular weight cut-off, contact angle
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measurements, antimicrobial activity and organicletues rejections were some of the
characterization techniques applied in the present and usually reported in literature.

At the industrial level, where hundreds or thousaatisquare meters of membrane are required,
membranes are assembled together in order to fosdulas with different configurations. Plate-
and-frame modules were one of the first modulexldg@ed by the industry. In this configuration,
flat-sheet membranes and permeate spacers aredaygth spacers forming feed flow channels
and clamped together between two end plates. &bd is forced across the permeate that is
collected through a central permeate collectionifolth

In spiral-wound configuration, flat sheet membraaes wound like an envelope with feed spacers
around a central collection tube. The feed is punp& the space outside the envelope and the
permeate is, then, collected inside the envelogedaected to the central tube.

Tubular membrane modules are used for hollow fibegillary and tubular membranes. Hollow-
fibore membrane modules are made up of several aubnembranes arranged in parallel in two
types of configuration. In the shell side configiom, the feed is in contact with the external éibr
surface. Thus, the permeate passes through memiaiseand exits trough the open fibre ends
where it is collected. In the second configuratitirg feed is circulated through the lumen of the
fibres and the permeate is collected on the slual s

Pressure-driven membrane processes such as mnretadih (MF), ultrafiltration (UF) and
nanofilatrtion (NF) are widely used in membraneifgzation applications. Because of the driving
force, solvent or water passes through the membitagether with small molecules, while the
molecules larger than the pore size of the membaameejected. Going from MF to NF the size of
membrane pores becomes smaller (fronuOin MF to 2 nm in NF) and consequently also the
dimension of the particles rejected decreases. @ansembranes are used in reverse osmosis (RO)
applications where the pore size is in the ordea 6w nm. RO membranes are used when low
molecular weight solutes such as inorganic saltglacose have to be separated from the solvent.
RO membranes requires high pressures to operatgirffcafrom 15 to 80 bar) and they are often
applied for the desalination of brackish watereavgater.

In concentration-driven processes, on the contidggse membranes are used. The transport across
the membrane occurs by the dissolution and adsorpfi a target molecule through the membrane
material. The affinity between the polymer and gegmeating molecule is therefore of primary
importance in order to achieve the separation. ditemical gradient formed by the difference in
concentration between the two sides of the membrepesents the driving force in this type of
membrane separation. Pervaporation, gas separaton vapour permeation are among the

membrane separation processes based on the caticentlifference [69].
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Among the several membrane applications, over ase40-50 years an increasing attention was
devoted to the development of membranes to beeppii the field of wastewater treatment [70].
Nowadays, the highest number of installations are ihdustrial wastewater application and
municipal wastewater treatment [71].

Recent technological developments resulted in deaakthroughs where membranes covered a
prominent role in the field of wastewater treatmeltembrane technologies for wastewater

treatment include:

* NF and RO: they represent the starting point of brames applied to wastewater [72].
They are high-pressure driven processes and arelyregdplied as the final step of the
treatment in order to produce high quality effluent

* MF and UF: they are low-pressure driven procesffesteve for the removal of suspended
solids and for clarification. They are also ablegmove bacteria and viruses (UF).

* Membrane Bioreactor (MBR): MF or UF membranes anenersed in a reactor tank or
placed in a external unit. The membrane filtratpocess is associated with a biological

treatment using an activated sludge.

2.10 MBR technology and fouling

Among the several membrane processes, the membiamactor (MBR) technology is receiving
an increasing attention, in particular for the isiial and municipal wastewater treatment
application. The MBR process combines a biologietment with a membrane purification. The
first step is operated by bacteria through the slige of organic compounds, nitrification and
denitrification. In the second step, the separatibhiomass is achieved by membranes. Generally
MF and UF membranes are applied in an MBR procpssating by sieving or surface filtration.
Recently, however, many NF MBR plants took placT4].

Two main types of MBR configuration are availaldfegUre 2.10.1):

1. Submerged MBR: the membrane module is totally sugetewithin a tank containing the
wastewater and the activated sludge. An aeratiostesy provides oxygen for
microorganism survival and generates a cross-flomembrane surface limiting the fouling
formation. This configuration was also used inphesent work.

2. Side-stream MBR: the membrane unit is located datshe activated sludge tank. The
mixed liquor (representing the concentration ofpemsled solids) is then pumped through
the membrane module generally formed by tubular branes.
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Figure 2.10.1 Submerged and side-stream MBR

The main operating parameters in an MBR system are:

Trans-Membrane Pressure (TMP): it represents the pressure across the membrane treldriving

force for the permeate production. TMP is created acuum pump at permeate side.

Aeration: it is of fundamental importance in MBR. It is usidsupply oxygen to microorganisms
and to prevent fouling by scouring membrane surfddee dimensions of the air bubbles, the
intensity and the aeration rates are also contralierder to reach the best MBR performances.

Hydraulic Retention Time (HRT): it affects the reactor volume and the filtratipnocess. It

represents the time length that the feed soluti@yssn the reactor before it turns into permeate.

Mixed Liquor Suspended Solid (MLSS): it represents the concentration of dissolved solathin
the reactor. The possibility to use high concermnat of solids results in a reduced footprint but

many authors reported an increase of fouling witlieasing MLSS.

Oxygen consumption: it is the oxygen consumed by microorganisms tabén their degradation

work.

Permeability: it is the amount of liquid treated by the memigramormalized by pressure, time and

area.

Food to Microorganisms (F/M) ratio: it is the organic loading rate measured by thewr of food
provided to a unit amount of biomass for a uniiqukof time.

The biological performances of an MBR process are:
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Chemical Oxygen Demand (COD): it is used to measure the amount of organic comg®u

dissolved in water. The higher is the COD removkdiency, the better is the permeate quality.

Biological Oxygen Demand (BOD): it is the amount of dissolved oxygen needed bylaer
biological organisms to degrade the organic mdtedatained in the reactor.

MBR can operate under aerobic or anaerobic comditid’he anaerobic MBR has the main
advantage of reducing operative costs of aerailmesno oxygen is required by microorganisms.
However, in aerobic MBR the productivity is higleard better performances can be obtained.
Fouling is one of the major drawbacks occurrin@liBR processes. In MBR the feed is represented
by activated sludge. For this reason, a large g@hathe fouling is represented by the components
originating from the sludge and from their interas with the membrane surface. Activated sludge
has many different components such as extracelameric substances (EPS), soluble microbial
products, and colloids which are responsible ofifigu[75]. In addition, the formation of a biofilm
caused by microorganisms is one of the major factdrmembrane biofouling. Biofouling and
fouling cause a decline in membrane performancearantembrane durability. Although biofouling
created by microorganisms at membrane surfacetidesirable at all, microorganisms, in order to
accomplish their degradation work, have to be hgalnd sustainable. For this reason, the
conditions of the reactor must be suitable forrtgeowth and survival. The community of bacteria
in MBR is varied and diversified. The dominant gvoof bacteria is generally represented by
Protobacteria followed by Nitrosomonas and Nitrgg@swhich are autotrophic ammonia oxidising
bacteria. Nitrobacter and Nitrospira are nitritedising bacteria and represent a minor group of the
microorganism population [76].

Membrane fouling is generally observed through erelese in permeability and an increase in

trans-membrane pressure (TMP). Two different tygddsuling can be identified:

1. reversible fouling: it is the fouling occurring mtembrane surface that can be removed by
physically washing the membranes;
2. irreversible fouling: it is represented by foulingcurring within membrane pores, which is

only removable through chemical cleaning.

Fouling can be caused by physical and chemicataot®ns between the fouling particles and the
membrane surface. Membrane fouling is determinedhbyfeed composition and concentration,
pH, temperature, hydrodynamic conditions and mendnaroperties (hydrophilicity, roughness)

[77]. Foulants can be classified in four diffdreategories:
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1. Particulates: formed by inorganic or organic p&ticthat can physically interact with
membrane surface;

2. Organic: they deposit at the membrane surface bgration (such as humic acid);

3. Inorganic: they tend to precipitate on the membraneace due to pH variation or
oxidation;

4. Microorganisms: bacteria, algae and fungi that ealmere to the membrane causing
biofouling [78].

Many strategies can be applied in order to corthlrelfouling such as reducing the flux, increasing
the aeration rate, back-flushing the membrane,guginysical or chemical cleaning [79]. The
approach adopted in the present work was to produsavel coating (made by PBM) , applied on
commercial PES ultrafiltration membranes, highlgiseant to fouling.PBM membranes thus
prepared were used for the treatment of modelléegite wastewater. The textile industry is, in
fact, an intensive water-consuming sector whergel@mounts of water are needed. It is estimated
that for each ton of fabric produced, 20-350 ofi water are necessary [80]. Textile wastewater
contains a wide range of contaminants such as, satigymes, dyes, surfactants and oxidizing
agents. Because of the toxicity and poor biodedpiéitaof many of these compounds, an effective
technology, such as MBR, has to be applied. Istsrated that about 10% of the dye used in the
industry is lost during the colorization proces&][8Azo dyes represent the majority of dyes (65-
70%) encountered in textile wastewater [82]. They eharacterized by the presence of the azo
bond (-N=N-) and their wide application can beibttred to the fact that these dyes provide a wide
range of brilliant colors. Due to their high soliitlgiin water, dyes can react with water rathemtha
the hydroxyl groups of cellulose and they are, thiischarged in wastewater. The presence of dyes
into wastewater can create several problems siregedan originate toxic compounds and affect the
normal process of photosynthesis of aquatic plaRts. this reason, a treatment of produced
wastewater is required. Biological, physical ancrmfcal methods are usually applied for the
treatment of textile wastewater. Recently, MBR testbgy, thanks to the high quality of the filtrate
that can be obtained and to the efficient removapalutants, are of high interest for many
industries as an innovative technology for wastewdteatment and reuse of water in their
industrial processes. In the present work, the IneB& membranes developed were applied for the
treatment of a model dye textile wastewater in aBRVprocess. The removal efficiency of two
representative dyes (Remazol Brilliant Blue anddABled 4) was used for the evaluation of

membrane performances.
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Chapter 3

Materials and methods

In the present chapter the materials and methoaisted to accomplish this work are reported. The
chapter is organised in 3 paragraphs and a finaragix. In the first paragraph particular relevance
is given to the synthesis of the surfactant acigboyundecyltriethyl ammonium bromide
(AUTEAB). The surfactant was then applied for tlregaration of a polymerisable bicontinuous
microemulsion (PBM) that was used as coating maltéot a polyether sulfone (PES) ultrafiltration
commercial membrane. The methodologies and matesidbpted for microemulsion preparation
and polymerisation are described in detail. In sleeond and third paragraph, the instruments,
materials and method used for membrane charadterisand application in MBR are reported. The
chapter ends with an appendix covering the chaiaat®n tests (NMR, IR) carried out on the
synthesised surfactant AUTEAB.

3.1 Development of novel PBM membranes
Synthesis of the surfactant AUTEAB

Surfactants are amphiphilic molecules consistingaohydrophilic water-soluble head and a
hydrophobic oil-soluble tail. They are able to loviee surface tension of a liquid, thus facilitgtin
the wetting of surfaces or the miscibility amondfatent liquids. The synthesis of a pure
polymerisable surfactant is a key step in the faiwnaof microporous materials from bicontinuous
microemulsions, since some of them are not commalgravailable. All the chemicals used for the
AUTEAB synthesis were purchased from Sigma-Aldneith purity higher than 98% (analytical
grade).

AUTEAB has been synthesized by following a two-gtepcedure:

1° step: Esterification

Acryloyl chloride (2.26 g, 24.9 mmol) was dissolMeadanhydrous CECN (110 ml) under nitrogen

atmosphere and added to a stirred solution of dinrbundecanol (5 g, 19.9 mmol). 3A molecular
sieves (4.3 g) were also added to the solution unilegen atmosphere. The solution was stirred
for 24h at 90°C. After cooling, the mixture waddiled in order to remove molecular sieves, the

solvent was removed by vacuum and the product wasiq by column chromatography (silica
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gel, hexane: ethyl acetate 9:1). Yield: 5.35 g §1mmol); 88% based on starting 11-bromo-1-

undecanol.

. ~ . . - C ~CHy HC - - 'y A UHy
e P N S X + P N 2 - B R N s W s — .
Muoleculsr saeves
1 1-bromaumdecan- -0 Acryloyichionde  CH CN T = 800, 1= 24k 11-bromoundscyipcrylate

Figure 3.1.1 Esterification reaction for AUTEAB syrthesis

2° step: Quaternization

11-bromoundecylacrylate was dissolved in anhydraidoroform (8 mL) under nitrogen
atmosphere. Tryethylamine (1.96 g, 19.4 mmol) witked to the mixture and then the solution was
stirred for 72h at 60°C. After cooling, the solutizvas filtered and under stirring diethyl ether (80
mL) was added dropwise. The resulting white préaipi was filtered and washed with diethyl
ether. Yield: 4.74 g (11.7 mmol); 67% based ontisigul 1-bromoundecylacrylate

Br O
2 u

M Et
= 5 . BRE R »n & By NS S S S g H
Br r - = 3 . o \ CHCI Et i =

E1 T ) 'E1

Acryloyloxyundacylineathyl ammonium bromide (ALUTEAB)

Figure 3.1.2 Quaternization reaction for AUTEAB syrhesis

Characterizations tests (NMR and IR reported inapgendix at the end of the chapter) confirmed

that the synthesis was successful and that theceagbsurfactant had been synthesised.
For melting point determination Linkam TH600 Miccope Leitz 12 POL was used.
Spectrometer FT-IR Perkin Elmer Paragon 1000 PCused for IR analyses.

Spectrometer NMR Briker-500 was used for NMR anedys

Microemulsion composition and polymerisation

A preliminary literature survey was carried out better understand the microemulsion’s
composition and polymerisation. A microemulsioraiiquid dispersion containing water and oll

with characteristics of uniformity, transparencydahermal stability by adding a corresponding
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guantity of surfactant and co-surfactant. The nstrecture of a microemulsion depends on the
composition of the system, e.g. water-in-oil (wdopplets at low water content, oil-in-water (o/w)
droplets at high water content, and a bicontinugiuscture at intermediate water content. Aim of
the thesis was the production of highly hydrophiladt membranes by PBM to be used as coating
material for PES commercial membranes for waterfipation. All the chemicals used for
preparing microemulsions were purchased from Sigidach with purity higher than 98%

(analytical grade).

The composition of the microemulsion was:

1) Methyl methacrylate (MMA), used as monomer cibuishg the oil phase of the microemulsion;
2) Water, used as the aqueous phase of the micisiemu

3) Lab-made surfactant AUTEAB and the commercialfagtiant dodecyltrimethylammonium
bromide (DTAB), used to lower the surface tensibthe microemulsion facilitating the formation
of a single phase;

4) 2-hydroxylethyl methacrylate (HEMA), used to anbe the dispersion of the oil and water
phase;

5) Ethylene glycol dimethacrylate (EGDMA), addeccesss-linker;

6) Ammonium persulfate (APS) and N,N,N’,N’- tetraim@d ethylenediamine (TMEDA), added as

initiators.

The optimal concentration of chemicals used for rogmulsion preparation together with
conductivity measurements, that allowed to iderttiy bicontinuous range, are reported in Chapter
4.

The preparation of the microemulsion was carriedasufollows: the monomer and the water were
first added within a flask in the proper amounteTurfactant was then added and the immediate
and spontaneous formation of a transparent and genons dispersion (without mixing) was
observed. The cosurfactant HEMA and the cross+iEkéDMA were also added.

The solution was then kept at the desired temperghetween 20°C and 30°C) and finally redox
initiators (APS and TMEDA) were added to the micnagsion that was purged with nitrogen gas
for at least 1 minute. When the microemulsion, delpgg on the set temperature, reached the
suitable viscosity, it was cast on PES membrana ithamber under nitrogen atmosphere and

controlled temperature. Microemulsion was castgisicasting knife of 250 um, as shown in figure
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3.1.3. The PBM coating was left to polymerise oiginthand it was totally transparent. Its thickness

was measured and it was about 0.2-3 pm.

M +— Redox initiators

f N,
‘ Microemulsion

Figure a. Microemulsion

2 ) preparation
Microemulsion
— withinitiators
= Polymensed

——r Casting knife microemulsion
" ./ (PBM)

Bicontinuous Ly
Commercial PES etrirctiine _'E.ﬁ-h‘
membrane - J
Figure b. Microemulsion casting Figure c. Polymerised microemulsion

Figure 3.1.3 Microemulsion preparation and casting

The microemulsion casting and polymerisation oclirin a nitrogen chamber under controlled
temperature (Figure 3.1.4).
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Figure 3.1.2 Nitrogen chamberused for PBM preparation

PES commercial membranes used as support for PBingowere supplied by the compe

Microdyn Nadir (Germany).

3.2 Microemulsion and PBM membrane characterisatio

Microemulsion conductivity

Conductivity measurements were carried out by Hutdostruments PC2700. Differe
microemulsion compositions (with DTAB and AUTEAB rfactants) were prepared at differ
water content. The initiators were not added toniroemulsion. Thimeasurements were taker
room temperature (about 22°C) and each measuremaantepeated three times and the averas

the results obtained was conside

Weight |oss deter mination

In order to calculate the weight loss of PBM membgthe polymeried membrar was first
weighed and then drieavernight in the oven at 50°C in order to remdwe Water. The membrau
was then soaked for 2h in toluene in orto extracthe unpolymerised MMA andnally PBM was
treated with water at 50°fr 3r in orde to remove the unreacted surfactant. The amot water
and unreacted materialas determined by measuring the weight loss ieach extraction. Tests
were carried out both for membranes prepared wilPAB and AUTEAB at their optime

concentrations. Thiess was calculated by using the following equa
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Where:
W, is the weight loss, Ws the initial weight of the membrane before edgfing or extraction and

W:is the final weight of the membrane after eachrdyyar extraction.

Scanning electron microscopy (SEM)

The SEM used for the morphology investigation ofMPBnd PES commercial membranes was
Hitachi Field Emission SEM (model S-4800). The aaégristics of the instrument are:

Resolution of SEM (model S-4800):
Accelerating voltage 15 kV
Working distance =4 mm -1.0 nm
Accelerating voltage 1 kV

Working distance = 1.5 mm -2.0 nm

The surface and cross-section of membranes werkiaged. Membrane cross sections were
prepared by freeze fracturing the samples in liguicbgen, to produce a clean brittle fracture. The
specimens were then mounted on a sample holder andlysed.

SEM measurements were carried out by Dr. Daniehdam at Swansea University (CWATER),

United Kingdom.

Atomic Force Microscopy (AFM) and surface roughness

AFM measurements were performed on a Multimode AFl Nanoscope llla controller (Veeco,
USA) using manufacturer-supplied software. Tappmayde measurements in air were performed
using TESP (nominal spring constant 20-80 N/m) itamrs (Bruker AXS). All other
measurements were performed using NP-S probes {lack) lever, nominal spring constant 0.12
N/m). Roughness values were obtained from topographns using the instrument software. The
resolution of most of the images created by the ARBtrument was in the form of 512x 512

pixels.
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AFM and roughness measurements were carried oDrr bipaniel Johnson at Swansea University
(CWATER), United Kingdom.

Por e size measur ement

Pore size measurements were performed by a PMlargdiow porometer which provided fully
automated through-pore analysis including bubbiatppore size distribution and mean flow pore

size (PMI, porous materials, Inc. USA).

Molecular weight cut-off

Molecular weight cut-off was measured by using atame of three polydispersed dextrans with
molecular weight of 11KDa, 70 KDa and 480 KDa. Dars (5 g/L) that were dissolved in 0.02 M
buffer phosphate solution. Filtration tests weteent carried out at room temperature and the
pressure was adjusted in order to have a flux lovan 40 L/m h. Feed and permeate were
collected after about 10 minutes of filtration. B&amples were than analysed by gel permeation
chromatography (GPC) (Accela-RI detector- Thermaer8dic) equipped with three columns
(Varian, Inc. GPC/SEC PLaquagel —OHu& 300x7.5 mm, Lab Service Analytica) connected in
series and using buffer phosphate 0.02 M as elpbase at the flow rate of 10@0L/min.
Chromatograms obtained were integrated and set tiwéhcalibration curve previously prepared

with narrow dextrans.

Contact angle measurements(CAM)

Contact angle measurements were performed usingpule water by the method of the sessile
drop using a CAM200 instrument (KSV Instrument LTExland). The resolution of the instrument
was 800 x 600 pixel. For each sample, at least d@sarements were taken; the average value and
the corresponding standard deviation were, theloulesed. Water CAM were performed for the

active side of PES commercial membranes and focdh@ng side of PBM coated membranes.

Antimicrobial activity

The following protocol was used for the determioatof the surfactants’ antimicrobial activity.

Antibacterial tests were started by preparing ghomiedia using Mueller-Hinton broth and agar.
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Prepared agar, which was sterilized at 121°C, wated to appropriate temperature, then poured to
the petri dishes in 15 ml amounts and left for nigyovernight. On the next day, petri dishes were
checked for contamination. Théncoli bacteria was applied onto four of them by usingeadle
holder andE.coli bacterial cultures were grown on nutrient agateslaat 37°C overnight. Then,
sufficient amount oE.coli colonies was dissolved in 0.9 % NaCl-water to sidjbe turbidity to
Mcfarland no. 0.5 which corresponds to 108 CFU ¢@giForming Unit)/ml. Sterile tissue culture
plates (6 well with 10 ml volumes) were obtaineainir Becton Dickinson Labware Company. 0.1
ml of bacteria suspension and 1.9 ml of Muellertbinbroth were added into the well containing
different amounts of antibacterial material (sutdat) and they were incubated for 24 h. After that,
0.1 ml of liquid sample was added on nutrient ggates and spread over the plates. Plates were
incubated at 37°C for 24h. Finally, grown cells &zeounted on the plates.

For the determination of PES commercial and PBMeambanembranes antimicrobial activity, 60
CFU of E.coli were seeded on the membranes which were imprortddueller-Hinton agar plates
for 24h and incubated at 3T. After the 24 h incubation period had elapsed,rthmber of CFU
present on the membrane surfaces was counted.

Antimicrobial activity tests were carried out byoPrSacide Alsoy Altinkaya at Izmir Institute of

Technology, Turkey.

Nanoparticles incorporation

Polyoxometalates (POMs) nanoparticles linked to ABWB were incorporated within the
membrane matrix by dispersing them into the micnalsian with a concentration of 2 wt% and
their activity was evaluated. The dispersion wdswad by alternating sonication and magnetic
stirring for 24h. When the nanoparticles were caatgdy dispersed into the microemulsion, redox
initiators were added and the microemulsion wagmelized on a PES membrane.

In order to measure the activity of POMs nanoplegican aqueous solution containing 4 wt% of
H,0, 30 w/v% (purchased from Panreac) was used. POMsepaaticles were synthesized and
bounded to AUTEAB by Prof. Mauro Carraro at ITM CNRthe University of Padua, Italy.

The EDX analyses on PBM membranes to verify thenmaration of POMs nanoparticles were
performed by using SEM (Cambridge Stereoscan 360).
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Fouling tests

Fouling tests were carried out by using humic gEid) (purchased from Aesar GmbH & Co KG,
Germany) as model foulant with a concentration@d ing/L. Filtration tests were carried for 24h
both for PES and PBM membranes by using an auttratad ultrafiltration (UF) cross-flow
testing cell manufactured by company SIMAtec Gmid¢rmany. The dimensions of the active
membrane area used were 21.4 cm x 4.0 cm coveSydif. The feed solution from the feed
tank was pumped at room temperature into the memebnaodule and through the membrane at
desired pressure (in order to have the same fluongnthe coated PBM and the PES membrane).
The permeate and concentrate coming out of the meralmodule were recirculated back to the
feed tank. After treatment with HA, the membranesenbackflushed with water at 0.5 bar for 3h
and finally removed from the testing cell. The @&se and regain in water permeability and the
appearance of the membrane after backflushing aeréndication of the membrane’s fouling

propensity. Furthermore, the fouling layer thiclevagas measured by SEM analyses.

Water permeability and dye rejection

Water permeability and dye rejection were measwedoom temperature (22°C) by using a
laboratory ultrafiltration cross-flow testing cedit the pressure of 1 bar. Water or model-dye
solution was pumped, by means of a peristaltic puimugh the membrane on an area of 11.6
cnt.

Water permeability (P) was calculated by collecting permeate during a fixed time and then by
applying the following equation:

Atp

Where:

Q is the volume of permeate expressed in literis the area of membrane expressed intris the
time expressed in hours and p is the pressure €sguten bar.

In case of a dye solution, the rejection toward hbatyes was calculated by the UV
spectrophotometer UV-160A Shimadzu. Permeate ssiplbe analysed were collected after 30
min of filtration. The concentration of dyes was m@/L for each dye. Acid Red 4 and Remazol

Brilliant Blue dyes were purchased from company B8S&ences (USA) and Chemos (Germany),
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respectively. The absorbance of both dyes wadyfilmeasured by spectrophotometer and it was
505 nm for Acid Red 4 and 593.5 for Remazol Briti&lue.
The calibration curve of the Remazol Brilliant Bls@ution was prepared by spectrometric analysis

of the mixed solution at a 593.5 nm wavelength. &heunt and concentration of the dye in the

solutions were known. Table 3.2.1 shows that tlewdiance of the dye solution increases while its

volume increases.

Table 3.2.1 Data for calibration curve of Remazol Blliant Blue in the mixed solution (50

mg/L)
Blue Blue Red (ml) Red Blue
(ml) (Abs 593.5 nm) (Abs 505 nm) Concentration
Detected
0.25 0.122 2.75 2.273 4.21
0.50 0.169 2.50 2.115 7.80
0.75 0.214 2.25 1.973 11.20
1.00 0.264 2.00 1.806 14.95
1.25 0.305 1.75 1.655 18.09
1.50 0.350 1.,50 1.499 21.56
1.75 0.416 1.25 1.269 26.56
2.00 0.497 1.00 0.991 32.72
2.25 0.552 0.75 0.806 36.92
2.50 0.611 0.50 0.607 41.38
2.75 0.669 0.25 0.408 45.77
Blue range of concentration 50mg/L
0,8
0.7 0,0131x + 0,0669 ‘/0
y=9, X+0,
g 0,6 RZ=1
o 05 /
[&]
S 04
o]
5 0,3 /
3
< 0,2
o1 /
0,0
0 10 20 30 40 50

Concentration mg/L

Figure 3.2.1 Remazol Blue calibration curve
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Similarly, a calibration curve for the Acid Red dligion was developed by spectrometric analysis

of the mixed solution at 505 nm wavelength.

Table 3.2.2 Data for calibration curve of Acid Redn the mixed solution (50 mg/L)

Red Red A1l Blue (ml) Blue A2 Red
(ml) (Abs 505 nm) (Abs 593,5 nm) Concentration
Detected

0.25 0.408 2.75 0.669 4.46
0.50 0.607 2.50 0.611 8.91
0.75 0.806 2.25 0.552 13.39
1.00 0.991 2.00 0.497 17.54
1.25 1.269 1.75 0.416 23.76
15 1.499 1.50 0.350 28.91
1.75 1.655 1.25 0.305 32.42
2.00 1.806 1.00 0.,264 35.77
2.25 1.973 0.75 0.214 39.53
2.50 2.115 0.50 0.169 42.73
2.75 2.273 0.25 0.122 46.27

Red range of concentration 50mg/L

2,5
20 y = 0,0446x + 0,2088 /
7 R2=1
E
o 15
o
C
S
5 1,0
2]
<
0,5 —
0,0
0 10 20 30 40 50

Concentration mg/L

Figure 3.2.2 Acid Red 4 calibration curve

This data were used to calculate the blue and yedcdncentration in the membrane permeate

solution.

The dye rejection (R) was then calculated by utiiegollowing equation:
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Where:

Cp is the concentration of the dye in the permaateCf is the concentration of the dye in the feed

solution.

Intensive chemical cleaning test

Intensive chemical cleaning tests were based oic badl acid treatment on the membrane surface
in order to check the resistance of PBM coatingléaning. Filtration tests were carried out for 1h
for both PES and PBM membranes by using an auttralted ultrafiltration (UF) cross-flow
testing cell manufactured by company SIMAtec Gmi@¢rfnany). The base cleaning tests were
carried out in order to simulate the oxidation nlag to remove biofouling, while the acid cleaning
tests were carried out in order to simulate thatitnent used to remove inorganic fouling/scaling.
For the basic cleaning tests;®3 (purchased from Sigma Aldrich) was used with a eatration of

1 w/iv% and pH 10.3. In the case of acid cleanimggcacid (purchased from Sigma Aldrich) was
used with a concentration of 0.2 w/v% and pH of Zlge variation in permeability before and after
the chemical cleaning was used as an indicatidPB} coating stability and chemical resistance.
The permeability data obtained were then comparitd twat obtained with a PES commercial

membrane.

Salt rgection

Salt rejection was measured by using a laboratdinafiltration cross-flow testing cell at the
pressure of 0.5 bar and at room temperature (22N&EI and MgS®@ were added to an aqueous
solution with a concentration of 500 ppm and 2069 pespectively. The rejection was measured
by conductivity measurement of the feed and thenpate by using Eutech Instruments PC2700.

Salt rejection (R) was calculated applying thedaihg equation:

Condp
R=1- -100
Condf

Where:

Condg is the conductivity of the permeate and Gadadhe conductivity of the feed.
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3.3 PBM membranes application in MBR

MBR reactor

Once the novel PBM coated membranes had been prepad characterised, they were assembled
by the company Microdyn Nadir (Germany) by gluimgptmembranes together by lamination from
the support side with a spacer between them fongate collection. A total of six membranes with
a total area of 0.33 fiwere used for the production of one module. Indéetre of the module an
inlet, from where the permeate was sucked, provitiedconnection to the vacuum pump (figure
3.3.1).

Y emvelogher Tor a fotal af &

e e

///

Comnection o
VAL [HInEp ¢
Etmigats
collection

Figure 3.3.1 MBR module

The module prepared was then set in a suitablettasend immersed in the MBR tank containing
the model textile wastewater to be treated.
The MBR reactor was designed in accordance to M@fems usually present on the market and

shown in figure 3.3.2.
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Figure 3.3.2 MBR reactor

The front view and the rear view of the MBR reacoe shown in figure 3.3.2. A feed tank of 5

was used as model textile wastewater storage. Tastewater was then pumped inside

bioreacor filled with the industrial sludge as a sourdenocroorganisms and in contact with 1

membrane module, which was also located insideaiAcompressor provided the air supply fr

the bottom of the bioreactor order to create a cross-flow of aiulibles at membrane surfe

limiting the fouling phenomenon and providing oxgger bacteria survival. A computer allow

to set and control all the parameters (feed punhpcitg, tran-membrane pressure (TMP), aerat

rate) and a series of sensdes/él sensor, differential pressure sensor, feedgpermeate pum

foam pump, foam sensor, flow sensor, pH sensorpéeature sensor, conductivity sensor anc

flow mete) collected all the information during MBR experint: The operating TMP was kt at

about 4060 mbar and fine bubbles were used as aeration.aBation rates were applied: 0.*/h

and 1 nih. The HRT was maintained in the rang-120 h with a flow rate ranging from 0.5 tc

L/h. The operation mode of the MBR was as follc

1.
2.
3.

8.5 minutes of filtration (in this phase the permeate wacked by a pum|

30 seconds of relaxation phase (the pump was s

30 seconds of backwashing (the flux was invertechfthe permeate to the feed in orde
clean the surface of the membra

30seconds of relaxation phase (the pump was stopysed)d1]
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Carbon Oxygen Demand (COD)

The COD was analysed by COD cell tests (Method341% from Merck KGaA (Germany). The
measuring range of this method was 25 - 1500 mj@C@D.

Red and Blue dyes

The concentration of the dyes, Remazol BrillianudBland Acid Red 4 was analysed by UV
spectrophotometer (Model: UV-1800) from Shimadzapéh) as described above. Red and Blue
were purchased from company BOC Sciences (USACh&inos (Germany) respectively.

Dissolved Oxygen

The DO concentrations were determined with an omygensor (Model: Oxi 340i meter and
CellOX® 325 Q electrode) from WTW GmbH (Germany).

Permeability

The permeability was measured by collecting themgette in time and applying the equation

reported above.
Model textile dye wastewater
The model textile wastewater composition, repometdble 3.3.1, was prepared according to

literature data.

Table 3.3.1 Chemical and concentrations used forxgle wastewater formulation

Chemicals Concentration (mg/L) Reference
Remazol Brilliant Blue 50
Acid Red 4 50
NaCl 2500 [2]
NaHCQy/Na,COs 1000 [3]
Glucose 2000 [3]
Albatex DBC (Detergent) 50 [4]

Red and Blue dyes were selected on the basis wfdhemical structure. Azo and anthraquinone
dyes such as Acid Red 4 and Remazol Brilliant Biue, in fact, among the most common dyes

encountered in textile wastewater. They can origingarcinogenic compounds and can cause
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problems to the photosynthesis of the aquatic plahtthey are directly discharged into the
environment. NaCl, NaHCfand NaCOs; were added as salts in order to mimic the rediléex
wastewater composition. Glucose was added as a&mufor microorganisms while the detergent
Albatex DBC, usually applied in laundries and textindustries, was also used in order to
reproduce the typical textile wastewater.

The parameters applied to the model textile wadtaveae reported in table 3.3.2.

Table 3.3.2 Parameters applied to model textile wesvater

Parameters Value
pH 7.5-8.2
Temperature 20°C
COD 2400 mg/L
BODs 50 mg/L
Chloride 1756 mg/L
Total Nitrogen 5.9 mg/L
Conductivity 6.6 mS/cm

All the experiments performed with MBR were carriedt in collaboration with the Karlsruhe
University of Applied Sciences (HSKA, Germany) unthee supervision of Prof. Jan Hoinkis.

3. 4 Appendix

AUTEAB characterization

Br O

; ; M _on,
h_ﬁwﬂx?_‘_ Mm;x,‘_c} H:_J-_‘_CHL

-~
Et’ I“i-'

Acnioviogundacyiinethyl ammonm bromide (AUTEAB)

Et

C20H4oBrN
Colorless solid PM: 374.4443 g/mol

Melting Point: 43-44°C
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NMR and IR analysis were used in order to charestekUTEAB.

IR (KBr): vicm* = 2328 (m), 2852 (m), 1719 (s), 1636 (m), 1456, (1884 (m), 1295 (w), 1202
(m), 1056 (w).

'HNMR (500 MHz, DMSO):3= 6.29 (dd, j= 17.6, 1.4, 1H,H8H=CH), 6.15 (dd, j=17.6, 10.2, 1H,
CHH=CH), 5.92 (dd, j= 10.2, 1.4, 1H, G#CH), 4.08 (t, j=6.5, 2H, COO>), 3.23 (q, j=7.2, 6H,

3N*CH,CHs), 3.08-3.13 (m, 2H, B,N"), 1.52-1.62 (m, 4H, B,CH,CH,N"), 1.21-1.34 (m, 14H,

N*CH,CH,CHo(CH,)7CH,0), 1.15 (t, j=7.2, 9H, 3KCH,CHs).

¥CNMR (125 MHz, DMSO):3= 165.4, 131.3, 128.3, 64.0, 55.9, 51.9, 28.8, 282B.69, 28.5,
28.4, 28.0, 25.7, 25.2, 20.8, 7.1.

530377 an-1

%T

129585795 k-
1201.92 am ] s

10 . 1 . | . L
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Figure 3.4.1 AUTEAB FT- IR spectrum
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Chapter 4

Preparation of novel PBM membranes

Membranes are usually prepared by classic techsigueh as phase inversion (the most common),
melt extrusion, track-etching, sintering, etc..the present work, an alternative approach was
proposed for preparing polymeric membranes fronolgnperisable bicontinuous microemulsion
(PBM). This technique consists in the polymerisataf two immiscible phases (oil and water)
stabilised by a surfactant. The main advantageh#&t the structural characteristics of the
bicontinuous microemulsion can be conserved antsfeared to the polymeric matrix. Different
types of surfactants can be applied to the micrdgomu formulation and, in particular,
polymerisable reactive surfactants are of highregkedue to the possibility of covalently binding
them with polymer domains producing polymers witlvell-defined and controlled structure. The
possibility of mastering the membrane structurgeteling on the final application, is of primary
importance in membrane separation processes.

In the present work, polymerisable microemulsiorexenprepared and characterised in order to
identify, by conductivity measurements, the bicontius range. Two surfactants were applied: the
lab-made cationic reactive polymerisable surfactAtiTEAB and the commercial cationic
surfactant DTAB. The microemulsion prepared wagnthpolymerised on a PES ultrafiltration
commercial membrane in order to obtain a thin-cgatPBM layer. Finally, weight loss
determination tests were carried out on the PBM branes obtained in order to investigate the

amount of unreacted material.

4.1 Commercial and lab-made surfactants

The preparation of PBM membranes was carried ardrdong to literature. Alternatively to the use
of AUTEAB, a commercial surfactant, sodium dodeayiethylammonium bromide (DTAB), was
employed for the preparation of bicontinuous mianatsion membranes. A new AUTEAB
surfactant was synthesized by following the tw@gpeocedure reported in Chapter 3. AUTEAB
was synthesized instead of the traditional surfac@UTMAB (acryloyloxyundecyltrimethyl
ammonium bromide) usually reported in literaturee Thain advantages of this new surfactant are:

1. Reduced cost (about 4 times lower than AUTMAB);

2. Easier way to produce it (liquid tryethylamine ged instead of the gaseous methylamine).
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By looking in detail at the cost estimations (répd in table 4.1.1 and in table 4.1.2) relateth®
synthesis of either surfactants, a clear differangarice can be noted. The cost of synthesisieg th
AUTEAB surfactant was, in fact, about 4 times lowean AUTMAB.

Table 4.1.1. AUTMAB cost analysis

BU (11-Bromo-1- Acryloyl Et.N (TEA) BUA (11- Me;N (TMA) AUTMAB
undecanol) chloride (cost, €) Bromoundecylacrylate) (cost, €) (total cost, €)
(cost, €) (cost, €) ' yien ’
100 g 1118¢g 51g 64g 155¢ 28.7g
(€ 23480) (€174.80 (€21.60 — (€ 124.20) (€ 555.40)
quant. 200g) quant. 1L)
*Cost analysis based on Sgma-Aldrich Catalogue
Table 4.1.2. AUTEAB cost analysis
BU (11-Bromo-1- Acryloyl Molecular BUA (11. Et;N (TEA) AUTEAB
undecanol) chloride sieves 3A Bromoundecylacrylate) (cost, €) (total cost, €)
(cost, €) (cost, €) (cost, €) yiaery ’ ’
100 g 111.8¢g 86g 107 g 39,1¢g 947 g
(€ 234.80) (€ 174.80 (€ 26.30 — (€21.60 - (€ 457.50)
qguant. 200g) quant. 250g) quant. 1L)

*Cost analysis based on Sgma-Aldrich Catalogue

The commercial surfactant AUTEAB has the followmglecular structure:

Br

Et

Quaternary
ammaonium

- .HN\-/-’#HH&J-’,HH \".-f.-f ﬁﬁhf/ﬁv’-’.
Et
Et l

Acrylate group

Figure 4.1.1 AUTEAB molecular structure

Based on its molecular structure, AUTEAB is a aaticsurfactant with a quaternary ammonium

group. It is well known in literature that quatempaammonium salts have an important
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antimicrobial activity. As it will be discussed itme next chapter (Chapter 5, paragraph 5.6),
AUTEAB showed an interesting antimicrobial activaigainst the bacteriufa. Coli, which was
maintained even after the polymerisation of the ragmulsion to form the final membrane.
Antimicrobial properties are of primary importaneben membranes are applied in such processes
as membrane bioreactors (MBR), where a populatfdpaoteria is in contact with the membrane
surface. Their adhesion and growth on the memisarface can cause the so-called “biofouling” ,
which is responsible for the decline of membrandopmances. For this reason, a membrane with
antimicrobial activity can operate at a higher amate constant flux for a longer period of time.

In AUTEAB's structure the carbon chain is made @idb atoms of carbon. The chain length can
also affect the antimicrobial activity of ammoniusalts. The antimicrobial activity, in fact,
increases with the increase of the alkyl chaintlerdgit only up to a certain limit. The presence of
the acrylate group makes the AUTEAB surfactant treacand polymerisable. Acrylates, in fact,
easily form polymers because the double bonds emg reactive. The possibility of polymerizing
the surfactant within the polymer matrix allowsdiotain materials with constrained geometries by
preventing the restructuring of the interfacialmfilduring the polymerization, which is often
observed if conventional (non- polymerisable) stidats are used.

The commercial surfactant DTAB has the followinglewolar structure:

H,C
H_;g[‘;-_@j/.\/\/V\N\CH_3
' Br

Cuaternary
AmMmonium

Figure 4.1.3 DTAB molecular structure

As it can be seen from its molecular structure, BTi# also a cationic surfactant with a quaternary
ammonium group. The antimicrobial tests carriedanE. coli showed an important antimicrobial
activity, slightly higher than in the case of th&#REAB surfactant, justified by the longest carbon
chain (12 atoms of carbon instead of 11). Unlike TAAB, DTAB is not a polymerisable
surfactant (due to the absence of the acrylatepyrdtor this reason, its embodiment within the
polymeric matrix can also be achieved by a physadtapment of the surfactant and not by a

chemical binding (as in the case of AUTEAB). Itdeese in the surrounding environment is,
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therefore, more pronounced (as also demonstrateaeiyht loss determination tests reported in
paragraph 4.4).

DTAB, in the present work, was applied and seletbedts commercial availability and reasonable
price. The surfactant was widely used for the surgp of the best conditions of temperature,
surfactant concentration range and membrane marghoNevertheless, due to the better and more
reliable results obtained with AUTEAB, together lwihe possibility of covalently binding it into
the microemulsion, the latter surfactant was usmdtlie scaling-up of PBM membranes to be
applied in the MBR process.

4.2 Microemulsion preparation and polymerisation

The microemulsion with either surfactants was pregan agreement with literature data [1,2] and
microemulsion conductivity measurements allowedd&iermine the bicontinuous range. The
monomer methyl methacrylate (MMA) was used as bége of the system, water was used as
aqueous phase and the surfactant (either DTAB oifBAB) was used to disperse the two
immiscible phases. The cross-linking agent ethyleuy dimethacrylate (EGDMA) was also added
so to strengthen the final polymer matrix, while ghort-chain alcohol 2-hydroxythylmethacrylate
(HEMA) was used as co-surfactant in order to feat#i the dispersion of the oil phase and the
aqueous phase.

The molecular structures of polymerisable compadather than the surfactant) are shown in
Figure 4.2.1:

Q
H.C _CH, Monomer (o)
o Methvimethacrvlate (MMA)
CH,
@]
HZC‘\)J\ OH Cosurfactant
0’/\\...-"/ 2-Hvdrosvthvimethacrylate { HEMA)
CH,
CHs 0
0 cH, Crosslinker
HECJ\H/ WGJ\K Ethvienglhveoldimethacrvlate { EGDMA )
0 CHa

Figure 4.2.1 Molecular structure of polymerisable omponents of the microemulsions
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All the compounds used for microemulsion preparatigvhen AUTEAB was used as the
surfactant) were polymerisable. Preliminary testsenfocused on the determination of the best
concentration of chemicals within the microemulsioAt balanced concentrations the
microemulsion formed spontaneously (without miximgmechanical stirring) and they appeared
homogeneous and optically transparent. The traaepgrof the solution is a prerogative of
microemulsions (thermodynamically stabla)contrast with emulsions that present a milky and

turbid appearance (Figure 4.2.2).

!

Emulsion  pMicroemulsion

Figure 4.2.2 Optical appearance of an emulsion ara microemulsion

The possibility of using different initiators, inrder to promote the polymerization, was also

evaluated. PBM membranes were produced by usinglifferent types of initiators:

1. 2.2-dimethoxy-2-phenylacetophenone (DMPA) photator, under UV-Light in inert
nitrogen atmosphere;
2. ammonium persulfate (APS) and N,N,N,N-tetrametlmglisnediamine (TMEDA) as redox

intiators in inert nitrogen atmosphere.

Even if the first route (UV-light) allowed to polyrze the microemulsion prepared, having in
mind the final purpose of the work (coating comnmar®ES membranes with the bicontinuous
microemulsion), redox initiators were selected ¢oused for microemulsion polymerization. With

redox initiators, in fact, it was possible to cahtthe polymerization rate and to cast the
microemulsion at the desired viscosity. The vidyosepresented a very crucial aspect in the
production of the PBM coating. A microemulsion, fact, has a very low viscosity. Casting it

immediately after the addition of redox initiatoos the porous PES membrane, caused its
infiltration within the porous membrane matrix witbh coating deposited on the PES surface. It was

noticed that, after the addition of initiators addpending on the operating temperature, the
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viscosity of the microemulsion gradually increasBdsed on this observation, depending on the
selected temperature, an optimal microemulsiorcogisy, suitable to be cast on the PES
membrane, was found. The effect of temperatursicnoemulsion polymerization rate is reported

in Table 4.2.1:

Table 4.2.1. Effect of temperature on microemulsiopolymerization rate

Temperature Polymerization rate
20°C 7-8 minutes
25°C 3-4 minutes
30°C 2 minutes

As shown in Table 4.2.1, polymerization time desesawith increasing temperature (from 7-8
minutes at 17°C to 2 minutes at 30°C). At 20°C, tpimal temperature was found. At this
temperature it was possible to control the polyraion process and produce reproducible PBM
membranes as demonstrated by water permeabilitguneraents.

In particular for AUTEAB, different problems weren@untered when the temperature was
increased up to 25°C. The viscosity of microemuisino fact, drastically increased in the range of a
few seconds, causing the polymerization of the oeiorulsion within the test tube. In case of
DTAB, on the contrary, various membranes were pegpat higher temperature (30°C) producing
PBM membranes with a more dense structure (as sho@hapter 5, paragraph 5.9).

First attempts on microemulsion polymerization wecarried out by polymerizing the
microemulsion on a petri dish or between two glpktes. In Figure 4.2.1 a PBM membrane
polymerized between two glass plates is shown:

Figure 4.2.3 Optically transparent PBM after polymeization
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As it can be seen in Figure 4.2.3, the polymer nmaseobtained were totally transparent. They
appeared tough and fragile in dry conditions butemglastic and flexible in wet conditions. The

next step was to coat a commercial membrane. Qrcenicroemulsion had been prepared, it was
polymerised on the surface of a commercial PES manebunder nitrogen atmosphere. The PBM

coating obtained had a thickness ranging from® 2um.

The optimal microemulsion composition for PBM meartes prepared with AUTEAB and DTAB

surfactant is reported in Table 4.2.2:

Table 4.2.2 Optimal microemulsion composition for ATEAB and DTAB surfactants

MICROEMULSION
)
MICREMULSION COMPOSITION (wt%) CONDITIONS
MMA | HEMA | H,O | SURFACTANT EGDMA INITIATORS (°-22) ATMOSPHERE
APS Inert nitrogen
21 10 41| AUTEAB 25 3 TMEDA 20 atmosphere
4 APS Inert nitrogen
1 e e DA 0 (MMA+HEMA) TMEDA 2 atmosphere

For the DTAB surfactant different microemulsion qmusitions were also evaluated and reported in
Table 4.2.3:

Table 4.2.3 Microemulsion compositions with DTAB stfactants

MICROEMULSION
0,

MICREMULSION COMPOSITION (wt%) CONDITIONS
MMA | HEMA | H.O DTAB EGDMA INITIATORS (°-EZ) ATMOSPHERE
4 APS Inert nitrogen
8 50 34 8 (MMA+HEMA) TMEDA 20 atmosphere
4 APS Inert nitrogen
2| SR | A 12 (MMA+HEMA) | TMEDA | 29 | atmosphere

The concentration of DTAB was varied in the ran§é8-d2 wt% and the concentration of water
was varied in the range 34-42 wt%. From SEM measents (see chapter 5, Figure 5.1.8) it was
clear that different microemulsion compositionsdueed different PBM structures in which DTAB

and AUTEAB concentrations play an important role.
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4.3 Microemulsion conductivity measurement

To find the bicontinuous range, microemulsions wereestigated in terms of conductivi
measurements with botkklUTEAB and DTAB surfactant
In the case of DTAB, as shown iiigure 4.3.1, the bicontinuous range in the microeion was

found between 2080 wt% water conter

w/o Bicontinuous o/W
microemulsion microemulsion microemulsion
70 -

18 -
16 -

Conductivity (mS/cm)
o

0 20 40 60 80 100 120
Aqueous solution of DTAB (wt%)

Figure 4.3.1 DTAB conductivity measurements at diffrent aqueous solution

In thecase of AUTEAB, the bicontinuous range in the meonoillsion was found between-60

wt% water content, as shown iigure 4.3.2.

Bacomlimuesus J

FPRC O L s Oy

S — o) " o
TG DT L a0

Conductivity {(mS5/cm )

Woaler (Wit )

Figure 4.3.2 AUTEAB conductivity measurements at dierent aqueous solution
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Conductivity measurements allowed to differentiatee o/w droplets, the bicontinuous
microemulsion and the w/o systems. It is known fyatems with a low conductivity are associated
with w/o microemulsions while systems with high dantivity are associated with o/w
microemulsions. The transition from a w/o to a biouous microemulsion is shown by a sharp

increase in the conductivity value [3].

4.4 Weight loss determination test

In order to determine if all the materials usedrfacroemulsion polymerization were polymerised
in an interwoven network, membranes were driedng exposed to subsequent extractions. First,
the polymerised membrane was dried up in ordeetoore the water, then it was extracted with
toluene for 2h in order to remove unpolymerised MMAd finally it was extracted with water at
50°C in order to remove the unreacted surfactamt. amount of unreacted material was determined
by measuring the weight loss after each extracti@sts were carried out both for membranes
prepared with DTAB and AUTEAB at their optimal cemtrations.

Table 4.4.1 Weight loss determination of prepared BM membranes

Toluene Hot H20
Drying-Loss of : extraction-Loss
Surfactant extraction-Loss
water (wt%) of surfactant
of MMA (wt%)
(Wt%)

DTAB 7 0 16

AUTEAB 22 0 5

The weight loss after toluene extraction is nutlijoth DTAB and AUTEAB surfactants, indicating
that the whole MMA was fully copolymerised. Aftepthwater extraction, membranes prepared
with the lab-made surfactant AUTEAB presented adioless of surfactant (5 wt%) in comparison
to the membranes prepared with the commercial ctlaria DTAB (16 wt%). This behaviour can be
explained by the fact that AUTEAB is a polymerisablrfactant (due to the presence of a double
bond in its chemical structure) and, unlike DTABgcopolymerizes in the membrane matrix and
cannot be easily removed. This aspect is very itapbrbecause AUTEAB can guarantee its
presence for a long time within the polymerizedypwr accomplishing therefore its function of

antimicrobial agent when the membranes are apgdhed)stance, in an MBR process.
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4.5 Conclusions

In the first part of the present work, the optinmicroemulsion compositions for DTAB and

AUTEAB surfactants were found. By means of condutgtimeasurements and literature data, the
bicontinuous range was also identified. The tentpeeaof 20°C was found to be the best
polymerization temperature due to the slower aratlgal increase in microemulsion viscosity,
which is crucial for microemulsion casting on a qus PES support. Weight loss determination
tests proved that the oil phase (MMA) totally pobmzed forming the matrix of the membrane.
AUTEAB'’s loss rate was less pronounced than DTARIsge to the possibility of covalently

binding the surfactant with the other polymerisabieroemulsion components.
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Chapter 5

Characterization tests of the novel PBM membranes

Membrane characterisation relates membrane steuetul morphology to its performances. Once
the membranes have been prepared, in fact, mp®itant to characterise them in order to select
the proper membrane with the suitable charactesidtr a specific separation process. For this
reason, a wide number of techniques (SEM, AFM, acdnangle, permeability...) are available in
order to determine the main properties of a mensrém this chapter, the characterisation tests
carried out on coated PBM membranes (prepared AWMEAB and with DTAB surfactants) are
reported and compared with the ones achieved wittoated PES commercial membrane. First
characterisation tests focused on the evaluatiom&ibrane surface morphology by SEM and
AFM analyses. Afterwards, the pore size and thdabéity of commercial and PBM membranes
were measured by capillary flow porometer and adnt@ngle measurements, respectively.
Antimicrobial activity, nanoparticles incorporationvater permeability, antifouling and dyes
rejection tests were also investigated. On theshafsihe results obtained in terms of performances
and structural properties, the most suitable mendgzavere selected and scaled up to be applied in
MBR process for wastewater treatment.

5.1 Scanning electron microscopy (SEM)

The morphology of the PBM membranes prepared waktiated by means of scanning electron
microscopy (SEM) measurements. The existence adantinuous microstructure was revealed for
both types of surfactants used in microemulsiorpgr&ion and is clearly visible in the Figures
5.1.4 and 5.1.6. This was a direct evidence that rthicroemulsion was polymerised in the
bicontinuous state. During the polymerisation, Weder channels remained unchanged, while the
oil channels formed the polymer matrix of the meam, giving, as final result, an interconnected
network of oil and water channels. This particu@nfiguration can reflect the important
antifouling properties exhibited by PBM membranBsre geometry has a big influence on the
decline of filtrate flow and cake layer formatiot mmembrane surface due to the fouling
phenomenon. Holdich et al [1] studied the effectpofe geometry on fouling formation by

comparing both membranes with circular and sloptees (Figure 5.1.1).
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Fluid flow

Fluid flow Particles

Circular pore
Slotted pore

Figure 5.1.1 Fouling and fluid flow behaviour on tle basis of different pore geometries

(Figure adapted from [2])

From the results obtained by filtration tests contey particles of a specific diameter, it was fdun
that the critical flux for slotted pores membranaswmuch greater than the one observed with
circular pore membrane. In circular pore membrahe, particles deposit at the pore entrance
hindering the fluid flow to pass through the poire.the case of slotted pore membrane, on the
contrary, the fluid can flow through the open regioof the pore not coated by the particle
deposition. The experiments showed that slottedgare able to limit the particle bridging over the
pores responsible of cake deposition and foulimmédion.

This observation can be also assumed for the chéikegbicontinuous) structure presents in the
PBM membranes made in the present work. The oyipetised channels are comparable to slotted
pores and they can ideally work in the same waye Pploved antifouling properties of PBM
membranes can, thus, be also justified by theipmaogical structure.

In this paragraph SEM pictures of PBM membranepamed with either surfactants (AUTEAB and
DTAB) are shown. The SEM data obtained with PBM rhemes were compared with the ones

obtained with commercial PES membrane.
PES commercial membrane

In Figure 5.1.2, the surface of commercial PES nramdy used as support for PBM coating, is
shown. The membrane surface appears homogenoupaaods. The membrane pore size was
about 0.1um (ultrafiltration range) as indicated by the compaupplier (Microdyn Nadir) and

confirmed by capillary flow porometer analysis.
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54800 1.0kV 2.0mm x40.1k SE(U)

Figure 5.1.2SEM surface image of PES commercial membrai

A PES membrane is a composite membrane made upvefldayers: a top porous activ
polyethersulfone (PES) layer and an underlying eupmf polyethylene terephtalate (PE
responsible for the mechanical resistance of thenlnane. This structure is clearly visible
Figure 5.1.3 where a crossction of the PE membrane is depicted.

54800 1.5kV 10.7mm x10.0k SE(U)

Figure 5.1.3SEM cross-section of PES membranavith magnification

PBM coated membrane with AUTEAB surfactant

As it can be seen iRigue 5.1.4, PBM membranes present the typicalniicoous structure mac
up of an interconnected network of polymer chanrfelkite strips) and water channels (d
strips). SEM pictures of PBM membranes with AUTEASer to the microemulsion composn
containing 40 wt% of water. The dimensions of ¢hannels (estimated by SEM pictures) wer
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the range of 13@40 nm in length and -50 nmin width. These structures were randol

distributed across the overall membrane sur

54800 1.0kV 2.0mm x40.1k SE{U)

Figure 5.1.4SEM surface image ofa PBM coated membran:

From cross-section imagdsigure 5.1.5) thePBM coating on PES membrane is clearly visible.
measured thickness of the coating was less than.IFor all PBM membranes prepared the P

coating ranged from minimum of 0.2 to a maximum of @n.

54800 1.0kV 9.4mm x20.0k SE(M)

S4800 1.0kV 9.4mm x40.0k SE(M)

Figure 5.1.5 SEM crosssection of FBM membrane with magnification (magnification from
x10 to x40)

PBM coated membrane with DTAB surfactant

PBM membranes prepared with DTAB showed similarphology than themembranes prepared
with AUTEAB. As it can be observed in SEM magnifioa pictures (Figure 5.1.6), tt
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polymerised bicontinuous structure is clearly Visias from 2um of magnification (x20). Even |
this case, the white islets are representativéneé polymerised oil phase, while the dark strips
representative of the unpolymerised water chanf@ising the porous matrix of the PB
membrane. The PBM surface appears uniform and henoag with a random distribution of t

bicontinuous structure.
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Figure 5.1.6 SEM surfaceof PBM membrane with magnification (magnification from x2 to
x50)

In Figure 5.1.7 the PBM cros®ction is shown. A thickness of PBM coating of @th®um was
observed.
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Figure 5.1.7 SEM crosssectior of a PBM membranewith magnification (magnification from
x2 to x20)

In the case of membranes prepared with the comaiermurfactant DTAB, the effect «
microemulsion composition on membrane morphology imaestigated. In Figure 5.1.8 the imp

of microemulsion compos@n on membrane morphology is sho\

=

- 1

12 wt% DTAB

& 42 wt% water
10 wt% DTAB

40 wt%h water

® 8 wt% DTAB
30 wt% water

Figure 5.1.8Effect of microemulsion composition on membrane mgyhology
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By varying microemulsion composition, in particusurfactant and water concentration (Figure
5.1.8), different PBM structures can be obtaindais Taspect is of particular relevance because it
allows to tune and modulate the membrane strucaréhe basis of the desired pore size and the
final application of the membrane.

Increasing the amount of DTAB (from 8 wt% to 12 Wi%er instance, enabled the dispersion of
the oil phase (methyl methacrylate) in the aquepligse (water) reducing the length and the
dimension of the water channels responsible for fdrenation of the porous matrix of the
membrane. For this reason, the membrane prepatbdhei highest concentration of surfactant (12
wt%) presented a denser structure in comparisoRBM membranes prepared with the lowest
amount of surfactant (8wt%). Furthermore, it isgaged that, with increasing water concentration,
the oil micro-globules (present in the microemuiskefore polymerisation) become larger due to
extensive coalescence of growing polymer of lowelulslity [3]. This aspect was also in
agreement with SEM pictures shown in Figure 5.By.increasing water concentration (from 30
wt% to 42 wt%) the structure of PBM membranes berdenser due to the coalescence occurring
during polymerisation. In fact, as the SEM imaghevg the water channels, abundant at lower
surfactant and water concentrations, are graduadplaced by monomer islands when the
concentration of water and DTAB, within the micragsion, is increased.

Water permeability and dye rejection tests (regbnteparagraph 5.9) further confirmed the trend

observed in SEM analyses.

5.2 Atomic force microscopy (AFM)

PES commercial membrane

3D AFM images of PES commercial membrane show wnrgh and porous surface.
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Digital Instruments NanoScope

Scan size 1.000 pm

Scan rate 1.001 Hz
a) Number of samples 512

Image Data Height

Data scale 50.00 nm

X 0.200 um/div
# z 50.000 nm/div

Shamim set 4 - sample 1 unused
<amnlela 007

b) Digital Instruments NanoScope

Scan size 5.000 pm
Scan rate 1.001 Hz
Number of samples 512

Image Data Height
Data scale 75.00 nm

X 1.000 um/div
Hm z 75.000 nm/div

Shamim set 4 - sample 1 unused
samplela.003

Figure 5.2.1AFM surface of PES commercial membran

PBM coated membrane with AUTEAB surfactant

The nmembrane surface appears, homogenous and smooth. By comparing the AFM surdhee
PES commercial membrane with the surface of PBMetbanembrane, it can be clearly noti
that the latter presents a smoother surface aspats@d by roughness measurements report

the next paragraph.
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Digital Instruments NanoScope
an si 1.000 um
Scan rate 1.001 Hz
Number of samples 512
Height
15.00 nm

X 0.200 pm/div
Hm z 15.000 nm/div

sample2c.013

Figure 5.2.2 AFM surface image of PBM coated membree (with AUTEAB)

PBM coated membrane with DTAB surfactant

Even for PBM coated membrane prepared with DTAR, AFM shows a very flat and smooth
surface. The smoother surface of PBM membranes gabetter wettability towards water (as
proved by contact angle measurements) and an iraprent in antifouling properties by limiting

the adhesion of organic compounds at membranecgurfa

Digital Instruments NanoScope

an si 1.000 pm

BE. 1.001 Hz
512
Height
25.00 nm

X 0.200 pm/div
Hm z 25.000 rm/div

Shamim set 6 sample 1
shamim_6_1.000

Figure 5.2.3 AFM surface image of a PBM coated meméne (with DTAB)
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5.3 Surface roughness

Figure 5.3.1 shows the surface roughness of PESnepoml membrane and PBM membranes
prepared with both surfactants. In the case of RB&mbranes, the addition of a PBM layer led to a
reduction in the measured surface RMS roughnessmidane roughness decreased by more than
60% for PBM coated membranes in comparison to cawialeincoated PES membrane.

Micrometer scan

w
o

N
(6]

N
o

RMS Roughness (nm)
= =
o w

(2]
1

PES commercial PBM+AUTEAB PBM+DTAB

Figure 5.3.1 Surface roughness of uncoated PES aR®8M coated membranes

The addition of a PBM layer, in fact, led to a retion in the measured surface roughness from 17
nm (for PES membrane) to 7 nm (for PBM membrandn WWUTEAB) and to 5nm (for PBM
prepared with DTAB).

The smoother surface shown by PBM coated membnraassstrictly related to their antifouling
properties. It is well known, in fact, that the adlon of organic compounds, that are usually the
main responsible of fouling formation, is favoureyg rough surfaces. The “throughs” created by
rough membranes are, in fact, preferred sites ctirmalation of particles in comparison to
smoother surfaces. PBM coating allowed to reducenlonane roughness, thus limiting the fouling

layer formation (as proved by the antifouling tesgsorted in paragraph 5.8).
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5.4 Pore size measurement

Capillary flow porometer analysis was used to deiee the pore size distribution of both PES and
PBM coated membranes (Figure 5.4.1). The porediB&BM coated membranes can be tuned and
adjusted (as previously shown in Figure 1.5.8) arywmmg microemulsion composition and
microemulsion polymerisation temperature dependingthe final membrane application. In the
graph below the pore size of PES and both PBM doatembranes (at the optimal microemulsion
composition) is reported. As expected, pore siztridution decreased of about 25% for PBM
membrane (prepared with AUTEAB) due to the presasfd@BM coating on the top-layer of the
membrane. Pore size, in fact, decreased from a&\ail0.1 pm for PES membrane to 0.075 um for
PBM coated membrane. In case of DTAB used as darfgcthe average pore size of prepared
membranes was about 0.04 um. Even in this case Wes a decrease in pore size of about 60%.

Pore size
0,12

0,1 -

0,08 -

0,06 -

0,04 -

Average pore size (um)

0,02 -

PES commercial PBM+AUTEAB PBM+DTAB

Figure 5.4.1 Pore size of PES commercial and PBM mmbranes

From capillary flow porometer data, it was showattRBM coating causes a decrease in membrane
pore size and together with the increase of ovaralhbrane thickness (due to the presence of PBM

coating) was responsible for the lower water pebiliaof novel membranes.
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5.5 Molecular weight cuteff (MWCO)

MWCO is defined as the lowest molecular speciesimetl at 90% by the membrane. MWCC
characterised by solute molecular weight but offaetors can affect the permeation of th
molecules through the membrane such as the shape ofiolecule (linear or globular), the pH
the solution and the filtration pressure. In thisrky the MWCOwas calculated by using a mixtt
of three dextrans of different molecular weight$ KIDa, 70 KDa and 480 KDa) which was appl
as feed solution for filtration tests. The feed ahé permeate were, then, analysed by
permeation chromatography (GPAs expected, MWCO was reduced when PBM was appls

coating for PES commercial membrai

PES_Cut-off
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Figure 5.5.1 Molecular weight cu-off of PES membrane

As shown in Figure 5.5.1, the MWCO for PES comnangiembrane was about 270KI
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Figure 5.5.2 Molecular weight cut-off of PBM coatednembrane

The MWCO for PBM membranes, at the optimal microksmun composition was about 100KDa
(Figure 5.5.2). The reduced MWCO can be attributethe decreased pore size of PBM coated
membranes due to the presence of the microemufstymerised on the top. A lower MWCO

means a reduced pore size and an increased rejéotvard target compounds.

5.6 Contact angle measurements (CAM)

Based on the chemical characteristics of the memalstanembrane surfaces show hydrophobic or
hydrophilic moiety. The relative wettability of PBEbated and PES commercial membranes was
measured by sessile drop contact angle. All the Ionenes (coated and commercial) exhibited
hydrophilic nature, however, this was more prormagh in the case of membranes with a PBM
layer. As shown in Figure 5.6.1, PBM coated memérstimowed a higher affinity for water droplet

in comparison to PES commercial membrane.
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FES commercial membrane FEM membrane

Figure 5.6.1 Water droplet on PES commercial and P membrane surface at t =0

PES commercial membranes presented an averagecttamigle of 68° while PBM+AUTEAB
membranes showed an average contact angle of A&fefbre, a reduction of about 30% in contact
angle values was found when AUTEAB was used (Figu6ée2). Even when DTAB was used as
surfactant, a decrease of the contact angle in agsgm to PES commercial membrane (from 68°
to 58°) was observed. The different microemulsiomposition and chemical structure of both
surfactants explain the difference of the contanglen between the PBM coated membranes
prepared with DTAB (58°) and AUTEAB (47°). AUTEAR) particular, present an acrylate group
that can enhance its hydrophilic moiety with respe¢che DTAB molecule.

" Contact angle

70
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50
40
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20
10

()

Contact angle

PES PBM+AUTEAB PBM+DTAB

Figure 5.6.2 Contact angle for PES and PBM membrarse
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As mentioned in Chapter 1, a higher degree of dphiticity usually results in better performances
in terms of water permeability and foulant rejectiorhe antifouling potential of hydrophilic
membranes is due to the lower binding affinity afamic compounds to membrane surface.
Organic matters, in fact, are more incline to dshlhydrophobic interactions at membrane surface
causing their accumulation and a cake layer foiwnati

In this case, PBM coated membranes, due to thkitive high degree of hydrophilicity, are more
resistant and less prone to fouling, allowing thém operate at higher and more constant
permeability for longer time (as proved by MBR ebipents).

The evolution in time (5 measurements, one evergeconds) for a water droplet was measured
for both PES and PBM coated membranes. 5 measutgmene every 10 seconds were

automatically taken and the image sequence is teghor Figure 5.6.3 and 5.6.4.

0 sec 10 sec 20 sec 30 sec 40 sec

Figure 5.6.3 Contact angle frames of a water dropteon a PES membrane at different times

FIFIFITIRI]

0 sec 10 sec 20 sec 30 sec 40 sec

Figure 5.6.4 Contact angle frames of a water dropteen a PBM membrane at different times

As it is possible to notice from Figure 5.6.3, theface of the PES membrane presented a higher
repulsion towards the water droplet. The dropletasimmediately adsorbed by membrane surface

indicating a modest degree of affinity with memleamaterial. The water droplet on the PBM
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membrane on the contrary, was almost immediately adsotmedhe membrane surfaceigure
5.6.4) due to a much greateffinity towarcs the membrane materialThe watr droplet totally
disappeared within 30 seconds.

The higher hydrophilicityof PBM membrane in comparison to PES commercial membre can

be explained with the following two reas::

1. PBM surface structureas proved by roughness measurements carried YoM analyses,

coated membranes presented a smoother surfacenpacson to commercial PES membrar
From literature data, in fact, it is well known tliae membrane surface morphology can affec
contact angle value. In particular, it is possiiol@efer to a phenomenological method proposet
Wenzel [4] relating the surface roughness to thenbrane contact angle. In gene

Co9* =Co xr

Wheref is Young’s angle and r is the surface roughr

From the equation it can be seen that the conngle to water of a smooth surface is, in gent
lower than the one of a rough membrane. For thasae, the lower contact angle measurec
PBM membranes can be attributed to their smoothdace in comparison to commercial P

membranes.

2. PBM chemical compositiont is demonstrated that the presence of particulactional group:

on membrane surface such @+and-NH; decrease the contact angle and it is, thus, falefab
improving the hydrophilicity of the membrane. Inam@emulsion coiposition, in particular, th

cosurfactant HEMA is a shochain alcohol resenting an OH group (Figure .5).

O

| Figure 5.65 Molecular structure of
C H

the cosurfactant HEMA
CH,

The presence of PBM coating on the membrane surfaseconfirmed by IFanalyses where the
spectrum of a PES commercial membrane surface ampared with the one of a PBM coa

membrane (Figure 5.6.6).
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Figure 5.6.6 IR spectra of PES and PBM coated membral

Spectra of both membranes are perfectly comparakiferms of paks intensity. It means that t
PES membrane structure was not altered by thengpafithe PBM (polymerized on the top). T
main difference between the two spectra is thegmes of the peak with absorba at about 1731
cm* given by the double bond C=0, specific of the moles containing acrylates (such as M\
HEMA and EGDMA used for microemulsion preparatiohfie absence of this functional groug
the PES molecule indicatédse presence of PBM coating the membraneusface. For this reason,
we can assume that HEMA, which was copolymerizethiwithe microemulsion with the oth
components, is also present in the coating. HEM#e tb the presence —OH group, can thus
enhance the affinity of the membrane surface ater molecules improving the hydrophilicity a
consequently exhibiting a relatively lower contangle

In conclusion, the improvement on hydrophilicity ttfe PBM coated membranes can fa
permeate flux through the membrane itself due ®ititreasin interaction between membra
surface and water molecules via hydrogen bond armdéatrostatic attraction [5], limiting, at tl

same time, the fouling phenomer(paragraph 5.9 and 5.10).

5.7 Antimicrobial activity

Quaternary amonium salts belong tthe groupof compounds which exhibit a strong antimicrol
activity. This activity is especially effective against g-positive bacteria andungi [6]. The
antimicrobial activity is mainly due to the intetian of the ammonium salt with the cell memte
of microorganisms. The antimicrobial activity is regronounced with the increase of the a
chain length but only up to a certain limit. If tength of the alkyl chain overcomes this limite

antimicrobial activity decreases.
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Even surfactants applied in this thesis work, AUT&®RI DTAB, as quaternary ammonium St

exhibited a strongntimicrobial activity.

Since the activity of quaternary ammonium saltweédl known against gra-positive bacteria such
asS aureus, the activityof both surfactants was tested against the -negative bacteriurE.coli.
From antimicrobial tests carried out on the surfactatdTEAB, it was seen that 1.8 mg
surfactant was enough to inhibit the growttE.coli. However, a lower surfactaquantity (1.3 mg)
was not enough to inhibit the bacterial growthghswn in Table !7.1) For the surfactant DTAE
viceversa, 1.3 mg of surfactant were sufficienntabit the growth oE.coli.

Table 5.7.1 @Il counts in 10 ml well plates for AUTEAE and DTAB surfactants

0.0012 too many 0.0011 Too many
0.0013 too many 0.0012 0

0.0013 0
0.0018 0

0.0018 0
0.0022 0

0.0022 0
0.0041 0

0.0041 0
0.0076 0

0.0076 0
D10 0 0.0104 0
0.0115 0 RS 0
Uil 0 0.0165 0
LELA0D 0 0.0200 0

The DTAB surfactant showed a slightly higher antirabial activity in comparison to AUTEALE
even if, generally speaking, thatimicrobial activity of both surfactants is comgiale.
Antimicrobial tests were also carried out on theMPBoated membrane and the results v
compared with the uncoated PES membraiAs shown in Figure 5.1, the PBM coated
membranes had a strong antimicrobial activity. g dontrar, PES membranes dicot show any

antimicrobial activity.
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Figure 5.7.1 Antimicrobial activity of commercial PES and PBM membranes

The average number of CFUs grown on the surfaceminmercial PES membrane was of about 77,
while no bacterial growth was observed on the serfaft PBM coated membranes. Bacteria are the
main responsible of biofouling. Their attachmentthe membrane surface is followed by the
adsorption of organic compounds (used as nutriemigh the following generation of
polysaccharides promoting their anchorage to thenlmane surface and protection from the
surrounding environment. Biofouling tends to occumany membrane processes but it is prevalent
in wastewater treatment processes and in bioreactar it will be illustrated in Chapter 6, PBM
produced membranes were applied for textile wasewaeatment in submerged MBR. In this
process, a biological degradation of organic compsuoperated by bacteria) is coupled with a
physical purification process (operated by memlspan€or this reason, in MBR, the biofouling
represents one of the major drawbacks being reggerfsr the loss of membrane performances,
increase in energy and cleaning costs. The posgilof having membranes with antimicrobial
properties (such as PBM membranes produced inrdsept work) prevented the phenomenon of
biofouling maintaining satisfactory results for angy time in terms of water membrane
performances (constant water permeability and gdgel rejection). Furthermore, no need of
additives (such as biocides) used to inhibit baatgrowth and no need of cleaning chemicals (in
order to remove the formed biofouling), made PBMmheanes attractive also from the cost-saving

point of view.

5.8 Nanoparticles incorporation

POMs nanoparticles are compounds based on polyianoetal oxides with a great potential in

different fields such as catalysis and medicine $@me transition metals such as Nb, V, Mo, W are
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able to form polyanions, at their maximum oxidatistate and under specific conditions of
temperature, pH and concentration, with the dinmnsif a fewA to some nanometers. POMs can
be formed by a transition metal (M) and oxygen {@h formula [M»O,]° or by a M, O and
another metal (X) such as Pb, Si, As, Sb with fdeamiX.M.Oy]*. The structure of POMs is
generally represented by octahedronsgMO

In order to guarantee the entrapment of POMs withe polymerized microemulsion, they were
encapsulated (by the ITM CNR at the University afiita were POMs were produced) with the
synthesised surfactant AUTEAB forming a complexttican be copolymerized within the
microemulsion. The formation of electrostatic iaigions between the negative POMs surface and
the positive head of AUTEAB avoided the phenomesiocomplexes leaching.

Polyoxometalates (POMs) nanoparticles were incatedrinto the membrane matrix by dispersing
them into the microemulsion and their activity veasluated. In particular, the biomimetic activity
of the POMs containing ruthenium (RuPOMs) (Figurg.B) and linked to AUTEAB surfactant
(AUTEAB-RuUPOM) was studied.

[ B ma= O = COVH o B0 ) e STV 00 3

Ru,POM
Figure 5.8.1 Structure of Ru-POM
RuPOMs find application in water oxidation proces@gater splitting) and in the reaction of®3
dismutation, miming respectively the activity ofidase and catalase enzymes. The effective
entrapment of POMs nanoparticles into the PBM matias evaluated by means of EDX analysis

(Figure 5.8.2).
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Br,0 | W,0, SO, Ru,0, CLO CaO Total
(Wt%) | (Wt%) | (wit%) (wto%) (wt%) & (wt%) & (wt%)
| 26,08 | 891 5383 19 | 766 | 1,61 | 100
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Figure 5.8.2 Percentage of elements detected on PBMembrane surfaces loaded with POMs

The EDX results show the presence of Ru and Wamtbmbranes, proving the actual embodiment
of the nanoparticles within the polymerised microésion.

The activity of RUPOMs nanopatrticles after microésimn polymerization was also evaluated. It

was found that the catalytic activity of the nantipbes was still maintained, as shown in Figure

5.8.3, even after incorporation in the polymeriz@droemulsion.

Figure 5.8.3 Oxygen formation at surface of PBM mebrane with AUTEAB-RuPOMSs
nanoparticles in contact with HO»
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When the PBM+RUuPOM coated membrane was soakedamtaqueous solution of,B,, the
formation of oxygen bubbles at membrane surface wamediately observed. The oxygen
formation derived from the dismutation o§®4 is in agreement with the following reaction:

H,0 pH=7
2H,0, —2 P s 2H,0, 0,

RuPOM

The possibility of oxygen evolvement on the membraurface in presence of,®, could
represent an innovative method able to remove dbény from the membrane (membrane self-
cleaning). Furthermore, POMs are good oxidant agentards organic substrates.

The antifouling properties of PBM coated membrangls RuPOM nanoparticles was evaluated by
bringing in contact the membrane with a model dgkition (Remazol Brilliant Blue and Acid
Red). The results were then compared with onesir@staunder the same conditions, with PES
commercial membranes and with PBM membranes witRQNs nanopatrticles (Figure 5.8.4).

FBM
membrane

PEM+RuPOM
membrane

PES
membrane

Figure 5.8.4 Visual comparison of PES commercial nmebrane, PBM membrane (with and
without AUTEAB-RuUPOM) after treatment with model d ye solution

The intensity of the color deposited on membrandasa was considered as index of dye
deposition and as an indication of membrane foybirapensity.

As it can be seen from Figure 5.8.4, the PBM coatezinbrane is less affected by fouling
phenomenon in comparison to commercial PES membhariact, the dye color is less pronounced
on PBM surface while it is more marked on PES consiak surface. If we look at the
PBM+RuPOM coated membrane, considering that theviroolor is due to the natural aspect of
POMs nanoparticles, all color deposition has beemowved from its surface. This means that POMs
can play an important role in membrane cleaningfanting prevention and their combination with
PBM membranes, on a larger scale, can be of gnéatest for future works. Furthermore, the
previous results demonstrated the possibility dfagping and incorporating, by polymerization,

different nanoparticles (with different functiorigjo a bicontinuous microemulsion.
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5.9 Fouling tests

Antifouling properties of PBM coated membranes waeasured by using the model foulant hu
acid (HA). HA comprises a group of heterogeneougawic compounds produced by -
biodegradation of organic matter (plants and arsjndlhe typical molecular vights range from a
few hundred to a few thousands Dalton depenon the HA source [8]. Its abundance in soil,
natural water and in wastewater brought many rebkegs to investigate its removal and its effec
membrane processes 19]. HA is a mixure having both aromatic and aliphatic components
containing three main functional groups: carboxygmds (COOH), phenolic alcohols (OH) &
methoxy carbonyls (C=fJ12]. During filtration processes, HA can causeaus fouling problem
leading to areduction of membrane performances (in particdlatr decline). In the present wotr
HA was used to test the antifouling properties BMPmembranes and the results were comp

with uncoated PES membranes.

Tests were carried out for 24h and the waermeability of the coated PBM membrane (prepi
with AUTEAB) and of the commercial PES membrane wasasured before and after treatn

with HA. The data obtained with both membranes wines, compared, and shown in Figure 5.

Test with HA
800,00 About 80% |
reduction in
2 .
700,00 " permeability
L 4
00”000.0.... PRI 4 @ WP PES membrane

T 600,00 o000
°
= .
1 500,00 B WP PES membrane with HA
g
._1
T4 — WP PBM membrane
z 00,00 About 44%
;’S reduction in
g 300,00 & permeability —— ® WP PBM membrane with HA
)
& 200,00 § = —

100,00 cc¥UUIUIIEIRIERIEETIIRES

0,00
0 5 10 15 20 25 30
Time (h)

Figure 5.9.1Permeability of commercial and PBM membranes beforand

after treatment with HA
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As it can be seen from Figure 5.9.1, PES membriaaes a water permeability (WP) of 620 [/t
bar, that is three times higher than PBM coated brane (about 200 L/frh bar). This is due to the
“extra resistance” given by the PBM layer on thanatercial membrane. However, during
treatment with HA, the permeability of both memleandecreased and it became comparable
(about 150 L/mih bar). The reduction in permeability before aftéraHA was about 80% for the
PES commercial membrane, while it was about 44%h®PBM coated membrane. This behaviour
can be easily explained considering the antifoutimaety of the PBM coating layer. Because of its
smoother and relatively higher hydrophilic surfafe comparison to the PES commercial

membrane), the PBM membrane is more resistantutinfp A lower reduction in permeability,
when the HA is applied was, thus, observed.

Very interesting results on regain (%) in permeashilafter cleaning of the membranes, are
underlined in Figure 5.9.2. In fact, both typesneémbranes after the treatment with HA were

cleaned by backflushing (water was sent from thenpate side through the membrane to the feed
side).

e 00 ragain
200 9% regain

150 T"’ 54%,.;‘--9 ain
|

100 -

= PBM
W PES

Permeability (L/m2 h bar)

Test with HA e

After backflushing

Figure 5.9.2 Regain in permeability of commercial ad PBM membranes
after treatment with HA

As it can be seen from the Figure 5.9.2, the regairwater permeability for PBM coated
membranes was about 54%, while PES commercial nemalshowed a water permeability regain

of just 9%. This result emphasizes the lower prspigrof PBM coated membranes to fouling.
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Moreover, the fouling occurred at the PBM membrsimdgace was reversible and it could be easily
removed by washing the membrane with water.
In Figure 5.9.3 two pictures of PES commercial &8M coated membranes are clearly shown

after treatment with HA and subsequent cleaninbdwukflushing.

Commercial
membrane

PBM
membrane

Figure 5.9.3 Comparison of fouling effect on PES comercial and PBM coated membrane

The surface of PES commercial membrane appears daokeand fouled in comparison to PBM
coated membrane due to the deposition of a consistger of HA. The PBM coated membrane, on
the contrary, looks clean and less fouled duelowar HA accumulation on its surface. As proved
by characterization tests reported above, the nsasd PBM coated membranes antifouling
properties are given by the sum of different fagtsuch as the channel-like structure, the smoother
surface and higher hydrophilic nature, in comparigocommercial PES membrane.

An estimation of the thickness of the fouling HAydas, deposited on commercial and PBM
membrane surfaces, was measured from the crossrs&EM imaging data (Figure 5.9.4 and
Figure 5.9.5).
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Figure 5.9.2HA layer on commercial PES membran

i . .
L 3
- 2,

0 J '

54800 1.0kV 9.4mm x40.0k SE(M)

Figure 5.9.t HA layer on PBM coated membrane

By measuring the thickness of the fouling layer deedson the surface of both membranes,
data obtained by visual inspection and water pebitigatests were confirmed. PES commer
membrane showed, in fact, a HA layer of aboutum, while PBM coad membrane showed
HA layer of 1.18um (with a reduction of about 30% in fouling depimsi).

It can be concluded that PBM coated membranes mere resistant to fouling by humic acid tf
the commercial membranes, but this effect couldekiended to ther foulants, and it may t

implied that coated membranes are likely to halmnger operating lifetirr.

5.10Water permeability and dye rejectior

As previously shown in thearagrap 5.1, differentPBM coated membranes based on diffe

microemulsion compositions can be produced. By imgtyin fact, the type of surfactant,
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concentration in the microemulsion or by modifythg polymerization temperature, different PBM
membranes with different structures and performacea be obtained.

Water permeability and dye rejection data werentlost important parameters that were taken into
account in order to select the proper PBM coatednibmane to be applied to the final MBR
application. The data obtained were compared with tnes achieved with PES uncoated
commercial membranes. A model dye solution using dwes (Acid Red 4 and Remazol Brilliant
Blue) was prepared and their rejection was measimedl cases the rejection for Remazol Brilliant
Blue was higher in comparison to Acid Red 4 dudatger size of the molecule that made more
difficult its permeation through the membrane pores

Since different formulations in microemulsion pregigon were used for DTAB and AUTEAB
surfactants (due to specific reasons linked tobikhentinuous range in the phase diagram, Chapter
2, Paragraph 2.6) it would not be appropriate tokema direct comparison between PBM
membranes prepared with both surfactants. Forreason, the results of permeability and dye
rejection obtained are reported in two differentagaaphs. The commercial availability of DTAB,
in comparison to the lab-made AUTEAB, made it deal candidate to be used as a screening
surfactant. Due to the large amount of DTAB avddaht was possible to widely investigate
different parameters, such as polymerization teatpeg and microemulsion composition, and how
they influenced the final PBM structure and perfantes. Nevertheless, the AUTEAB surfactant
was used for the final PBM membranes scaling-upsatdequent application in MBR process.

PBM coated membrane with DTAB surfactant
» Effect of microemulsion composition

The effect of surfactant concentration on membiagrdormance was evaluated by using different
amounts of DTAB for microemulsion preparation andefing constant the polymerisation
temperature (30°C). By increasing the concentradifosurfactant from 8wt% to 12 wt%, the water
permeability decreased (Figure 5.10.1) from 4 1imbar to 1.4 L/rh h bar. This was mainly
attributed to the decreased pore size of produ@d Pembranes at higher DTAB concentration
(as proved by SEM analyses and showed in Figur8)5.l1Larger amounts of surfactant, in fact,
enabled the dispersion of the oil phase into theeags phase producing a membrane with a denser

structure.
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Figure 5.10.1Water permeability and dye rejection at different DTAB concentrations

On the contrary, dye rejection toward both dyes (Remazolli#ht Blue and Acid Re 4)
increased as the concentration of surfactant isexkaBlue rejection increased from 70% (.

wt% of DTAB) to 90% (at 12 wt% of DTAB). Red rejemt increased from 32% (a wt% of
DTAB) to 96% (at 12 wt% of DTAE.
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Figure 5.10.2Dye rejection at different DTAB concentrations
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» Effect of microemulsion polymerization tempera

A big gap in terms of performances between memisrgmmepared at 30°C (reported in
paragraphabove) and 20°C was observed. While membranes ngepat higher temperatu
presented low water permeability (ranging fromtb.22 L/ h bar), membranes prepared at 2
showed higher permeability (more than 100 ? h bar) accompanied, however, bylower
rejection toward both dyes applied. In this wohe best compromise between water permeal
and dye rejection was found for the membranes peepat 20°C, with a water concentration of
wt% and a surfactant concentration of 10 wt% (optimemposition reported in Table 4.2.2
Chapter 2). Vdter permeability of PBM coated membranes was lomwecomparison to PE
commercial membrane permeability. Nevertheless, RB&mbranes showed a better antifou
performance (as measured by running the | membranes for a longer time without any neec
intensive chemical cleaning).

Permeability and dye rejection data for the botbvabmentioned membranes are presente
Figure 5.10.3.

As we can see from the graph, water permeability atzout 400 L/i* h bar for PES commercii
membrane while it was about 126 1* h bar for PBM coated membrane. PBM membr:
however, presented a more constant water permgaibiltime in comparison to PES commer

membrane.
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Figure 5.10.3Water permeability for PES commercial and PBM memipane
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A very low reduction in permeability (about 2%) wabserved for PBM membranes when the

filtration tests were carried out with a model tiextlye solution (containing Remazol Brilliant Blue

and Acid Red 4 as model dyes). In case of PES nambron the contrary, the reduction in

permeability was more pronounced (about 26%) comifig once again its higher propensity to
fouling (Figure 5.10.4).

Permeability (L/m2 h bar)

Water and dye permeability

26% Reduction
/S

500,00 - / /

400,00 " / / = PBM

/ /
300,00 ¥/ /

2% Reduct

mPES
20000 -/ /

100,00 ’/

0,00 £

Water perm. Dyes perm.

Figure 5.10.4 Water and dye permeability for PES ammercial and PBM coated membrane

Regarding rejection to both dyes, PBM membranesemted an increased rejection of about 38%
towards the blue and of 30% towards the red dygufEi5.10.5).

Dye rejection (%)

Dye rejection

Figure 5.10.5 Dye rejection for PES commercial anBBM coated membrane

In Figure 5.10.6 the affinity among the model tiextlye solution toward PES and PBM membrane

surface is shown.
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Figure 5.10.6 Affinity of model textile dye solutio toward PES and PBM membrane surface

As it can be clearly seen, PBM membrane presentegédaced affinity for model dyes in

comparison to commercial PES membrane due to treiater antifouling properties.

PBM coated membrane with AUTEAB surfactant

As mentioned in Chapter 4, the optimal AUTEAB camtcation for microemulsion formulation
was about 26 wt%. At this concentration, in fact,aptimal balance between water permeability
and dye rejection was found. The effect of polyseion temperature effect was also evaluated. It
was found that temperatures higher than 25°C caasedry quick increase in microemulsion
viscosity hindering solution casting on PES comnaérmembrane. For this reason, 20°C was
chosen as the optimal polymerisation temperatutéTBAB was used as surfactant for the scaling-
up of flat-sheet coated membranes for the finalliegon in MBR process (Chapter 6). The
possibility of chemically binding and polymerisitige surfactant into the polymeric matrix, ensures
its entrapment within the polymerised microemulsi®his was of primary importance in order to
preserve the surfactant antimicrobial activity fonger time. Furthermore, the risk of surfactant
release in the surrounding environment can be adom drastically limited. PBM membranes
prepared with AUTEAB surfactant showed, moreoverhigher reproducibility in terms of

membranes performances in comparison to membraeapaned with the DTAB surfactant.
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The water permeability for PBM membrane was aboQ® 2/nf h bar (Figure 5.10.7).

Permeability was, therefore, about one third lowecomparison to PES commercial membrane
(600 L/nt ha bar).
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Figure 5.10.7 Water permeability for PES commerciband PBM membrane

In Figure 5.10.8 the rejection toward both dyesHBM coated and PES membrane is reported.

Dye rejection
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Figure 5.10.8 Dye rejection for PES commercial anBBM membrane

The rejection of PBM membrane toward dyes was aB6&& higher for red dye and 27 % higher
for the blue dye in comparison to commercial PE&brane.
Due to their antifouling properties, antimicrobaitivity, good rejection toward model dyes and

constant water permeability, PBM membranes preparddAUTEAB were successfully scaled up
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and used in MBR systems for the treatment of mteldile wastewater. The results obtained are

shown in Chapter 6 of this thesis.

5.11 Intensive chemical cleaning test

The ultimate target of the PBM coated membranes twdse tested in MBR experiments. The
membranes generally applied in MBR applicationsiirggmechanical or chemical cleaning to face
the severe fouling propensity. When the membramerbes severely fouled and flux can not be
restored, intensive chemical cleanings are neetlegl.intensive chemical cleanings include base
cleaning to remove bio-fouling and acid cleaning reanove inorganic fouling/scaling. The
chemicals used for these types of cleaning are Vemgh and reduce the life span of the
membranes. Sometimes, these kinds of cleaningsgiatha active surface of the membranes. The
stability towards harsh cleanings of the PBM coatexinbranes was proved by using base and acid
cleanings compounds, as already described in Ghapighe results of base and acid cleaning tests

carried out with PBM coated membrane prepared @itAB are shown in Figure 5.11.1.

Intensive chemical cleaning test
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Figure 5.11.1 Base and acid cleaning effect on tpermeability of PBM coated membrane

The following procedure was carried out in ordepésform the intensive cleaning test:
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1. The water permeability of PES commercial membrares wneasured and used as a
reference;

A base cleaning test on the PBM membrane was daotig

The PBM membrane was washed with water (PBM-waler 1

The acid cleaning test on the PBM membrane wasgedaout;

a kb 0N

The PBM membrane was finally washed again with m@8M-water 2

As it was previously reported, the water permegbdi PBM coated membrane is lower than that
of PES membrane. In fact, the PBM membrane layetoprof PES membrane surface creates an
extra resistance layer, which is responsible fer thduction in water permeability compared to
pristine PES membrane. Therefore, in case of rehaivihe PBM layer, the water permeability is
supposed to rise up to the value of the origingb Iriembrane. Although the water permeability of
PBM coated membranes increased somewhat afterclemseng and acid cleaning, the values went
by no means back to the initial water permeabidiues of PES membrane. This suggested that the
PBM coating was still present on the commercial RESnbrane. This experiment proved the

stability of the PBM coating even under intensihemical cleaning.

5.12 Salt rejection tests

The rejection towards two different salts (MgSfnd NaCl) was evaluated for PES commercial and
PBM membranes. A negligible rejection of salts whserved for PES membrane and also for
PBM membranes prepared with both surfactants atogitenal microemulsion composition (as
reported in Chapter 4, Table 4.2.2). This aspest @fgarticular relevance since the permeation of
salts through the membrane enables an enhanceimeiolagical degradation in the MBR process
(where PBM membranes have been applied). In fachiph concentration of salts in the reactor,
may decrease the biodegradation of the sludgetirgguh toxic disposal. Literature results indicate
that high salinity greatly affects the physical dmochemical properties of activated sludge, as wel
as decreasing membrane permeability [13]. Furthezmie filtrate produced by MBR treatment
was not demineralized, offering therefore an opputy for the subsequent production of drinking
water.

Nevertheless, when more dense PBM coated membwaresproduced with the surfactant DTAB
(at the higher temperature of 30°C) the rejectionard salts was very high as shown in Figure
5.12.1.
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Figure 5.12.1 Salt rejection of PBM and PES membran

From the graph it can be noticed that for PBM codatembranes a rejection of about 75% for NacCl
and about 90% for MgSQwas achieved in comparison to commercial PES manelsr were the
salt rejection was lower than 10% for both saltse Tejection for MgS@is generally higher in

comparison to NaCl due to its bigger molecularcttrre.

5.13 Conclusions

Characterisation tests carried out on PBM membranegared with both surfactants (AUTEAB
and DTAB), allowed to investigate their morpholagyd performances.

It is clearly proved that the bicontinuous struefuander specific conditions of microemulsion
composition, was maintained after the polymerisatas demonstrated by SEM analyses. The
smoother surface of PBM coated membranes, in casgrato commercial PES membranes, was
determined by AFM analyses. Roughness measureraentgll as contact angles are considered
important aspects contributing to the antifoulingperty of the novel membrane coating. PBM
coated membranes prepared with both surfactantgeshbetter resistance to fouling in comparison
to commercial PES membranes when treated with HAvéth a model dyes solutions. This is due
to the very smooth and hydrophilic surface of tiBVPcoating produced. This resulted in a longer
lifecycle of PBM membranes in comparison to uncoateembranes. PBM membranes resulted
very resistant to chemical and acid treatment wifethe opportunity of chemical cleaning without

significant damages to the PBM coating layer. Nttstanding the lower water permeability, PBM
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membranes showed a more constant water flux in am#& a higher rejection toward organic
compounds. Furthermore, the proved antimicrobiaiVi#g was of great interest in preventing the
biofouling phenomenon occurring during many memeraperations such as MBR. The AUTEAB
surfactant, in particular, due to the possibilify pmlymerisation within the microemulsion, was
selected and successfully applied for the scalm@fuPBM membranes used for the preparation of
an MBR module. In the next chapter, the resultaiokd with an MBR process for the treatment of

model textile wastewater are reported.
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Chapter 6

Application of the novel PBM membranes: pilot-scaldests

The novel hydrophilic coated PBM membranes showvil tgreat potential in water treatment
(Chapter 5) and they will be tested in water paaifion by Membrane Bioreactor (MBR). In
particular, their relevant antifouling properti@gtimicrobial activity and the possibility of turgn
the membrane structure make the PBM membranes wealidates to be tested in an MBR
process. PBM membranes prepared with AUTEAB, atojpimal composition found, have been
selected for submerged aerobic MBR experiments.

Today, the textile industry is responsible forudbbstantial share of water usage and wastewater
production worldwide. Different organic compoundsich as dyes and detergents, as well as
inorganic solids, such as heavy metals and sadts, e encountered in wastewater effluents
originating from the textile industry. It is essaht for this reason, to treat the wastewater for
further reutilisation within the industrial proceasd before its final discharge, as per the more
stringent regulations recently adopted by the EemopUnion. A model textile dye solution
containing two dyes (Acid Red 4 and Remazol BrilliBlue) was used as model wastewater. PBM
membrane performances in terms of COD (carbon oxylgenand), permeability, trans-membrane
pressure (TMP), oxygen consumption, aeration natiedye rejection were evaluated.

The MBR system with commercial PES membranes wadaumore than 6 months. During the
period of the experiment, the membrane module wsisdeaned and then replaced due to a drastic
decrease in membrane performances caused by tlessexe fouling. The same procedure was
carried out with coated PBM membranes. In this cse the MBR system was run for more than
6 months, during which no cleaning or membrane aaphent (due to fouling or loss in
performance) was needed.

The results obtained with either membranes are ao@ain the following paragraphs.

All the experiments performed with MBR were carriedt in collaboration with the Karlsruhe

University of Applied Sciences (HSKA, Germany) untlee supervision of Prof. Jan Hoinkis.

6.1 PBM membranes scale-up

PBM membranes were first produced on a smalleres¢about 15x15 cm) in order to be
characterized at laboratory level. Afterwards, mles to be tested in an MBR system, PBM
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membranes were scalegh and prepared wita 30x30 cm dimensionhe nembranes prepared
were assembled in a module made up of -sheet membranes where two membranes were
together bylamination. The active area of the overall moduks 0.33 r°. The modules were
prepared at Microdyn Nadir Company in Germ.

The module produced (Figure 6.1.1) was tested ibmsuged MBR with a model texti
wastewater. The same operations carried out with commercial PES membranes andealts
were compared under identical operating condit

Membrane

PBM membrane 30x30 cm

PBM membrane

Figure 6.1.1From flat- sheet membrane to MBR modul

The textile wastewater usually contains azo and anthnage dyes that can originabenzoic
groups,which are carcinogenic and can cause problemsetplibtosynthesis of the aquatic pla
For this reason, in order to reproduce textile esaster, two dyes, with the chemical characteris
above mentioned, were used: one from the iroup (Acid Red 4) and one from the anthraquin
group (Remzol Brilliant Blue).

The two applied dyes used for textile wastewatemtdation have the following molecul
structure:

Azo group

MW : 380,35 g/mol

Figure 6.1.2 Molecular structure of Acid Red -
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i O i
Anthraquinone group \©/ O

MW: 626,54 g/mol

Figure 6.1.3 Molecular structure of Remazol Brilliant Blue

These reactive dyes are able to bind their sulestita a chemical reaction forming covalent bonds
between the dye and the fibers. In particularabe dyes, such as Acid Red 4, are very difficult to
break down due to the presence of the very statdband ( R-N=N-R’). They are also very stable
in acidic and alkaline conditions and resistarttigh temperatures and light.

After azo dyes, anthraquinone dyes (such as Rentrdbant Blue) are used extensively in the
textile industry due to their variety of colour slea and easyness of application.

6.2 Membrane bioreactor (MBR) results
Commercial PES membranes

* Permeability and TMP

Permeability and trans-membrane pressure (TMP)taoeof the main parameters in an MBR
system, describing the productivity of the process.

From MBR results, PES commercial membrane permgatas almost constant (Figure 6.2.1) for
the first 3 months (140-160 L/mh bar), then a rapid decrease in permeability (dumembrane
fouling) was observed (10-40 Lfnh bar). The module was, then, cleaned and reledtalith a
regain in permeability (50 L/frh bar) . After another month (about 4 months aaiélih total), the
module was cleaned again due to the very low pebititga(10 L/m* h bar) and finally it was
totally replaced. At the beginning of the procdbg, water permeability was very high due to the
fact that model textile dye wastewater compositieas not completely formed. Real conditions
were created gradually during the first three menthy adding step by step both dyes and
detergents). The average of the PES membrane’sepéility during the period of experiment was
about 60 L/ h bar.
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Permeability- PES membrane
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Figure 6.2.1 Permeability of commercial PES membras

TMP, as shown in figure 6.2.2, is strictly relatedpermeability. TMP is the pressure (in mbar)
across the membrane and gives a indirect indicaifahe extent of fouling insurgence. As TMP

increases, due to the pores occlusion of the mambeaconsequent reduction of permeability was

observed.
TMP- PES membrane
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Figure 6.2.2 TMP of PES commercial membrane

During the first 3 months of the experiment, the H Malue was constant at about 40 mbar. When
fouling started to affect the membrane’s surfacaydver, an increase in TMP was observed. When
TMP reached 100 mbar, in order to re-establishfline the membranes were cleaned using a

cleaning protocol. A decrease in TMP, that returtedhe initial value, was, then, observed.
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However, after a few more days, a sharp increa§®MR (more than 300 mbar) forced to remove

the module from the submerged MBR and to replagertambranes.

*« COD reduction

COD is one the parameters that allows to definepméormance of an MBR system in terms of
biodegradability. COD is used to measure the amotiorganic matter in water and represents a
very useful method for the determination of the ewaquality. The lower is the COD value the
higher is the water quality. It essentially deperats the biological activity of the bacteria
(responsible for the degradation of the organic paumds) and on the performances of the
membranes applied. The amount of COD was measutidibthe feed and in the permeate. Then

the percent reduction was calculated and plottedergraph below (Figure 6.2.3).

COD- PES membrane COD- PES membrane (magnification)
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Figure 6.2.3 COD reduction of commercial PES membrae with magnification

As Figure 6.2.3 shows, the COD was fluctuating myitihe first period due to the acclimation of
bacteria to the set conditions of the MBR. Aftepabone month the COD reduction stabilised at
about 90%. After 3 months, due to the fouling dffatready observed in the permeability and TMP
graph, the COD reduction decreased to 70%. ARermodule was replaced, the COD reduction
was almost constant for the rest of the periocggroximately 93%). The average of COD for PES

membrane reduction was about 90%.

» Aeration and oxygen consumption

The aeration has two important effects in an MBRtawy: it creates a cross-flow of air at
membrane surface working as a cleaner, thus apiti@ deposition of substances and removing
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those already deposited, and it supplies oxygermdateria survival. It represents one of the most

costly aspects of the MBR process.
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Figure 6.2.4 Aeration rate in the reactor

As shown in Figure 6.2.4, the aeration was maiethihetween 0.9 and 1.2%fm for the overall

period, in order to provide the sufficient amourtoxygen to microorganisms and to prevent

fouling at membrane surface.

The oxygen consumption, shown in Figure 6.2.5,aspnts a proxy for the biological activity of

the bacteria. The oxygen consumption for PES menasreanged between 0.1 and 0.5 mg/ L min.
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Figure 6.2.5 Oxygen consumption in the reactor
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* Dyes rejection

Dye rejection was used in order to evaluate mengpmnformance in terms of organic compound
retention and to evaluate microorganism activityt Eommercial PES membranes the rejection to
blue dye was very much fluctuating for the firsm8nths (10-65 %); then after the fourth month, it
was almost stable (about 40 % rejection) and find#creased during the last month. Red dye

rejection was also not constant over time, witkjaation rate ranging between 40-60 %.

Dye rejection- PES commercial membrane

100 +
b

® Red reduc. (%)

M Blue reduc. (%)

Rejection (%)

0 50 100 150 200
Time (day9

Figure 6.2.6 Dye rejection for PES commercial memlanes

Coated PBM membranes

* Permeability and TMP
Coated PBM membranes showed a very constant pelliheéfigure 6.2.7) for the first 4 months
(35-45 L/nf h bar). After that time, a slight decrease in peahility was observed (20 L/ bar)

but it was not necessary to clean or replace thabmanes during the overall operation time (more
than 6 months).
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Figure 6.2.7 Permeability of PBM membrane

TMP for PBM membrane was almost constant duringitse3 months (at about 40 mbar). Thanks
to PBM'’s antifouling properties, the values of TMF not exceed 86 mbar (the peak observed on
day 100 was due to a mechanical problem occurrdteatet-up).

TMP started to increase after the fifth month du#he intentional decrease of the aeration rate. Th
aeration rate, as will be explained afterwards, dexseased in order to evaluate the possibility of
reducing operation costs, maintaining, at the séme, high standards of filtrate. However, by
decreasing the aeration rate, the membranes are mqrosed to fouling. Fouling caused an

increase in TMP, which was accompanied by a deereasermeability.
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Figure 6.2.8 TMP of PBM membrane
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» COD reduction
The COD reduction of PBM membranes increased duhegé months of experiment. It started
from a value of about 90% during the first monthem, after the acclimation of bacteria, the COD

stabilised at about 95-96%.
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Figure 6.2.9 COD reduction of PBM membrane with magification

* Aeration and oxygen consumption

The aeration rate for PBM membranes was kept betivee ranges (Figure 6.2.10):

- The first range was 1+0.1%h
- The second range was 0.5 +0.08tm

Aeration — PBM membrane
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Figure 6.2.10 Aeration rate in the reactor
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During the last month of the experiment, the aeratiate, with PBM membranes, was decreased
from 1 to 0.5 n¥h, in order to evaluate the possibility of opergtivith lower energy consumption
without drastic effects on membrane performances @@rmeate quality. It was found that the

performances, at this range, were still high with@D reduction of 96%.

The oxygen consumption for PBM membranes, at tlggnbeng, was comprised between 0.1 and
0.4 mg/L min. After 3 months, a gradual decreas@,iconsumption was observed (from 0.1 to 0.3
mg/L min), with a further decline during the exmeent’s last month, due to the intentional
decrease of the aeration rate. However, the pedioces (COD removal efficiency) of PBM

membranes in the last stage were still high.
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Figure 6.2.11 Oxygen consumption in the reactor

* Dyes rejection

Blue rejection for the first 3 months ranged frothtd 60% with small variations. Afterwards, blue
rejection increased up to 80% and it was almosstemt for the overall period (about 70%). The
fluctuation of the first 3 months was linked to theclimation phase of bacteria to the reactor

conditions. The rate of red rejection was moretilating, from 20 to 80% for the overall period.
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Figure 6.2.12 Dye rejection for PES commercial membanes

Comparison between PES and PBM membranes

After 6 months of MBR experiments, the results oted with both membranes were compared and
reported below:

* Permeability and TMP

As regards permeability PES membranes ranked highgrarticular during the first 3 months of
the experiment, during which the real conditionsMBR process were gradually set. A sharp
decrease in permeability was then observed anéamiclg process and a subsequent replacement of
the membrane module was needed after the thirdmadrthe experiment. The permeability of PES
commercial membranes was about 60 1l bar. PBM membranes showed, on the contrary, a
very constant permeability over time for the enpeziod examined. A permeability of about 40

L/m? h bar was achieved with a slight decrease duhiadast month.
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Figure 6.2.13 Permeability of commercial PES and eded PBM membrane

Based on the results obtained, it can be stated”B® coated membranes were more resistant to
the fouling and biofouling phenomenon (as previpauEmonstrated by the several characterization
tests reported in Chapter 5). For this reason|eaning and no replacement of the membranes was

needed during the MBR experiment and a very cohgameability over time was recorded.

In Figure 6.2.14, the modules of commercial PE§yYfé a) and coated PBM membranes (Figure b)
after treatment with MBR are shown.

a) Fouling and
biofouling formation

Betorz MER After MBR

Sxpernent experiinem
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Betore MER After MBR
experinznt expermmnznt

Figure 6.2.14 PES (a) and PBM (b) module before arafter MBR treatment

Dark layers owing to the fouling deposition andfbiding formation are clearly visible at PES
membrane surface (Figure 6.2.14 a). PBM membramet)e contrary, showed a lower propensity
to fouling due to the antifouling and anti-biofadi properties, owing to the smoother surface,

higher hydrophilic moiety, antimicrobial activityd channel-like structure.

The antimicrobial activity at the surface of PEQI &#BM membranes was also evaluated after 6
months running in MBR in order to check if PBM memntes still maintained their antimicrobial
activity. Figure 6.2.15 shows the pictures of fismamples after subjection to 3h of preincubation

followed by overnight incubation on Mueller Hintagar plates at 37°C.

PES membrane PBM coated membrane

Figure 6.2.15 PES and PBM membrane antimicrobial awvity test after MBR experiment
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The surface of the PES membrane was covered witteti@ while no bacteria growth was
observed on the surface of the PBM membrane. ®ssltr indicated that PBM membranes still
maintained their antimicrobial activity exhibiteg the cationic surfactant AUTEAB copolymerized

within the PBM matrix.

The TMP of PES and PBM coated membranes is shoWwigure 6.2.16.
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Figure 6.2.16 TMP of PES and PBM coated membrane

TMP was almost constant for both membranes duheditst 3 months. A drastic increase in TMP
was observed for the PES membrane after 3 mon0 rfibar) due to the fouling formation. At
this point the membrane was cleaned and reinstatedvever, after a short period, the full
replacement of the module was needed due to amaeese in TMP (350 mbar).

The TMP for PBM membranes was more constant in ti&te mbar) with narrower fluctuation

during the overall period of experiment.

*« COD reduction

The COD reduction for both membranes is plottethengraph 6.2.17.
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Figure 6.2.17 COD reduction of PES and PBM coated embrane

COD reduction for PBM membranes was constant agth during the overall period with an
average of reduction of about 96%. In the case E$ Phembranes, the COD reduction was not
constant, ranging from 70% to 95% (with an averaig®0%). The high value of COD reduction
obtained with PBM membranes is an indication of hiealthy conditions of bacteria and of the

better performances of PBM membranes in compatis@ommercial ones.

* Aeration and oxygen consumption

Aeration and oxygen consumption for both membraseglotted in Figures 6.2.18 and Figure
6.2.19.
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Figure 6.2.18 Aeration of the reactor for PES and BM coated membranes
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As it can be seen in Figure 6.2.18, the aeratite weas higher in the case of PES membranes in
comparison to PBM membranes. PBM membranes, insaowed the possibility to work at lower
aeration rates maintaining, at the same time, g@tbrmances in terms of permeability and COD
reduction. Furthermore, during the last month,abeation was further decreased from 0%hnto

0.5 nt/h with no effects on COD reduction. This means tha constant process observed in PBM
membranes induces less stress on microorganisnthasohey can carry out their work even at
lower oxygen concentration. This aspect is verydrgnt since aeration has one of the biggest

impact in terms of costs on MBR process.

The oxygen consumption is the oxygen consumed byomiganisms for enabling their degradation

work. It was measured at regular intervals andésalts are shown in Figure 6.2.19.
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Figure 6.2.19 Aeration of the reactor for PES and BM coated membranes

For both types of membranes the oxygen consumptoged from 0.05 to 0.5 mg/L min. In
particular, for PBM membranes a decrease in timaxgfien consumption was observed especially
during the last month when the aeration rate weshtionally decreased. Nevertheless, good results
were obtained and no stress for bacteria, duectteis oxygen available, was observed.

* Dye rejection (Red)

Red rejection was very fluctuating for both memieanAcid Red 4 dye is a small molecule that

could easily permeate through the membranes, giairsgmilar rejection of about 50% for both
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membranes. Furthermore the presence, in the chlesticature, of an azo group makes it more
resistant to be degraded by microorganisms.
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Figure 6.2.20 Aeration of the reactor for PES and BM coated membranes

* Dye rejection (Blue)

In case of Remazol Brilliant Blue, on the contraaylear difference in rejection was observed by
comparing both membranes (Figure 6.2.21).
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Figure 6.2.21 Aeration of the reactor for PES and BM coated membranes
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PBM coated membranes presented a Blue rejectiomta®@’ higher than PES commercial
membranes. Remazol Brilliant Blue has a higher mdé weight in comparison to Acid Red 4 and
its chemical hindrance is more pronounced. Forrgmason, its rejection was more enhanced. PBM
membranes, due to their denser structure, in casgrato commercial PES membranes, showed,

thus, better performances in rejection.

6.3 Conclusions

MBR results showed some clear benefits of usinghtheel PBM coated membranes in comparison
to uncoated commercial PES membranes. The intrargienicrobial activity (due to the presence
of a cationic surfactant) made the PBM membranghlyiresistant to biofouling and ideally
applicable to a membrane bioreactor (MBR) procdssreva biological sludge is used. The constant
water permeability was an indirect proof of memleraasistance to biofouling. Furthermore, no
evidence of formation of microorganisms colonieswé#served on the PBM membrane surface
after their removal from the MBR. From MBR testsviis demonstrated how the lifecycle of PBM
membranes was significantly enhanced in comparisamncoated membranes. Furthermore, less
cleaning efforts (due to the anti-fouling and dmtfouling properties) were required, reducing,
consequently, the related costs. A constant wagem@ability over time and a good rejection of
organic compounds were important benefits achidwed®BM membranes. An increase in the
efficiency and durability of the membrane was abtained. The good quality of the filtrate was
proved by COD rejection that was higher than 96%HBM membranes in comparison to about
90% for commercial PES membranes. Moreover, duantdouling properties, PBM membranes

required a lower aeration rate, thus allowing aiofidn in operation costs.
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Chapter 7

Conclusions

The main goal of this thesis was to produce hydimpmembranes by the polymerisation of
polymerisable bicontinuous microemulsions (PBM)legapbas coating material on PES commercial
ultrafiltration membranes. PBM coated membranesewéren, characterised and assembled in
modules to be used for textile wastewater treatimeMBR technology. The wastewater treatment
represents nowadays an important opportunity with@logic of sustainable water management.
Water is essential for the life of all living orgams and its preservation and responsible useas on
of the global challenges that humanity will facehe near future.

PBM coated membranes produced present numeroustagea and benefits that can make them
very attractive not only from a scientific and spl@tive viewpoint but also for the real potential
application in water treatment. Main objectivesaisgéd and the outstanding benefits obtained by
applying PBM membranes to an MBR technology arersansed here below:

* Bicontinuous microemulsions were successfully pregavith both surfactants. The optimal
microemulsion composition and the best operatinglitmns were found;

* The pore size of the PBM membranes produced cdim&¢uned by modifying the temperature
of the microemulsion polymerization and its cherhicamposition. Thanks to this property,
membranes with different pore size can be obtair@dbling their application to several
membrane processes (from microfiltration to natrafiion);

« PBM membranes were successfully cast and polynteiose PES commercial membranes in
order to form a thin coating layer;

» The existence of a bicontinuous microstructure reasaled by SEM analyses. This was a direct
evidence that the microemulsion was polymerisdtiénbicontinuous state;

* Nanoparticles were dispersed into the microemulaiwh incorporated by polymerization within
the membrane’s matrix, so to obtain functional malke giving specific properties to the final
membrane;

* The fouling phenomenon (as demonstrated by humda @wd model dyes rejection tests) was
drastically reduced thanks to the very smooth gmtitdphilic surface of the coating produced, as
determined by roughness and contact angle measotgmespectively;

* The intrinsic antimicrobial activity (due to theggence of a cationic surfactant) made the PBM
membranes highly resistant to the biofouling phesmoom and ideally applicable to MBR
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processes where a biological sludge is used;

MBR tests demonstrated how the lifecycle of commaéreES membranes was significantly
enhanced coating them with a PBM. Furthermore, ¢észning efforts (due to the anti-fouling
and anti-biofuling properties) were required, |@adio a reduction in maintenance costs;

A time-constant water permeability and a good tejacto organic compounds were additional
important benefits achieved by PBM coated membrafesncrease in the efficiency and in the
lifetime of the membrane was also recorded. Thedgguality of the filtrate (permeate) was
proved by a COD rejection that was higher than 9696PBM membranes in comparison to
about 90% for commercial membranes;

Due to antifouling properties, PBM coated membraresgiired a lower aeration rate, saving
operation costs;

A lab scale module prototype was developed and esstally tested for model textile
wastewater treatment attesting the effective pdagibbf PBM coated membrane to be scaled-
up;

The developed PBM coated membranes applied in tAR k&chnology can help to protect the
natural resources and contribute to a sustainabteldpment and improved living conditions of
human communities, particularly in North-AfricandaMiddle-Eastern countries where the need

of fresh water becomes ever more pressing.
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