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“The object of this expedition isto see

if we can find any traces of last year’s expedition.”

Monty Python — The First Series
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SUMARIO

O objectivo inicial deste trabaho consistiu no desenvolvimento de um bioreactor
selectivo de membrana para o tratamento de efluentes industriais contaminados com um
composto organico de mercurio com um elevado grau de toxicidade — o tiomersal. Este
trabalho focar-se-ia emdois aspectos principais. 1) desenvolvimento de uma membrana
liquida suportada com liquidos iénicos, estéavel, para o transporte selectivo do tiomersal
do efluente para um compartimento biolégico, 2) estudo da cinética de biodegradacéo
do tiomersal por uma cultura pura de Pseudomonas putida.

Assim, comegou-se por determinar as propriedades fisico-quimicas dos liquidos iénicos
utilizados e por avaliar a estabilidade operacional da membrana liquida suportada. Os
resultados obtidos mostraram que, embora se obtivesse uma membrana liquida
suportada com uma elevada estabilidade operacional, a &gua tinha uma solubilidade néo
negligenciavel nos liquidos idnicos estudados. Identificouse a formagdo de
microagregados de agua dentro do liquido idnico, tendo-se verificado que estes
regulavam o transporte de &gua e pequenos iBes. Em termos praticos, este
comportamento significava que embora fosse possivel transportar tiomersal do efluente
para 0 compartimento biologico, este transporte poderia ndo ser selectivo e ndo era
possivel garantir o isolamento completo da cultura microbiana. Conseguentemente,
decidiu-se ndo operar o sistema integrado inicialmente pensado, mas apenas 0 sistema
biolégico, de forma independente. Paralelamente, procurouse compreender o0s
mecanismos envolvidos na solubilizagdo e no transporte de agua em membranas
liquidas suportadas com liquidos i6nicos e o0 seu efeito nos mecanismos de transporte de

outros solutos sollvels em agua e no desempenho da membrana liquida suportada.

Os resultados obtidos mostraram que a &gua solubilizada no liquido i6nico tem um
papel determinante no transporte. Verificouse gue o mecanismo de transporte de agua e
de solutos solUveis em agua em membranas liquidas suportadas com liquidos iénicos é
regulado pela dindmica dos microagregados de &gua no liquido i6nico, e ndo por

difusdo molecular através deste. Embora os testes de estabilidade executados tenham



permitido concluir que ndo havia perda significativa de fase organica dos poros da
membrana, a formagd de microagregados de agua dentro do liquido idnico,
constituindo um ambiente novo e n&o selectivo para o transporte de solutos, conduziram
a uma clara deterioracdo da selectividade e desempenho da membrana. N&o obstante,
estudos de caracterizagdo eléctrica por espectroscopia de impedancia de membranas
liquidas suportadas com liquidos iénicos, mostraram gque a formacgao de microagregados
de &gua ndo parece ter um efeito prejudicia nas caracteristicas eléctricas das mesmas e
sugerem que pode existir algum potencial para a utilizagéo deste tipo de membranas em

aplicacdes el ectroquimicas com requisitos baixos em termos de resisténcia.

Na segunda parte do trabalho estudouse, em reactores descontinuos, a cinética de
degradacdo do tiomersal por uma cultura pura de P. putida usando um efluente
sintético. O passo seguinte foi a operacéo de um bioreactor em continuo e a avaliacéo
do desempenho e da robustez do mesmo quando exposto a cargas de choque de
tiomersal. Por fim o bioreactor foi alimentado em continuo, directamente com o efluente
real contaminado com tiomersal, a diferentes tempos de residéncia hidréulicos.
Verificouse que era possivel, usando este bioreactor, tratar o efluente e reduzir a
concentracdo de mercario residual para valores abaixo do limite estabelecido pela

legislagdo em vigor na Unido Europeia



SUMMARY

The initial goal of this work was the development of a supported liquid membrane
(SLM) bioreactor for the remediation of vaccine production effluents contaminated with
a highly toxic organomercurial — thiomersal. Therefore, two main aspects were focused
on: 1) the development of a stable supported liquid membrane — using room temperature
ionic liquids (RTILs) —for the selective transport of thiomersal from the wastewater to a
biological compartment, 2) study of the biodegradation kinetics of thiomersal to
metallic mercury by a Pseudomonas putida strain.

The first part of the work focused on the evaluationof the physicochemical properties of
ionic liquids and on the SLMs’ operational stability. The results obtained showed that,
although it is possible to obtain a SLM with a high stability, water possesses non
negligible solubility in the RTILs studied. The formation of water clusters inside the
hydrophobic ionic liquid was identified and found to regulate the transport of water and
small ions. In practical terms, this meant that, although it was possible to transport
thiomersal from the vaccine effluent to the biological compartment, complete isolation
of the microbial culture could not be guaranteed and the membrane might ultimately be
permeable to other species present in the agueous vaccine wastewater. It was therefore
decided not to operate the initially targeted integrated system but, instead, the biological
system by itself. Additionally, attention was given to the development of a thorough
understanding of the transport mechanisms involved in the solubilisation and transport
of water through supported liquid membranes with RTILs as well as to the evaluation of
the effect of water uptake by the SLM in the transport mechanisms of water-soluble

solutes and its effect on SLM performance.

The results obtained highlighted the determinant role played by water — solubilised
inside the ionic liquids— on the transport mechanism. It became clear that the transport
mechanism of water and water-soluble solutes through SLMs with [C,MIM][PFg]
RTILs was regulated by the dynamics of water clusters inside the RTIL, rather than by
molecular diffusion through the bulk of the ionic liquid. Although the stability tests
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performed showed that there were no significant losses of organic phase from the
membrane pores, the formation of water clusters inside the ionic liquid, which
constitute new, non-selective environments for solute transport, leads to a clear
deterioration of SLM performance and selectivity. Nevertheless, electrical impedance
spectroscopy characterisation of the SLMs showed that the formation of water clusters
did not seem to have a detrimental effect on the SLMS' electrical characteristics and
highlighted the potential of using this type of membranes in electrochemica

applications with low resistance requirements.

The second part of the work studied the kinetics of thiomersal degradation by a pure
culture of P. putida spi3 strain, in batch culture and wsing a synthetic wastewater. A
continuously stirred tank reactor fed with the synthetic wastewater was also operated
and the bioreactor’ s performance and mbustness, when exposed to thiomersal shock
loads, were evaluated. Finally, a bioreactor for the biological treatment of area vaccine
production effluent was set up and operated at different dilution rates. Thus it was
possible to treat a real thiomersal-contaminated effluent, lowering the outlet mercury

concentration to values below the European limit for mercury effluent discharges.
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L1ST ABBREVIATIONSAND NOTATIONS

ABBREVIATIONS

A" acidic form of A

A basic form of A

A" zwitterionic form of A

A% dianionic form of thymol blue
BF4 tetrafluoroborate anion

BLM Bulk Liquid Membrane

CFU Colony Forming Units

[ChMIM]T  1-n-akyl-3-methylimidazolium cation
[C4sMIM]PFg 1-n-butyl-3- methylimidazolium hexafluorophosphate
[CsMIM]PFgs 1-n-octyl-3-methylimidazolium hexafluorophosphate
[C10MIM]PFs 1-n-decyl-3-methylimidazolium hexafluorophosphate
[C4MIM]BF4 1-n-butyl-3- methylimidazolium tetrafluoroborate
[C10MIM]BF4 1-n-decyl-3-methylimidazolium tetrafluoroborate

CSTR Continuous Stirred Tank Reactor

D Dilution Rate

DO Dissolved Oxygen

e-phe (L) - phenylalanine methyl ester (protonated form)
e-phg (S)-(+)-2-phenylglycine methyl ester (protonated form)
e-pro (L) - proline benzyl ester (protonated form)

H.A zwitterionic form of thymol blue

HA monoanionic form of thymol blue

HPLC High Performance Liquid Chromatography

ICP Inductive Coupled Plasma Spectroanalysis

IL lonic Liquid

IR Refractive Index

ISA lonic Strength Adjuster

NADPH, Nicotinamide adenine dinucleotide phosphate (reduced form)
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NMR
oD
OUR
PR

Phg
PVDF
RC
R—-SH
RTIL
S.M
SLM_H
SLMU
T,0
Trp
uv
VIS
XPS

Nuclear Magnetic Resonance Spectroscopy
Optical Density

Oxygen Uptake Rate
hexafluorophosphate anion

(L) — phenylalanine

(L) — phenylglycine

polyvinylidene fluoride
resistance-capacitor

Sulphydryl group

Room Temperature lonic Liquid
Supported Liquid Membrane

SLM with the PVDF hydrophobic support
SLM after operation (used)

Tritiated water

(L) - tryptophan

Ultraviolet

Visble

X-ray photoelectron spectroscopy

% saturation ratio between the water concentration and the water solubility limit

VARIABLESAND NOTATIONS

UUOO?

Dest
D%(A/B)

F glucose

F NHa

F thiomersal
[glucoselin

H Qaccumuiated

viii

membrane area (cnr)

solute concentration (mol/l)
capacitance (F) [Chapter 5]

dilution rate (H)

diffusion coefficient (crf/s)
effective diffusion coefficient (cmf/s)
diffusion coefficient of solute A in solvent B at infinite dilution (cn/s)
glucose inflow rate (mglth't)
ammonia inflow rate (mgNI*h1)
thiomersal inflow rate (mgl™th')
glucose inlet concentration (g/l)

mercury accumulation rate in the cells (mg Hg I'*h)



[NHa]in
OUR,
OURsp
P

R

Re

I glucose

I thiomersal
I thiomersal sp
p

[s]
[thiomersal]in
t

T

to

Vv

Vo

X

Yous
Yxis

Z

mercury inflow rate (mg Hg I*H%)

mercury outflow rate (mg Hg I'*h'?)
electric current (A)

maximum current intensity (A)

flux (mol cm?s?)

Boltzmann constant (J K™)

overall mass transfer coefficient (cm/s)
membrane thickness (cm)

ammoniainlet concentration (mg N/I)
volumetric oxygen uptake rate (mg o I'*mint)
specific oxygen uptake rate (mgoz/ Geei.Min)
partition coefficient (dimensionless)
resistance (W)

Reynolds number (dimensionless)

glucose consumption rate (mgl*h'%)
thiomersal degradation rate (mgl™h'™)
specific thiomersal degradation rate (mgh*gea ™)
pore size (Mm)

mmol/I

thiomersal inlet concentration (mg/l)

time (s)

temperature (K)

lag phase time (9)

volume (1)

maximum voltage intensity (V)

biomass concentration (g/l)

observed oxygen substrate yield (go2/g)
observed growth yield in glucose (g«/ )
electrical Impedance (W)



GREEK SYMBOLS

e membrane porosity (dimensionless)
h viscosity (mPas)

m specific growth rate (H?)

Minax maximum specific growth rate (H%)
% voltage applied (V)

r resistivity (Wem)

S conductivity (Scm)

t membrane tortuosity (dimensionless)
f phase angle between the applied voltage and the current intensity (rad)
Y, angular frequency (Hz)
SUBSCRIPTS

0 initial conditions

aq agueous phase

e electrolyte solution

f feed phase

IL ionic liquid phase

img Imaginary

ms membrane system

real real

S stripping phase

* in equilibrium
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1. INTRODUCTION

1.1. Background

Sodium 2-ethylmercuriothio-benzoate (also known as thiomersal, thimerosal or
mercurothiolate) is a toxic organomercurial with a strong bactericide effect that has
been used routinely as an additive to biological products and cosmetics since the
1930's. Some of the many products containing thiomersal include nasal preparations
(e.g. Neo-SynephrineO), antibiotics for the eyes (e.g. CortisporinO), cosmetics (e.g.
L’ OrealO Miracle Mask) and vaccines (e.g. Recombivax HBO, Engerix BO).

Thiomersal is the most widely used antimicrobial preservative in vaccine productionin
order to prevent bacterial growth in the cell culture and media and to maintain a sterile
production line [1]. Thiomersal is aso extensively used to prevent bacterial and fungal
growth in the vaccine's final containers during storage, especially in the case of multi-
dose vials. In addition to its antimicrobial activity, thiomersa also perfornms other

functions affecting the vaccines antigenicity and stability.

When used to prevent contamination in multidose vials (e.g. vaccines against
diphtheria, tetanus, pertussis or hepatitis B) thiomersal can be added in concentrations
varying from 10 to 50 pg per dose. Other vaccines may contain trace amounts of
thiomersal (less than 0.5 pg per dose) if thiomersal is only used during the production
process.

Thiomersal contains 49.6% of mercury by weight and is metabolised in the human body
to ethyl mercury and thiosaycilic acid. The ethylmercury is mainly excreted as
inorganic mercury in the faeces [2, 3. Although there is no conclusive evidence of
mercury toxicity in newborrs, children or adults exposed to thiomersal in vaccines [4,
5], sgnificant pressure is being exerted on vaccine manufacturers, especially in the
USA, to remove thiomersal from vaccine production Some national public health
authorities are promoting the replacement of those vaccines containing thiomersal with

those without as a precautionary measure [6].

Presently, however, there are few alternatives which have tested efficacious and safe to

thiomersal containing vaccines and current production capacity for such vaccines is
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limited and insufficient to meet global needs. Therefore, the World Health Organization
and the Globa Advisory Committee on Vaccine Safety state that, at this point, there is
no reason to change current immunisation practices with thiomersal containing vaccines
on the grounds of safety [7] and thiomersal continues to be used in many vaccine

production processes

As a result, the wastewaters resulting from those vaccine production processes are
highly polluted not only with a thiomersal concentration ranging from 25 mg/I to 50
mg/l (well above the European limit for mercury effluents discharges of 0.05 mg Hg /I
U 0.1 mg/l thiomersal) [8] but also with a complex mix of additives and by-products.
Since there is presently no remediation technology available for organomercurials, in
most cases the wastewater is delivered to municipal waste treatment plants. The high
mercury content in the dried activated sludge at the treatments plants outlet prevents its
use in agriculture, and incineration is the only option for disposal. Consequently,
thiomersal containing wastewaters represent a burden to the environment and require

costly and energy intensive treatments.

In an attempt to address this problem, this work proposed a new biotechnological
process based on the selective extraction of thiomersal through a supported liquid
membrane (SLM) from the wastewater to a biological compartment where it would be
transformed into the metallic formby a mercury resistant microbia strain. The metallic
mercury produced might then be stripped from the system by aeration, concentrated and

recovered in pure form.

In this way, the microbia culture could be completely confined and protected from the
potentially aggressive environment of the vaccine effluent, unlike what happens in
conventional biological processes. In the biological compartment, he degradation of
thiomersal would continuously provide the driving force for its transport across the
membrane. To enhance transport and maintain electroneutrality in both circuits, the
addition of a nontoxic counter-ion to the biological compartment was considered
necessary. A major advantage of this system was the possibility to adjust the thiomersal
transport rate in order to obtain, in the biological compartment, the optimal thiomersal
concentration level for the microbia culture. An additional advantage was the

possibility to adjust independently the hydraulic residence time in each compartment
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and, as a result, to control independently the mercury residual concentration in the
treated effluent to guarantee that it was within the legal limits (< 0.05 mg Hg /l).

In the proposed process, the reactor is divided in two individual compartments. a
wastewater compartment and a biological one, separated by a membrane selective for
the target pollutant. This type of concept has been successfully studied and applied in
recent years for alarge number of pollutants[9-15].

The utilisation of an adequate membrane, selective for the target pollutant and
essentially impermeable to all other ionic species present in the wastewater and
biological compartments, is essential to assure a good performance of the membrane
bioreactor. Moreover, the membrane must exhibit high operationa stability when
exposed to the wastewater stream for long periods. At the beginning of the project, it
was thought that all these conditions could be met by using supported liquid membranes
prepared by immobilising a room temperature ionic liquid (RTIL) in a porous

supporting membrane.

The operating principle of the proposed Supported Liquid Membrane Bioreactor is
depicted in Figure 1.1.

Wastewater Biological

compartment compartment
Supporting
Membrane

Thiomersai /\/ Thiomersa‘
Biological degradation

Vaccine Effluent <(:ouﬂter_ion lonic Liquid Counter-ion to Hgo
— —

N\

Supporting
Membrane

Supported Liquid Membrane
Figure 1.1 — lllustration of the Supported Liquid Membrane Bioreactor principle.

The Pseudomonas putida spi3 strain used in this work was isolated from sediments of
the Spittelwasser River by the Molecular Microbia Ecology Group of GBF-
Braunschweig Germany, with whom there was a collaboration within the framework of
the European Project QLK3-1999-01213 (New remediation technology for vaccine

production effluents containing organomercurials). This microbial strain was identified
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as broad-spectrum mercury resistant and preliminary experiments carried out in GBF
showed that the isolated strain was able to transform thiomersal in the less toxic Hd
form [16].

The room temperature ionic liquids (RTILS) immobilised in the porous supporting
membrane, are thermally stable salts, liquid at room temperature, composed of an

organic cation and either an organic or an inorganic anion.

Although there are reports on the use of roomtemperature molten sats for
electrochemical applications in the late 1970s [17-19], room temperature ionic liquids
remained relatively unexplored until the late 90s. From then on, however, RTILS,
especially those based upon the 1-n-alkyl-3-methylimidazolium cation ([C,MIM]"),
have been the object of growing research interest [20-23]. Because they are air and
water stable, have a non-measurable vapour pressure and are able to solvate a variety of
organic and inorganic species ionic liquids are emerging as aternative green solvents,

namely as reaction media for synthesis, catalysis and biocatalysis [24-26].

The fact that ionic liquids are air and water stable, non-volatile and, depending on the
anion, immiscible with water made their use very appealing in the attempt to obtain
stable supported liquid membranes [27,28]. Additionally, the hydrophobic character of
some ionic liquids creates a suitable environment for diffusion of molecules with a polar
moiety but also with significant hydrophobic regions like thiomersal.

The structure of the room temperature ionic liquids used in this work, based on the 1-n-
alkyl-3-methylimidazolium cation bounded to an inorganic anion is presented in Figure
1.2. The anions used were hexafluorophosphate — PFg™ and tetrafluoroborate — BF 4.

@ / \ X © _ CMIM*X
Y -

E =tutyl, octyl or decyl groups ¥ =PF ouBE,
n=4 8or 10

Figure 1.2 — Structure of the room temperature ionic liquids used in this work
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At the beginning of the project, the use of ionic liquids in supported liquid membranes
seemed very promising as their properties suggested it was possible to introduce them in
the porous structure of the supporting membrane and obtain a stable supported liquid
membrane, without risk of liquid displacement by evaporation or by dissolution in the
agueous phase. Their hydrophobic character and low affinity to ionic species such as
sodium and chloride [29] suggested that they might be good candidates for the selective
transport of thiomersal from the feed wastewater to the biological compartment and, at
the same time, congtitute a barrier to the transport of other ionic species present in the

wastewater and the biological medium.

1.2. Initial Research Objectives

At the beginning of this research project and simultaneous with the beginning of the
mentioned European Project, it was our purpose to develop a selective membrane
bioreactor for the biodegradation of thiomersal. The two main factors governing the
operation of the supported liquid membrane bioreactor are the thiomersal mass transfer
through the SLM and the biodegradation of thiomersal in the biological compartment.
In this context, the main objectives defined, both for the PhD project and the European

project were:

1) the development of a stable supported ionic liquid membrane, able to transport
selectively thiomersal from the wastewater to the biological compartment;

2) the identification of the optimal mass transfer conditions for thiomersal transport
trough the supported ionic liquid membrane;

3) the study and optimisation of the thiomersal biodegradation process in a
contaminated synthetic wastewater by the Pseudomonas putida spi3 strain; and

4) the integration of the transport system and the biodegradation process and set-up
of an integrated transport/biodegradation system able to deal with real effluent

streams containing thiomersal.

1.3. Research Strategy

Taking into consideration the objectives identified above, the initial work was divided
in two magor components:. development of the supported liquid membrane and

optimisation of the thiomersal degradation process. The subsequent line of action was
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the integration of the two components above in order to develop a
transport/biodegradation system. For reasons to be outlined below, this research strategy
had to be adjusted during the course of the project.

1.3.1. Development of thesupported liquid membrane

The membrane system was based on the use of novel solvents, room temperature ionic
liquids, and on their immobilisation in a porous supporting membrane in order to obtain
a stable and selective SLM.

The initial phase required the selection of the supporting membrane and of the ionic
liquid to be used as organic phase in the SLM. The ionic liquids used were synthesised
by the group of Professor Carlos Afonso (Centro Quimica Fisica Molecular, IST/UTL,
Portugal) and were chosen due to their immiscibility with water. Several commercial
porous membranes of different materials were selected as supporting membranes. The
selection of the best combination ionic liquid/supporting membrane, in terms of both
SLM stability and selectivity for thiomersal transport, was therefore the first step in this
research project.

Following this line of work, the determination of the physicochemical properties of the
selected ionic liquids ([ChMIM]PFg (n= 4, 8 and 10) and [C,MIM]BF,4 (n= 4 and 10))
and the evaluation of their impact on the stability of the resulting SLM were carried out.
Particular attention was given to the ionic liquids properties with impact on the
transport flux (i.e. viscosity) and on the SLM stability (i.e. water solubility in the
selected RTILs and solubility of the RTILs in wate).

Despite the fact that, with the exception of [C4MIM]BF4, al the ionic liquids tested
were immiscible with water it was observed that both the solubility of the RTILs in
water and the solubility of water in the RTILs were higher than initially anticipated. In
fact, athough it is now widely recognised that the so-called water immiscible ionic
liquids have, in fact, a measurable and nonnegligible solubility in water (see chapter 2),
at the onset of the project (early 2000) the [CnMIM]PFs RTILs were believed to be
water immiscible. Although surprisingly higher than expected, the RTILS' solubility in
water did not seem to affect the SLMs’ stability, and, in fact, experiments immobilising

the ionic liquid [C4MIM]PFs in supporting membranes of different materials gave
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promising results regarding stability. Based on the measured physicochemical
properties and on the results obtained in the stability studies, the system polyvinylidene
fluoride (PVDF) supporting membrane/[C,MIM]PFgs (n=4,8) ionic liquid was selected
for further study.

Simultaneoudly, the selection of an adequate counter-ion for thiomersal transport was
addressed. The following factors had to be considered:

1) the counter-ion had to be nontoxic both to the environment and the microbid
culture;

2) it could not be metabolised by the microbia culture; and

3) its utilisation had to significantly increase the transport rate of thiomersal
through the SLM.

Carboxylic acids are nontoxic compounds with characteristics that made them potential
counter-ions. Among the carboxylic acids, isobutyric acid, isovaeric acid, 2,2
dimethylbutyric acid and tert-butyl acetic acid were selected and their possible toxic
effects on the microbia culture or metabolisation by the selected strain were evaluated.
None of them was found to be toxic to the microbial culture in the concentration range
used (10-20 mmol/l). However, isobutyric acid and sovaleric acid were metabolised by
the microbia culture. Consequently, the carboxylic acids selected for the transport
studies were 2,2 dimethylbutyric acid and tert-butyl acetic acid. Preliminary
experiments showed no significant difference in the transport fluxes of thiomersal for
either counter-ion. Since they have low environmental impact and ter-butyl acetic acid
is about two times cheaper than 2,2 dimethylbutyric acid, the former was selected as the

counter-ion for thiomersal transport.

Figure 1.3 displays the results obtained in the thiomersal transport experiments, using
the ionic liquid [CsMIM]PFs immobilised in the PVDF support. The counter-ion (tert-
butyl acetic acid) molar concentration in the stripping compartment was set to a value
100 times higher than that of thiomersal (0.12 mmol/I, 50 mg/I thiomersal) and equal

working volumes were used in each compartment.
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Figure 1.3 — Evolution of the thiomersal and counter-ion (tert-butyl acetic acid)
concentrations in the feed (close symbols — W) and stripping compartments (open
symbols —O).

As can be observed in Figure 1.3 the concentration of both solutes in each compartment
after 20 hours was approximately constant and equal to half of ther initid
concentration, meaning that it was possible to close the individual mass balances.
However, when the transport fluxes for both solutes were compared, it became obvious
that the thiomersal flux was much lower than that of the counter-ion. For that reason, it
was not possible to close the charge balances. The observed behaviour strongly
suggested that the transport mechanism was not purely counter-ion transport and that
there was another ion present in the medium simultaneously being transported (co-ion
transport).

At the pH used (pH=7), the thiomersal sodium salt (pK;=3.05) is completely dissociated
and in the basic form (C2HsHgSCsH4sCOO Na"). As mentioned above, the [C,MIM]PFs
RTILs are reported to have very low affinities for small ions [29], and therefore the
transport of Na' through the SLM was considered highly improbable. However, taking
into account the results obtained in the thiomersal transport studies (see Figure 1.3)
further experiments were carried out to evaluate whether the SLM was impermeable to
small ions like sodium and potassum. The results showed that both ions were
transported through the SLM. This behaviour was completely unexpected and the
observed results could not be described in a straightforward manner by a molecular

transport mechanism through the bulk of the ionic liquid.
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At this point and bearing in mind that water has a non-negligible solubility in the RTILs
used, the above-described observations prompted us to study the potential role that
water mght play in the mechanism of solute transport (namely small ions) between
agueous phases, when separated by a supported ionic liquid membrane. Consequently,
understanding the mechanisms involved in the solubilisation and transport of water
through supported liquid membranes with RTILs and the effect of water on the transport

of water-soluble ions became a central point in this research work.

The results obtained (described in chapters 2 and 4) highlighted the determinant role
played by water, solubilised inside the ionic liquids, in the transport mechanism. In fact,
it became clear that the transport mechanism of water and small water-soluble ions
through SLMs with [C,MIM]PFs RTILs was regulated by the dynamics of water
microenvironments inside the RTIL, rather than by molecular diffusion through the bulk
of the ionic liquid. This meant that, although it was possible to transport thiomersal
from the vaccine effluent to the biological compartment, complete isolation of the
microbia culture could not be guaranteed and the membrane might ultimately be
permeable to other species present in the aqueous vaccine wastewater. It was therefore
decided not to operate the initially planned integrated system, but concentrate instead on
the thiomersal biodegradation process.

1.3.2. Study of the thiomersal biodegradation process

The degradation of thiomersal to metallic nercury in the biologica compartment was
based on the use of broad-spectrum mercury resistant bacteria, isolated from sediments
of the Spittelwasser River (Germany).

In the initial phase, the kinetics of thiomersal degradation by P. putida spi3 was
evaluated in batch reactors using synthetic thiomersal contaminated wastewater.
Additionally, the ability of the microbial strain to remediate such wastewater was
evaluated in a continuous stirred tank reactor (CSTR).

In order to test the feasibility of the process, the bioreactor was fed directly and in a
continuous mode, with a real thiomersal contaminated vaccine production effluent,
supplied by Smith-Kline Beecham, with whom there was a collaboration under the aegis
of the European Project.

11
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1.4. Structureof thethess

Due to the fact that there were no reports on the utilisation of RTILs in supported liquid
membranes, between two aqueous phases, available at the beginning of the project it
was not possible to anticipate many of the problems encountered. More specifically: the
non-negligible solubility of water in the tested RTILs and the water uptake by the SLM,
during operation time, that ultimately lead to a loss of membrane selectivity, rendering
the SLM permeable to other species present in the vaccine wastewater. As a result, a
redefinition of the research objectives was undertaken and this thesiswas divided in two
major components. the study of the transport mechanisms in liquid membranes with

ionic liquids and the study of thiomersal biodegradation.

Thus, the main objectives, as re-defined, were:

1) theevauation of the operationa stability of supported ionic liquid membranes;

2) the development of a thorough understanding of the transport mechanisms
involved in the solubilisation and the transport of water through supported ionic
liquid membranes,

3) the evauation of the effect of water uptake by the SLM in the transport
mechanisms of water-soluble solutes and on the SLM performance;

4) theevaluation of the potential utilisation of supported ionic liquid membranes in
electrochemical applications; and

5) the evauation of the feasibility of using a continuous stirred bioreactor for the

remediation of thiomersal contaminated vaccine effluents.

The structure of the thesis generally follows the research objectives autlined above,
except for point 1 (the evaluation of the SLMs' operational stability) whichis addressed

in two different chapter, as was dictated by the evolution of the research.

As a result, this thesis s divided in five chapters describing the experimental results
obtained, devised as stand-alone units. Each chapter includes areview of the state of the
art, describes the materials and methods used in that chapter and discuses the results and

conclusions obtained in that part of the work. The methodology used in each individual
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chapter is detailed in the context of the respective theme and, when applicable, is related
to that used in previous chapters.

To begin with, Chapter 2 discusses the physicochemical properties of the ionic liquids
synthesised and evaluates their impact on the behaviour of the resulting supported ionic
liquid membranes. In addition, the effect of the supporting membrane material on the
SLM’s stability is evaluated. The understanding of the transport mechanisms involved
in the transport of water through ionic liquid membranes and the effect of water
mobility on the transport of small water-soluble ions are also discussed in this chapter.
Following the same approach, the partitioning and transport behaviour of a larger water-

soluble zwitterionic compound was also addressed.

Chapter 3 assesses the supported ionic liquid membranes operational stability under
dynamic conditions. X-ray photoelectron spectroscopy (XPS), a technique that allows
the characterisation of the surface chemical composition of a given sample, was used as

atool to gather valuable information about the SLMs integrity and stability.

Following the studies of the transport of a larger water-soluble zwitterionic solute,
addressed at the end of Chapter 2, Chapter 4 provides an in-depth analysis of the role
of water microenvironments in the transport of solutes through liquids membranes with
RTILs.

Chapter 5 evaluates the potential of using supported ionic liquid membranes in
electrochemical applications. Therefore, the electrical characterisation of SLMs with
ionic liquids by impedance spectroscopy is presented and discussed. This nor-invasive
technique allows one to determine the electrical properties of a given sample and was
used to identify the electrical characteristics of the supporting membrane, the ionic
liquids and the SLMs. In order to understand the impact of the presence of water inside
the RTILs on the electrical properties of the SLMs, impedance measurements of the
membranes, placed between two aqueous solutions, were also carried out at regular time

intervals.

Chapter 6 studies the thiomersal biodegradation process and evaluates the potential of
using broad-spectrum mercury resistant bacteria to remediate thiomersal contaminated

vaccines effluents. The kinetics of thiomersal degradation by P. putida spi3 was firstly
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investigated in batch reactors using a synthetic wastewater. Subsequently a continuous
stirred tank reactor (CSTR) fed with the same synthetic wastewater was operated, and
the bioreactor performance and robustness was evaluated when exposed to thiomersal
shock loads. In a second stage, for the reasons discussed above, the bioreactor was fed
directly with a real vaccine wastewater contaminated with thiomersal and the cultures
ability to grow in the effluent and remediate the wastewater was evaluated for different

conditions of reactor operation.

Chapter 7 presents the overall conclusions of this research project and suggestions for

further research.
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2. SUPPORTED |ONIC LIQUID M EMBRANES: STUDY OF STABILITY AND TRANSPORT

M ECHANISMS

2.1. Introduction

The use of supported liquid membranes (SLMs) for the recovery of metal ions from
agueous solutions, the removal of contaminants from industrial effluents and the
recovery of fermentation products, has been widely studied during the past 20 years [1-
5]. However, industrial applications of SLMs are still scarce, mainly due to the concern
with SLM stability and long-term performance [6], leading to a reduction of solute flux
and membrane selectivity. These effects have been attributed to loss of solvent from the
supporting membrane, either by evaporation or by dissolution/dispersion into the
adjacent phases [7]. Several approaches have been proposed to minimise instability
problems, such as the use of mild operating conditions, protection of the SLM with a gel
layer [8], and adequate design of both the supporting membranes and the contacting
phases[9].

Room Temperature lonic liquids (RTILs) are thermally stable sdlts, liquid a room
temperature, constituted by an organic cation and either an organic or an inorganic
anion. Unlike traditional inorganic molten salts such as NaCl, NaAlFg or the eutectic
mixture LiCFKCI, room temperature ionic liquids present a high degree of asymmetry
that inhibits crystallisation at room temperature. In recent years, RTILS, especialy those
based upon the 1-n-akyl-3-methylimidazolium cation, have been the object of a
growing research interest [10, 11]. Because they are air and water stable, have a non
measurable vapour pressure and are able to solvate a variety of organic and inorganic
species, ionic liquids are emerging as alternative green solvents, namely as reaction
media for synthesis, catalysis and biocatalysis [12-14]. This brings about the challenge
of developing equally green processes for the recovery of solutes from the ionic liquids,
used as reaction media. So far, extraction with supercritical CO, and pervaporation have

been investigated for solute recovery from ionic liquids with promising results [15-17].

A key aspect of ionic liquids is that they offer the possibility of tailoring their
physicochemical properties by an adequate selection of the cation and its substituents,

and aso by selection of the anion. Additionally, the fact that ionic liquids are
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immiscible with diverse types of organic ®lvents, possess relatively high viscosities
and interfacial tensions, and may exhibit a reduced solubility in water, has made their
use very attractive in order to obtain stable supported liquid membranes, namely for

liquid- gas and gas- gas separations [1§].

Recently, the use of room temperature ionic liquids, based upon the 1-n-akyl-3-
methylimidazolium cation [C,MIM]'[X], in supported liquid membranes was
evaluated. In particular, the ionic liquid [C,MIM]PFs (n=4) was studied for the
separation of isomeric amines between two organic phases [19]. The SLM obtained
presented a marked selectivity for secondary amines and a high operationa stability.
The possibility to design RTILs with relatively low solubility in water led us to
investigate the transport of solutes and the membrane stability, when the liquid

membrane contacts aqueous environments.

This chapter discusses, in the first place, the physicochemical properties of the ionic
liquids synthesised [C,MIM]PFs (n= 4, 8 and 10) and [C,MIM]BF, (n= 4 and 10) and
evaluates their impact on the behaviour of the resulting supported liquid membranes.
Particular attention is given to the properties with impact on the transport flux, i.e.,
viscosity, and on the SLM stability, such as water solubility in the selected RTILs and
solubility of the RTILs in water. The ionic liquids [C,MIM]PFs (n= 4 and 8) were
selected for further studies and the stability of the resulting supported liquid membranes
was evaluated. As we observed that water possesses a measurable solubility in the
RTILs under study, we decided to investigate the mechanisms involved in the transport
of water through the corresponding SLMs. The effect of water mobility on the transport
of small water-soluble ions was therefore investigated, in order to understand the role of
the water content in the supported liquid membrane. Finaly, the partitioning and
transport behaviour of larger water-soluble compounds exhibiting a zwitterionic
character was evaluated; thymol blue, a water-soluble dye of high molecular weight,

was selected as a case-study solute.
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2.2. Materialsand Methods
2.2.1. Determination of the lonic Liquids Physicochemical Properties

The room temperature ionic liquids (RTIL) used in this study, prepared following
reported procedures [20, 21, 30], were:

1-n-butyl- 3- methylimidazolium hexafluorophosphate — [C4MIM]PFg,
1-n-octyl-3-methyli midazolium hexafluorophosphate — [CsMIM]PFs,

1-n-decyl- 3-methylimidazolium hexafluorophosphate — [C10MIM]PFg,

1-n-butyl-3- methylimidazolium tetrafluoroborate — [C4sMIM]BF4 and

1-n-decyl- 3-methylimidazolium tetrafluoroborate — [C10MIM]BF,.

The general synthesis reactions of the room temperature ionic liquids used in this work

are presented below:

-\ Reflux 80°C 5} RT- 2h o
+ + 4+ HX ———  » +
AN R a == = N \/N\/R Cl e N \/N\/R X

Figure 2.1 — General synthesis reactions of the RTILs used in this work.

All the RTILs synthesised were dried under vacuum, at 40°C for 48 h, prior to use and
their initial water content determined by Karl-Fisher analysis. The spectral data (*H and
13C NMR) obtained for the ionic liquids prepared were identical to those reported in the
literature [20, 21, 30]. All ionic liquids were stored in closed vessels, and kept under

vacuum in a desiccator, prior to use.

Density measurements of the RTILs were performed by filling a pycnometer of known
volume with each ionic liquid. After this procedure, the amount of RTIL in the
pycnometer was determined gravimetrically. All measurements were accomplished at
25°C, except for the ionic liquid [C1oMIM]PFs. Since this ionic liquid is solid at 25°C,
its density was measured at 30°C. All measurements were performed in triplicate and

the average vaue is reported.

The viscosity of each ionic liquid was measured with a rotating co-axial viscometer,
Brookfield digital model RVTDV-II. The temperature in the water jacket of the
viscometer sample holder was controlled with a precision of + 0.1 °C via an externd

temperature controller. The rheological characterisation of the ionic liquids was

21



Chapter 2

accomplished in the temperature range of 10°C to 60°C. For the ionic liquids
[C4aMIM]PFs and [CsMIM]PFg, the effect of the water content on viscosity was
investigated at 25°C. Known masses of water were added to both RTILs and, after
stirring for sample homogenisation, viscosity measurements were performed. Samples

were taken for Karl-Fisher analysis of the RTIL water content, for confirmation.

The water content of al ionic liquids was measured using a Aquapal GRS200, Karl-
Fisher titrator. Triplicate measurements were performed for each sample, with results

agreeing to within 5%.

In order to determine both the solubility of water in the RTILs tested and the solubility
of the different RTILs in the aqueous phase, 2 ml of each phase were placed in a test
tube. The mixture was stirred at 300 rpm, at ambient temperature (23 + 1 °C), for 48h.
To assure a better phase separation, the mixture was then centrifuged for 10 minutes at
13000 rpm. Both phases were collected and the concentration of water in the RTIL
organic phase was measured using a Karl-Fisher titrator. The ionic liquid concentration
in the agueous phase was determined, for the PFg salts, measuring the phosphorus

content, by inductive coupled plasma spectroanalysis (ICP- JY ultima 238, France).

2.2.2. Preparation of the Supported Liquid Membranes

Four hydrophilic nembranes (Pall Gelman Laboratory, USA) of equal nomina pore
size ¢p = 0.2 mm) were used: GH Polypro (polypropylene, | = 92nm), FP Vericel

(polyvinylidene fluoride, | = 123 mm), Nylaflo (nylon, | = 123 nm) and Supor
(polyethersulphone, | = 148 mm). The ionic liquid used in these studies was
[C4sMIM]PFs.

Since the ionic liquids to be used are rather viscous (see 2.3.1), special care had to be
taken during preparation of the SLMs to assure that all membrane pores were wetted.
Therefore, all the SLMs used throughout this study were prepared according to the
following procedure: the supporting membranes were placed in a desiccator, with a
syringe filled with the ionic liquid on top; vacuum was applied for 1 hour, after which,
and still under vacuum, the ionic liquid was released from the syringe to the membrane
surface. A volume of 100 m of ionic liquid was used per square centimetre of

membrane area. After immobilisation, the membrane surface was blotted with paper
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tissue. To be sure that no ionic liquid was removed from the membrane pores, the
cleaning procedure was very gentle and therefore unable to eliminate all the excess
ionic liquid present on the membrane surface. To determine the amount of ionic liquid
in the membrane, al membranes were weighed before and after impregnation with the

ionic liquid.

2.2.3. Membrane Stability Studies

Membrane stability studies were performed in an acrylic diffusion cell with two
independent circuits, separated by the supported liquid membrane. The volume of each
compartment was 7.5 ml and the effective membrane area was 6.5 cnf. Both

compartments were stirred by air bubbling.

In a first set of experiments, the SLMs were placed in the diffusion cell and both
compartments were filled with de-ionised water. The ionic liquid concentration in the
two agueous phases contacting the membrane was followed, during operation time, by

inductive coupled plasma spectroanalysis.

In a second set of experiments, the supporting membranes were tested for water
permeation and wetting, by placing a 100 m droplet of water on one side of the
membrane surface. To assess for any modifications of the water droplet meniscus, a
visual observation was done, after four hours. This procedure was repeated, for both
sdes of the membrane, before and after impregnation of the supporting membrane with
the ionic liquid [C4MIM]PFs. Additionally, the supported liquid membranes prepared
were placed overnight (~15 h) in the diffusion cell, between two aqueous compartments,
and tested again for water permeation after removing them from the diffusion cell. All

water permeation tests were performed for both sides of the membrane.

2.24. Transport Studies

The transport studies with supported liquid membranes were performed using a glass
diffusion cell with two independent compartments, with 160 ml each, separated by the
SLM. Both compartments were stirred at 300 rpm. The effective membrane area was
12.56 cnf, and the membrane thickness was 123 nm. The experimental set-up used is
depicted in Figure 2.2.
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Feed Receiving
phase phase
Q

Figure 2.2 — Experimental set-up for the transport studies with supported liquid
membranes.

Experiments were accomplished with two different supported liquid membranes, one
using [C4MIM]PFg and the other with [CsMIM]PFg, both immobilised in the FP-Vericel

(hydrophilic PVDF) membrane.

2.24.1. Water Transport

In order to follow water transport between the two aqueous compartments contacting
the supported liquid membrane, tritiated water (Amersham Pharmacia Biotech, 185
mBg — 5 mCi) was added to the feed agqueous compartment. Samples with a volume of
250 m were taken from each compartment and the tritium activity was measured in a
Beckman LS6500 multipurpose scintillation counter. A calibration curve of activity
versus concentration was constructed and used throughout this study. The initial
concentration of tritiated water (T»O) in the feed phase was set to 1.42 x 102 mol/I.

Transport studies in bulk liguid membranes (BLM) were accomplished using a U-shape
tube. The volume of each aqueous phase was 8 ml and the volume of the ionic liquid
phase was 350 m; the contact area between the aqueous and the ionic liquid phase was
7.07 x 102 cn? and the mean diffusional path between the two agueous phases, across
the ionic liquid phase, was 4.55 cm. The experimental set-up used is depicted in Figure
2.3.

The ionic liquids [C4MIM]PFs and [CsMIM]PFs were used in different experiments and
de-ionised water was used in the feed and stripping phases. In afirst set of experiments,
T,O was added to the feed compartment (T-O initial concentration = 1.40 x 10 mol/l),

and 250 m samples were taken from each compartment to measure tritium activity. In a
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second set of experiments, under the same experimental conditions, T,O was not added
to the feed phase. During these later experiments, the change of the water concentration

in the ionic liquid phase was followed, during operation, by Karl-Fisher analysis.

receiving
phase l phase

Figure 2.3 — Experimental set-up for the transport studies in bulk liquid membrane.

2.2.4.2. Sodium Chloride Transport

The initial sodium chloride (Riedel-de-Haen, Germany) concentration used in the feed
phase was 2.0 x 102 mol/l; de-ionised water was used as a receiving phase. Two
consecutive runs with a time-length of 24 hours each (identified as first run and second
run) were performed for both SLMs used. A new SLM was used in the first run and re-
used in the second run. Fresh de-ionised water and sodium chloride solutions (2.0 x 1072
mol/l) were used, as receiving and feed phase, respectively, in the beginning of each
run. Samples with a volume of 2 ml were taken from both feed and receiving

compartments and the sodium concentration was followed by ICP analysis.

2.24.3. Thymol Blue Transport

Thymol blue solutions were prepared by dissolving thymol blue sodium salt (Riedel-de-
Héaen, Germany) in de-ionised water; the pH of the resulting solution was adjusted with
sodium hydroxide or with hydrochloric acid. Depending on the pH of the agueous
solution, thymol blue may assume three different forms: the red neutral zwitterion
(H.A), the yellow monoanion (HA") and the blue dianion (A%).

Partitioning of these three different species for the ionic liquid [C4sMIM]PFs was
investigated. Equal volumes of a thymol blue solution (1.07 x 10 mol/l) and of
[C4MIM]PFg were placed in atest tube. The pH of the thymol blue solution in the three
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different assays was adjusted to 1.2, 7.0 and 12.0. Each mixture was kept in an
ultrasound bath for 1 h, after which it was centrifuged for 10 minutes at 13000 rpm, in
order to achieve a good phase separation. The concentration of thymol blue in each
phase was measured by UV-VIS spectrophotometry using a Shimadzu UV-visible
recording spectrophotometer (UV-160A). A calibration curve was prepared for each
species (H-A, HA™ and A?) at their maximum absorbance wavelengths (545 nm, 436
nm and 595 nm, respectively).

The distribution ratio (P) of each species of thymol blue, between the ionic liquid and

. [Thymal |
the corresponding agueous phase, was calculated as. P = [—]L .
Thymad |,

In a second set of experiments the transport of each thymol blue species (H.A, HA™ and
A?) through a [CsMIM]PFs liquid membrane was investigated. A U-shape tube, with a
1.5 cminner diameter was used. Equal volumes (2 ml) of each phase — feed, ionic liquid
and receiving phase - were used. The pH of the thymol blue feed solution in the three
different assays was adjusted to 1.2, 6.4 and 12.0. The pH of the stripping solutions in
each of these assays was 1.2, 5.5 and 12.0, respectively. The concentration of thymol

blue in each phase was monitored by UV-visible spectrophotometry.

2.2.5. Calculation Methods

The fitting of the experimental values to calculate the desired parameters was carried
out using the software package Scientist™, from MicromatH®. The errors associated

with the determined parameters were calculated within a confidence interval of 95%.

2.3. Resultsand Discussion
2.3.1. Determination of the Physicochemical Propertiesof lonic Liquids

The physicochemical properties of the synthesised ionic liquids were evaluated in order
to assess the properties of the resulting supported liquid membrane (SLM). Special
attention was given to the properties with impact on the transport flux — viscosity, and
on SLM stability - water solubility in the ionic liquid and ionic liquid solubility in water
(see Table 2.1).
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Table 2.1 — Physicochemical Properties of the RTILs studied.

lonic Liquid Density 25°C Water Solubility inthe RTIL RTIL Solubility in Water

(kg/dn?) (Qwater!l RTIL) (mol weter/l RTiL)  (@rTiLN water) (MOl RTiL/! water)
[CsMIM]PFg 1.32 27.84 1.55 19.2 0.0676
[CsMIM]PFg 119 15.73 0.87 2.25 0.0066
[C1oMIM]PFg 114 13.26 0.74 1.23 0.0033
[CsMIM]BF, - water miscible  water miscible  water miscible  water miscible
[CLoMIM]BF, 1.04 84.61 4.70

From al the ionic liquids tested, the BF, salts were found to be the least appropriate to
be used as organic phase in the supported liquid membrane. In fact, [C4MIM]BF; is
completely miscible with water, at ambient temperature. Although by increasing the
size of the alkyl chain to [C1oMIM] it was possible to obtain an ionic liquid which

formed two phases with water, the solubility of water in the ionic liquid was still too
high (84.61 guater/IrTiL)-

When the BF, anion was replaced by a PFg anion, the ionic liquids obtained formed two
phases with water, independent of the size of the akyl chain. In fact, the type of anion
used has a remarkable effect on the miscibility with water of methylimidazole based
ionic liquids [22, 23]. The different behaviour of BF4 and PFg anions has been attributed
to the fact that BF4 van der Waals volume is smaller than PFg’s, which allows more
room for water molecules to accommodate in BF4 anion based ionic liquids [24].

As can be seen in Table 2.1, the experimental data obtained for the PFg salts clearly
show that, as expected, by increasing the size of the alkyl chain in the methylimidazole
ring it is possible not only to decrease the solubility of water in the ionic liquid, but also
the solubility of the ionic liquid in water. For example, when the size of the akyl chain
is increased from C4 to Cg, a 40% reduction of the water solubility in the [C,MIM]PFg
ionic liquids is observed.

The results obtained for the mutual solubility of the ionic liquid [C4MIM]PFes and water
and for the solubility of water in [CsMIM]PFs are consistent with the data reported in
the literature [17, 24]. The data reported for the solubility of [CsMIM]PFs in water are
also of the same order of magnitude of the value we obtained (2.250L/later) [17, 24].
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When the size of the akyl chain was increased from Gg to Cyo it was possible to reduce
the water solubility to 1.23 gkriL/l waer- HOwever the fact that [C10MIM]PFe is solid at
25°C limits its range of application.

In order to understand the overall mass transport process through supported ionic liquid
membranes it is essential to determine the rheological behaviour of the ionic liquids

phase. Figure 2.4 summarises the experimental results obtained.

1000
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Figure 2.4 — Apparent Viscosity of [ChMIM]PFs (n= 4, 8 and 10) and [C10MIM]BF, as
afunction of temperature.

The viscosity of al ionic liquids tested was found to be independent of the shear rate
applied which means that all fluids studied are Newtonian. This Newtonian behaviour
could somehow be anticipated, if we bear in mind that the ionic liquids under study are
considered to be a three dimensional network of anions and cations linked together by
weak interactions (mainly hydrogen bonds), rather than as a statistical aggregate of

anions and cations.

The viscosity profile versus temperature is smilar for al the RTILs studied and a
decrease in viscosity was observed when the temperature was increased. This decrease
obeys an Arrhenius equation where In(h) is a linear function of 1/T, in the temperature
range tested (Figure 2.4). Seddon and co-workers [25] reported that for a wide
temperature range, 10°C up to 90°C, viscosity variations with temperature are better

described using the V ogel- Ful cher-Tammann Equation.
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If we compare the PFs and BF4 salts of the [C10MIM] cation we can see that the PFg salt
is clearly more viscous, meaning that the type of anion used has a strong effect on
viscosity. Among the PFg salts, an increase on viscosity is also observed when we
increase the size of the catiors' akyl chain. Therefore, it is possible to adjust the ionic

liquids viscosity either by changing the anion, or the size of the cations' substituents.

The viscosity of al ionic liquids tested is relatively high, especially when compared
with the viscosity of the organic solvents normally used in extraction processes.
However, the fact of using a viscous compound, which in traditiona extraction
processes constitutes a drawback because it increases the mass transfer resistance, is
partially overcome when using a SLM. In this case, the mass transfer resistance is
essentially in the membrane phase and is directly proportional to the membrane
thickness. Since the membranes used in SLMs have a small thickness (which may be as
low as 20 nm) reduction of the mass transfer coefficient is not as severe as it would be

in atraditional extraction process.

2.3.2. Stability Studies

In order to evaluate the effect of the supporting membrane material on the SLM
stability, four membranes of diverse materials were selected and the stability of the

resulting supported ionic liquid membrane was evaluated.

Two different complementary approaches were followed. In one case, experiments were
performed to verify if, during operation, the ionic liquid was displaced from the
membrane pores to the surrounding aqueous solutions. In the second case, wetting tests
were conducted to verify if, after contact with the aqueous phases, the supported liquid

membranes still maintained their hydrophobic character.
In the first set of experiments, the SLMs were placed in a diffusion cell between two

agueous compartments for 250 hours. Samples were taken from both compartments and

the concentration of [C4MIM]PFs was measured by ICP (see Figure 2.5).
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Figure 2.5 — Evolution of ionic liquid [C4MIM]PFg concentration in the two contacting

aqueous compartments (open symbols and closed symbols) for the different supporting
membranes tested.

As can be observed in Figure 2.5, although the concentration of ionic liquid in the
agueous phases is aways lower than its solubility in water (6.76 x 10 mol/l), these
concentrations are not negligible. However, only when Nylaflo was used as supporting
membrane a dight increase on the concentration of ionic liquid in the aqueous phase
was observed. For the other membranes tested the ionic liquid concentration in the
aqueous phase remained essentially constant during the entire experiment. This

behaviour suggests that the ionic liquid is not displaced from the membrane pores.

Additionally during membrane preparation (see 2.2.2), an excess of ionic liquid remains
at the membrane surface, even after a blotting procedure. This observation is a strong
indication that the ionic liquid detected in the aqueous phase is not originated by
displacement from the membrane pores but, instead, it results from excess RTIL present
at the membrane surface. The fact that the ionic liquid concentration in the agueous
phase remained lower than its solubility in water may be attributed to a favourable
affinity towards the membrane due to van der Waals interactions with the membrane
materials. In conclusion, part of the ionic liquid present in excess at the membrane
surface seems to be removed due to vigorous stirring conditions, while the immobilised
ionic liquid remains inside the membrane pores due to a favourable partitioning, which
provides a very stable supported liquid membrane.
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A second set of experiments was conducted to evaluate the hydrophobic character of the
supported liquid membranes and whether this character was kept after contact with the
contacting aqueous phases. A 100 ml water droplet was placed on the membrane
surface; this operation was repeated at the opposite side of the membrane. If the
meniscus of the water droplet did not undergo any observable alteration, during a period
of four hours (each side), the membrane was considered to retain its hydrophobic
character.

All membranes were tested: before impregnation with the ionic liquid (supporting
membranes), after impregnation (SLM), and after contact of the SLM with the aqueous
phases (SLM U). Contact with the aqueous phases was promoted by placing the SLMs
overnight (~15h) in a diffusion cell between two agueous compartments. The results
obtained are summarised in Table 2.2.

Table 2.2 — Evaluation of the membranes hydrophilic (- )/ hydrophobic (A) character.

Membrane Supporting LM SLMU
Membrane
GH polypro A
Nylaflo A
Supor A -IA
FP-Vericel . A A

- IA - one side of membrane surface hydrophobic and the other hydrophilic

As can be seen in Table 2.2, after impregnation with the ionic liquid, al supported
liguid membranes showed a strong hydrophobic character. After operation, it was
observed that the Nylaflo and the GH-polypro membranes had lost their hydrophobic
character. On the case of the Supor membrane, water could wet one side of the
membrane surface, but not the other. When the supporting membrane used was FP-
Vericel, no water permeation or wetting was observed, and the membrane kept its
hydrophobic character.

From the first set of experiments, it was possible to conclude that, when the GH-
polypro, Supor and FP-Vericel membranes were used as supporting membranes, there

was no ionic liquid displacement from the membrane pores. However, in the second set
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of experiments it was observed that only the FP-Vericel membrane kept its hydrophobic
character, after operation. For the other membranes tested, it was observed that,
athough the ionic liquid was not lost from the membrane pores, water was able to
penetrate the pores massively, and thus the SLMs lost their hydrophobic character.
Based on these results, FP-Vericel was selected as supporting membrane.

Analysis of the physicochemical properties of the ionic liquids tested suggests that it
may be possible to reduce the mutual solubility between RTILs and water, namely by
using a higher akyl chain (as with [CsMIM]PFs). However, these RTILs exhibit a
higher viscosity, which may hinder the overall mass transfer process.

2.3.3. Transport Studies

Although a stable SLM is obtained when the ionic liquid [C4MIM]PFs isimmobilised in
a hydrophilic PVDF supporting membrane, water possesses a nortnegligible solubility
inthe [ChMIM]PFs RTILSs (see Table 2.1). This observation compelled us to investigate
if the presence of water in the liquid membrane could alter the membrane properties and
have an effect on the solute transport behaviour. The first goal of this study was to
understand if water itself was transported through the SLM and, if so, what was the
mechanism governing that process. The influence of water mobility in the ionic liquid
phase on the transport of small water-soluble ions, with very low affinity for the RTILs
under study, was aso investigated. Additional studies were performed in order to
understand the transport of larger water-soluble compounds; thymol blue, a water-

soluble dye of high molecular weight, was selected as a case studly.

2.3.3.1. Water Transport

To overcome the problem of following water transport between two agueous
environments, labelled water was used. Tritium is a radioactive isotope of hydrogen
with a haf-life of 12.4 years and its activity can be easily measured in a scintillation
counter. Tritiated water (T.0), whose properties are similar to water, was therefore
chosen as tracer. T».O was added to one of the aqueous compartments (feed) and tritium
activity in both feed and stripping compartments was followed overtime (see Figure
2.6).
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Figure 2.6 — Evolution of T,0 concentration in the stripping phase (Cs) for the two SLM
tested.

As can be seen in Figure 2.6, tritiated water is transported through the supported liquid
membrane, regardless of the ionic liquid used. Although transport begins sooner in the
SLM in which water has a higher solubility, i.e. [C4MIM]PFs, alag time, during which
transport of T,O does not occur is observed in both cases. After the initial lag time, the
slope of T,O concentration in the stripping compartment versus time is similar for both
ionic liquids tested (4.3 x 10 moll™*h* for the SLM with [C4sMIM]PFs and 4.4 x 10
mollth*for the SLM with [CsMIM]PFs). This result shows that, as can be seen from the
following calculations, the effective diffusion coefficient of T,O isequal in both SLMs.

The two aqueous environments, separated by the ionic liquid phase, are identical and
the driving force for T»O transport is the concentration difference between the two
compartments. The solute flux can, therefore be related to the change of solute

concentration with time in the stripping solution by

V

S

Vv, dC,
A, dt

= =K(C,. - C,)=K(C, - C,) 2.1)

where Vs is the volume of the stripping phase, A, the membrane area, Cs* the
concentration of T»O in the stripping phase in equilibrium with T,O concentration in the
feed phase, Cs the concentration of TO in the stripping phase, C; the concentration of
T,0 in the feed phase and K the overall mass transfer coefficient. Taking into
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consideration that the volume of both feed and stripping phases were kept identical
throughout the experiment and the accumulation of trace tritiated water in the
membrane is negligible, the following expression may be derived if we consider the
diffusional path equal to the thickness (1) of the supported liquid membrane (then, Des =
Kl); anew parameter —tp — is introduced in order to account for the lag time,

x :

1.6 L
C,=2Cydl- _ (22)

2 og ex A, (t-t,) D o

A SN

By fitting the experimental data (Cs versus time depicted in Figure 2.6) using Equation
(2.2), the values of the effective diffusion coefficient (D) and of to were determined,
for both SLM s used. The values obtained are presented in Table 2.3.

Table 2.3 — Dgt and tp for T,O obtained from the experimental data, using Equation
(2.2).

Parameter Estimated Vaue Error (%)
SLM with Dett (10°° cnrf/s) 1.94 + 0.02 1.03
[C4aMIM]PFs to(h) 0.69 + 0.04 5.80
SLM with Dett (10°° cnf/s) 1.96 + 0.04 2.04
[CsMIM]PFs to(h) 2.41 + 0.07 2.90

As it could be anticipated from the dope of the T.O concentration versus time, the
effective diffusion coefficients determined are equal for both SLMs. This result was,
however, quite surprising if we bear in mind that the viscosities of the two ionic liquids
used are rather different: at 25°C, [CsMIM]PFg is about 2.4 times more viscous than
[C4MIM]PFg (570.8 and 241.9 mPes, respectively).

If we consider that T,O is transported by molecular diffusion through the ionic liquids,
we can use the Nakanishi correlation [26] to estimate the diffusion coefficients for T-0,
at 25°C, in both RTILs. The values obtained, D(T>O/[C4sMIM]PFg) = 7.62 x 108 cnf/s
and D°(T,0/[CsMIM]PFs) = 3.92 x 10°® cn/s, are different for the two ionic liquids
tested by afactor of 2. According to these results, diffusion in a SLM in which the ionic
liquid immobilised is [C4sMIM]PFg should be about two times faster than in a SLM with
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[CsMIM]PFgs, dl other conditions being the same. This was not observed
experimentally. Additionally, the values estimated by the Nakanishi correlation are two
orders of magnitude lower than the effective diffusion coefficients Oe), calculated
from the experimental results, meaning that the observed rate of T,O transport is faster
than what would be expected if T,O transport was regulated by molecular diffusion in

theionic liquids.

Moreover, what is stated above remains valid, even when we consider the change in the
ionic liquids viscosity caused by water solubilisation in the RTILs during the time
course of the experiments. In fact, we can recalculate the diffusion coefficients in the
bulk ionic liquid, using the viscosity data obtained for different water saturation
percentages (% sat = water concentration/water solubility limit in the ionic liquid)
depicted in Figure 2.7.
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Figure 2.7 — Apparent viscosity of [C,MIM]PFs (n= 4 and 8), at 25°C, with increasing
water concentration in the ionic liquid.

The values obtained, using the RTIL viscosity values for the highest saturation
percentage (69.4 mPas for [C4sMIM]PFs and 224 mPas for [CsMIM]PFg), were:
D(T,O/[CsMIM]PFs) = 2.66 x 107 cmf/s and DY(T,O/[CsMIM]PFs) = 1.01 x 10
cnt/s. These values are still different, for both ionic liquids used, and one order of
magnitude lower than the effective diffusion coefficients determined experimentally
(see Table 2.3).
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These observations clearly indicate that the transport of T>O cannot be described
adequately by assuming a molecular diffusion mechanism of transport through the bulk
of theionic liquid. At this stage, two main questions were raised: what is the mechanism
that regulates water transport through ionic liquids in SLMs? and how is the transport of
T,0 related with the water content inside the ionic liquid?

In the experiments with supported liquid membranes described above, the ionic liquids
were immobilised in the supporting membrane and, as a result, it was not possible to
monitor the water content inside the ionic liquid during operation. To investigate the
relation between the transport of T,O and the water concentration inside the RTIL, new
experiments were designed using a bulk liquid membrane (BLM). The ionic liquids
used were [C4MIM]PFs and [CgMIM]PFe.
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Figure 2.8 — Evolution of T,0 concentration in the stripping phase for the two LM
tested: » BLM with [C4MIM]PFs, ¢ BLM with [CsMIM]PFg; and evolution of the water
concentration in the ionic liquid: —?— BLM with [C4MIM]PFs, =?— BLM with
[CsMIM]PFe.

The results obtained (see Figure 2.8) indicate that T,O transport occus in the bulk
liquid membrane and exhibits a similar behaviour to that observed in the SLM. A lag
time, during which no transport occurs, was observed for both RTILs. This lag time
was, again, longer for the ionic liquid in which water has a lower solubility
([CsMIM]PFg). After the initial lag time, the rate of T,O transport was similar for both
RTILs.
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Anaysis of the water content in the ionic liquid phase during the time course of
independent experiments has shown that there is an increase in the water content inside
the ionic liquids during operation Eee Figure 2.8). This increase follows a similar
pattern for both ionic liquids used, i.e., an increase of the water concentration inside the
ionic liquid followed by a levelling off as the solubility limit is approached. Moreover,
it is observed that, for both ionic liquids, T,O transport starts only when the water
concentration in the ionic liquid is about 75% of the water solubility limit, which is 21
g/l in [C4MIM]PFg and 12 g/l in [CgsMIM]PFs.

It is also observed that, as it happened during the studies with SLMs, the transport
process starts sooner in the ionic liquid that presents a faster water saturation kinetics
([C4sMIM]PFs). Because of this faster kinetics, the time needed to reach a critical water
concentration inside the RTIL (75% of the water solubility limit) is shorter. Therefore,
the limiting step for water transport seems to be the time required to reach a critical
water concentration inside the RTIL. As the water concentration increases, the water
molecules present in the ionic liquid start to interact and probably undergo an

organisation process.

As in other membrane processes, above a critical concentration, water may form
dynamic clusters or microenvironments inside the ionic liquid. These dynamic
microenvironments are able to move and migrate through the liquid membrane. A
similar situation applies to water transport through dense membranes in reverse
osmosis, where typically the water content is in the range of 10 to 15%, and in dense

ion-exchange membranes, where the water content may be as high as 25%.

The diffusion coefficient of O in water, at 25°C, calculated using the Hayduk and
Minhas correlation [26] is D%(T20/H,0) = 1.56 x 10 cnf/s. The effective diffusion
coefficient Dt can be calculated from the diffusion coefficient D° using Equation (2.3):

D, ==D° (2.3)

where t is the tortuosity factor and e is the porosity. The value supplied by the
manufacturers for the porosity of the PVDF membrane is 70%, and a value of 2.4 was

calculated for the tortuosity factor assuming the following relation:
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(2.4)

From Equations (2.3) and (2.4) we calculate Dest = 4.53 x 10° crf/s which is clearly of
the same order of magnitude as the values obtained from the experimental data. In
addition, we can calculate Des, Using Equations (2.3) and (2.4), from the diffusion
coefficients obtained with the Nakanishi correlation for the highest water saturation
percentage. The effective diffusion coefficients obtained (see Table 2.4) are more than

one order of magnitude lower than the values obtained from the experimental data.

Table 2.4 — Experimental and estimated effective diffusion coefficients (Des) for T2O.

lonic Liauid Experimental Estimated

q Dett (exp) (/) Dest (T20/H20) (cnf/s) Dt (T20/IL) (cnfls)
[C4MIM]PFs 1.94x 10° 453x10°® 7.73x 108
[CsMIM]PFs 1.96x 10° 453x10° 293x 108

These results clearly suggest that the transport of water is not regulated by a mechanism
of diffusion of individual water molecules but, instead, by the mobility of dynamic
water microenvironments inside the RTIL liquid membrane. As discussed above, the lag
time observed is the time necessary for the “build up” of water microenvironments. A
longer lag time was observed, both in SLM and BLM, when the ionic liquid with the
slower water saturation kinetics ([CsMIM]PFs) was used. As expected, due to the larger
volume and diffusional path involved, longer lag times were observed in bulk liquid

membranes.

It is important to mention that Welton and co-workers reported the presence of water
aggregates, using IR spectroscopy, in the ionic liquid [C4MIM]PFg, when this RTIL is
saturated with water [27]. The presence of water clusters, able to migrate through the
liquid membrane, has also been proposed by Coelhoso et al. [28] to explain the
transport of sodium and chloride through liquid membranes with quaternary ammonium
salts (also anionic liquid). The presence of water aggregates in SLMs with ionic liquids
may, therefore, regulate the transport of water-soluble solutes, namely the transport of

small ions with low affinity towards the ionic liquids.
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2.3.3.2. Sodium Chloride Transport

The results presented in the previous section represent strong evidence that water
transport is regulated by formation of water microenvironments inside the RTIL. These
observations prompted us to investigate the effect of these water microenvironments on
the transport of other solutes and on the liquid membrane selectivity. The first question
that arose was whether small water-soluble ions, with low affinity towards the RTILS,
were transported through the SLM and, if so, what was the transport mechanism

regulating the process.

Sodium (Na’) and Chloride (CI) were reported to exhibit a low affinity towards the
ionic liquids used [29]; for this reason, sodium chloride was chosen as a model
compound, and experiments were carried out to investigate the transport of Na™ and CI
through SLMs with ionic liquids. Two consecutive runs (referred as first run and second
run) were performed for each SLM. In the beginning of each run, fresh de-ionised water
and sodium chloride solutions were used as receiving and feed phase, respectively. An
equimolar transport of sodium and chloride ions was observed in al experiments.
Figure 2.9 depicts the sodium chloride concentration in the receiving compartment over

time.
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Figure 2.9 — Evolution of NaCl concentration in the stripping phase for the two SLM
tested: Closed symbols— 1% run; Opens symbols — 2" run.

The first observation is that the transport profiles obtained, in the first run, for both

SLMs are similar to the ones previousy observed for T,O. A longer lag time is
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observed, once again, in the SLM in which the ionic liquid with the slower water
saturation kinetics ([CsMIM]PFg) is used. It is aso observed that, after the initial lag
time in the first run, the NaCl transport rate is similar in both ionic liquids immobilised

in the supporting membrane.

The lag time for the SLM with [CsMIM]PFs was longer (~ 3.75 h) than that observed in
the experiment with T,O (2.41 h), using the same diffusion cell. This difference is due
to the fact that the initial water concentration of the [CsMIM]PFs RTIL used in the NaCl
transport experiment was dlightly lower (1.18 gu2ofl rriL) then that used in the
experiment with T,O (1.8 gu20/l rTIL)-

The results obtained during the studies of NaCl transport agree with the discussion
presented above for water transport, regulated by the mobility of water clusters. It is
very interesting to notice that when the SLM was re-used (2" run), replacing the feed
and receiving phases with fresh solutions, no lag time was observed; in this case, the
transport of NaCl starts immediately with a rate very smilar to the one observed in the
first run (see Figure 2.9). This behaviour results from the fact that water
microenvironments were aready present in the SLM after the first run, creating

conditions for immediate NaCl transport in the second run.

From what is stated above, it is possible to conclude that the transport of water and
small ions, such as Na" and CI, is regulated by formation of water microenvironments.
Under these circumstances, the selectivity of the ionic liquid towards the solutes does
not play a significant role on the process of solute transport; for small water-soluble
ions, it is the water saturation kinetics of the ionic liquid thet determines the length of

the lag time.

2.3.3.3. Thymol Blue Transport

As it has been shown in the previous sections, the presence of water microenvironments
inside the RTIL determines the transport of water and other water-soluble ions. The
question that arises is whether these microenvironments also regulate the transport of
larger solutes, regardless of their molecular weight, or if the SLM selectivity may be
determined by the chemical nature of the RTIL used.
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To answer this question, partition and transport studies were performed using thymol
blue, a water-soluble indicator dye of high molecular weight. This molecule is
particularly interesting since it is possible to define its net charge, without changing its
structure, by adjusting the pH.

Depending on the pH of the solution, thymol blue assumes three different forms (see

Figure 2.10): the red neutral zwitterion (H2A), the yellow monoanion (HA") and the blue
dianion (A%).

CH(CH, L CHICH, ),

HA Ha- v

Figure 2.10 — Thymol blue forms: red form HA, Z = 0; yellow form HA", Z = -1 and
blue form A%, Z = -2.

Using the chemical equilibrium equations and the ionisation constants for thymol blue
(PKa=1.65 and pK=8.9) we calculated the relative percentage of each form as a
function of pH (see Figure 2.11). Therefore, it was possible to study the partitioning and
transport behaviour of each form, independently, provided that the experiment was

conducted in the pH region where that form is predominant.

In afirst set of experiments, the partitioning of the three species for the ionic liquid
[C4MIM]PFg was investigated. These studies have shown that, while the blue dianion
(A%) does not partition to the ionic liquid (P A/aq = 0), both the neutral zwitterion (H2A)
and the yellow monoanion (HA") are quantitatively partitioned to [C4aMIM]PFe (P Haa/aqg
= 3.16 and P Ha/aq = 3.08). The results obtained are in agreement with those reported in
the literature by Rogers and co-workers[30].
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Figure 2.11 — Evolution of the relative percentage of each thymol blue form (HA, HA
and A%) with the solution pH

In asecond set of experiments, the transport of each thymol blue species (H2A, HA™ and

A?) ina[C4sMIM]PFs liquid membrane was investigated.
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Figure 2.12 — Evolution of the concentration of each thymol blue form (H2A, HA™ and
AZ) in the feed phase for a liquid membrane with [C4MIM]PFe.

The results obtained (see Figure 2.12) have shown that the liquid membrane is selective
for the species H,A and HA', while the specie A% is not transported at all, in agreement
with the partitioning behaviour observed previously. Therefore, in this case, it is the
ionic liquid selectivity towards each species that determines the transport of thymol

blue, and not the presence of water microenvironments inside the ionic liquid. The
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experiments described above were performed using the ionic liquid in which water has a
higher solubility ([C4MIM]PFs); therefore, the results obtained can be extrapolated to

the ionic liquid [CsMIM]PFg, where water has a lower solubility.

It is possible to conclude that, although water and small ions transport is regulated by
the presence of water microenvironments inside the ionic liquid, the higher or lower
affinity of the ionic liquid towards a given solute may determine the transport of species
that establish chemical interactions with the RTIL.

24. Conclusions

Room Temperature lonic Liquids proved to be versatile solvents with a vast potential
for application in supported liquid membranes. Moreover, research in ionic liquids is a
fast developing field and, therefore, new ionic liquids with suitable properties may be
designed.

Although water was found to be partialy soluble in the ionic liquids studied,
displacement of ionic liquid from the membrane pores did not occur, and the supported
liquid membrane exhibited a high operational stability. Still, the loss of the ionic liquids
used, from the supporting membrane towards the contacting aqueous phases, is not
negligible. Recent research studies are focused on the development of new ionic liquids
with reduced water solubility, in order to improve the green character of this

technology.

The mechanism of water transport through membranes (either SLM or BLM), with
[CAMIM]PFs RTILs, was found to be regulated by the mobility of water
microenvironments inside the RTIL, rather than by molecular diffusion through the bulk
of the ionic liquid. The lag time observed in all experiments, where no transport occurs,
was due to the time needed to reach a critical water concentration inside the RTIL,

necessary for the “building-up” of water microenvironments.

Small ions, such as sodium and chloride, with low affinity towards the RTILs used
were, nevertheless, transported through the SLM, by transport through water
microenvironments inside the RTIL. However, transport may also be regulated by the

higher or lower affinity of the ionic Iquids towards the solute, i.e., by the chemical
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nature of the RTIL. The selectivity of the ionic liquid [C4MIM]PFs for the different
forms of thymol blue suggests a potential for the use of liquid membranes with RTILs

for the separation of zwitterionic species, such as amino acids.
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3. STABILITY OF SUPPORTED |ONIC L1QUID M EMBRANES ASSTUDIED BY X-RAY

PHOTOELECTRON SPECTROSCOPY

3.1. Introduction

Room Temperature lonic Liquids (RTILs) are air and water stable electrolytes
composed entirely of ions, normally an organic cation and either an organic or an

inorganic anion, that are liquid at room temperature.

RTILs, especially those based upon the kn-alkyl-3-methylimidazolium cation, have
been the object of ever-growing research interest [1, 2]. Unlike traditional inorganic
molten salts such as NaCl, NaAlFg or the eutectic mixture LiCFKCI, room temperature
ionic liquids present a high degree of asymmetry that inhibits crystallisation at room

temperatures.

In particular, their ability to solvate a wide variety of organic and inorganic species has
made their use as alternative green solvents, namely as reaction media for synthesis,
catalysis and biocatalysis, extremely appealing [3-5]. Additionally, the non measurable
vapour pressure of RTILs combined with their reduced solubility with various solvents,
including water, has made their use as organic phase in supported liquid membranes
(SLMs) very attractive [6-8].

SLM applications have been widely studied during the past 20 years, namely for the
recovery of metal ions, the remova of contaminants from industrial effluents, and the
recovery of fermentation products [9-13]. Nevertheless, their industria application is
still limited, mainly due to concerns about SLM stability and long-term performance
[14]. Reduction in solute flux and membrane selectivity has been reported to occur
during operation. These effects have been attributed to a loss of solvent from the
supporting membrane, either by evaporation or by dissolution/dispersion into the
adjacent phases. A possible approach to minimising instability problems is the adequate
design of both the supporting membrane and the contacting phases. In this context, the
possibility of tailoring the physicochemical properties of ionic liquids by the adequate

selection of the cation and the anionis extremely promising.
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The use of RTILS, based upon the 1-n-alkyl-3-methylimidazolium cation [C,MIM]* X
(n = 4,8, 10; X = PFg, BF4)in supported liquid membranes was evaluated in Chapter 2
[15]. The physicochemical properties of the synthesised ionic liquids were determined,
especialy those with an impact on the transport flux —viscosity- and on the SLM
stability - water solubility in the RTILs and solubility of these RTILs in water. The
effect of the supporting membrane material on the stability of the SLM was also
evaluated. Four membranes of distinct materials were selected and the stability of the
SLM obtained, when the ionic liquid [C4MIM]PFs was immobilised in each supporting

membrane, was evaluated.

Two different, complementary approaches were followed in the previous chapter. In one
case, wetting tests were conducted to verify if, after contact with the agueous phases,
the supported liquid membranes still maintained their hydrophobic character. In the
second case, experiments were performed to verify if, during operation, the ionic liquid
was displaced from the membrane pores to the contacting aqueous solutions. The results
obtained showed that when a hydrophilic PYDF membrane was used as the supporting
membrane under relatively mild stirring conditions, the SLM maintained its
hydrophobic character after operation. Additionally, the concentration of ionic liquid in
the aqueous contacting phases remained essentially constant during the entire
experiment, suggesting that the ionic liquid was not displaced from the membrane

pores.

Although there was no evidence of ionic liquid displacement from the membrane's
pores, the stirring corditions used were relatively mild and not comparable with usual
operating conditions. For that reason, further studies were conducted in order to assess
the SLMs operationa stability under dynamic conditions. Therefore, dynamic stability
studies were performed to evaluate the operational stability of a SLM with [CsMIM]PFg
when submitted to more aggressive and well-defined hydrodynamic conditions.
Additionally, SLMs with [C,MIM]PFs (n = 4, 8) and [C10MIM]BF4 were prepared and
characterised using X-ray photoelectron spectroscopy (XPS). This technique allows for
the determination of the surface chemical composition of a given sample [16] and was
used both for the characterisation of the supported liquid membranes and the ionic
liquids. The SLMs were analysed immediately after preparation and after one week’s
immersion in de-ionised water. This way, it was possible not only to assess the presence

of the RTILs in the membrane after preparation, but also to identify whether there were
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any chemical modifications on the SLMs surface after contact with an aqueous
solution, thus obtaining valuable information about their integrity and stability.

3.2. Materialsand Methods
3.2.1. Materials

The room temperature ionic liquids (RTIL) used in this study and prepared following
reported procedures [17-19] were:
1-n-butyl- 3- methylimidazolium hexafluorophosphate — [C4MIM]PFe,
1-n-octyl-3-methylimidazolium hexafluorophosphate — [CsMIM]PFg,
1-n-decyl-3-methylimidazolium tetrafluoroborate — [C1oMIM]BFa.

All the RTILs synthesised were dried under vacuum at 40°C for 48 h prior to use and
their initial water content was determined by Karl-Fisher analysis. The spectral data (*H
and *C NMR) obtained for the ionic liquids prepared were identical to those reported in
the literature [17-19]. All ionic liquids were stored in closed vessels, and kept under
vacuum in a desiccator prior to use. The solubility of water in the ionic liquids
[CMIM]PFg (n=4, 8) and [C10MIM]BF, and the solubility of [CnMIM]PFs (n=4, 8) in
water were measured as described in Chapter 2 the values measured were: 27.84
Gwater/lcamivpre, 15.73 Quater/lcsmimprs, 84.61 Quater/lciomimera, 19.2 Geamimprs/lwater and 2.25

OcsmiM PR/ lwater-

A hydrophilic polyvinylidene fluoride (PVDF) membrane (FP-Vericel, Pall Gelman
Laboratory, USA) was used as supporting membrane. The membrane nominal pore size
and thickness were ,=0.2 nm and 1=123 mm, respectively. All the supported liquid

membranes (SLMs) were prepared as described in section 2.2.2.

3.2.2. Membrane Stability Studies

Membrane stability studies were performed in a stainless steel diffusion cell consisting
of two channels, 1.5 by 23 by 0.3 cm. The supported liquid membrane was placed
between the two compartments, which were filled with an agueous solution (100 ml in
each compartment) that was circulated independently in a closed loop. The SLM used
was obtained by immobilising, as previously described, the ionic liquid [CsMIM]PFg in
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the hydrophilic polyvinylidene fluoride (PVDF) membrane. In order to study the SLM
stability in a dynamic situation, three different recirculation rates were used: Re; = 186,
Re;, = 931 and Res; = 1862. These experiments were performed consecutively (Rep
followed by Re,, followed by Res), aways using the same SLM. Fresh agueous
solutions were used for each experiment in both compartments. The ionic liquid
concentration in the aqueous phases was determined during operation, measuring the
phosphorus content by inductive coupled plasma spectroanalysis (ICP- JY ultima 238,

France).

3.2.3. X-ray Photoelectron Spectroscopy (XPS) M easurements

The chemical characterisation of the surface of the supported liquid membranes was
performed by X-ray photoelectron spectroscopy (XPS). The supported liquid
membranes, prepared as described above, were analysed immediately after preparation

and after one week’ simmersion in de-ionised water.

A Physical Electronics spectrometer (PHI 5700) was used, with X-Ray Mg Ka radiation
(300w, 15 kV, 1253.6 €V) as the excitation source. High resolution spectra were
recorded at a given take-off angle of 45° by a concentric hemispherica analyser
operating n the constant pass energy mode at 29.35 eV, using a 720 nm diameter
analysis area. Under these conditions, the Au 4f;, line was recorded with 1.16 eV
FWHM at a binding energy of 84.0 eV. The spectrometer energy scale was calibrated
using Cu 2ps2, Ag 3ds2 and Au 4f;, photoelectron lines at 932.7, 368.3 and 84.0 eV,
respectively. Charge referencing was done against aromatic carbon (C 1s 285.0 eV)
[20]. Membranes were mounted on a sample holder and kept overnight at high vacuum
in the preparation chamber before being transferred to the analysis chamber of the
spectrometer for testing. Each spectral region was scanned several sweeps until a good
signal to noise ratio was observed. The pressure in the analysis chamber was maintained
lower than 510° Pa PHI ACCESS ESCA-V6.0 F software package was used for
acquisition and data analysis. A Shirley-type background was subtracted from the
signals. Recorded spectra were always fitted using Gauss-Lorentz curves and following
the methodology described in detail elsewhere [21], in order to determinate more
accurately the binding energy (BE) of the different element core levels. The C 1s
spectra were fitted into two or more peaks to obtain a good fit of the spectra. Atomic
concentration percentages of the characteristic elements of the surfaces were determined
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taking into account the corresponding area sensitivity factor [22] for the different
measured spectral regions. Membrane samples were irradiated for a maximum time of

15 min to minimize possible X-ray damage [21].

XPS analyses of the ionic liquids [C4MIM]PFg, [CsMIM]PFs and [C10MIM]BF4 were
also performed. A small volume of each ionic liquid was placed in a Petri dish and

placed under vacuum in order to obtain a semi-solid sample suitable for analysis.

3.3. Resaultsand Discussion
3.3.1. Membrane Stability Studies

Previous results (see Chapter 2) [15] showed that when the ionic liquid [C4MIM]PFg
was immobilised in a hydrophilic PVDF support, the resulting SLM retained its
hydrophobic character after operation and the concentration of ionic liquid in the
contacting agueous phases remained essentially constant during the entire experiment.
These results suggested that, under the relatively mild stirring conditions used, the ionic
liquid was not displaced from the membrane pores. Analysis of the physicochemical
properties of the ionic liquids tested indicated that it was possible to reduce the mutual
solubility between RTILs and water, thus potentially increasing the SLM’s stability, by
using an ionic liquid with alonger alkyl chain such as [CgMIM]PFs.

Therefore, to evaluate the operationa stability of supported ionic liquid membranes
when submitted to defined and more aggressive hydrodynamic conditions, the stainless
steel membrane module described in 3.2.2 was operated in a closed circuit mode and the
concentration of [CgMIM]PFg was monitored, in both contacting aqueous phases, by

sampling each phase at regular time intervals (see Figure 3.1).

As can be observed in Figure 3.1, the ionic liquid concentration in the agueous phases
increases over time until it reaches a plateau for two of the recirculation conditions used
(Re1 and Rey) and remains essentially constant for the third hydrodynamic condition
tested (Res). Additionaly, the plateau concentration is found to decrease in each
consecutive experiment (Re; followed by Re, followed by Res), being lower for the
situation in which the Reynolds number (Re) is higher (Res = 1862). In fact, while a
plateau concentration of 2 g/l (0.6 x 10 mol/l) was reached after 6h of operation for the
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first, milder, hydrodynamic condition tested (Re; = 186), at Re, = 931 a lower plateau
concentration of 0.6 g/l (0.2 x 10 mol/l) was reached after only 2.5h of operation. In
the final experiment (Res = 1862), the ionic liquid concentration remained constant at a
residual value of 0.1 g/l (0.03 x 10 mol/l).
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Figure 3.1 — Evolution of the ionic liquid [CsMIM]PFs concentration in the contacting
aqueous phases for the different hydrodynamic conditions used (Rei, Re;, Res); filled
symbols — contacting phase A, open symbols — contacting phase B.

When we compare the total amount of ionic liquid retained by the supporting membrane
after preparation (1.38 g) with the amount dissolved in the contacting agqueous phases
after the three consecutive experiments (0.54 @), it becomes clear that the latter
corresponds only to about 40% of the total ionic liquid retained by the membrane. This
indicates that even after operation under more drastic recirculation conditions (Res),

60% of the total immobilised ionic liquid remains in the membrane.

The fact that it is possible to operate a Reynolds numbers as high as 1800 without
causing a perceptible loss of ionic liquid is worthy of note. In fact, it suggests that the
ionic liquid detected in the agueous phase (experiments Re; and Rey) is not due to any
displacement from the membrane pores, but is caused by rinsing the excess ionic liquid
present on the membrane surface, as a result of the immobilisation procedure. In each
consecutive experiment, the concentration of ionic liquid in the agueous phase

diminishes as the membrane surface becomes successively “cleaner”.
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This constitutes a strong indication that the supported liquid membrane integrity is not
affected and that there is no displacement of ionic liquid from the pores of the
supporting membrane. In order to further corroborate this idea and verify if there were
any observable nodifications in the surface composition of the SLMs before or after
operation, X-ray photoelectron spectroscopy (XPS) measurements of the SLMs were

carried out.

3.3.2. X-ray Photoelectron Spectroscopy (XPS) M easur ements

The surface chemical characterisation of the supported liquid membranes used in this
study was performed by X-ray photoelectron spectroscopy (XPS). Anayses were
caried out immediately after the preparation of the SMS and after one week’s

immersion in de-ionised water.

X-ray photoelectron spectroscopy is a technique that consists of irradiating a sample
with X-rays under vacuum and measuring the kinetic energy of the photoelectrons
gected from the sample’'s surface. The emitted electrons binding energy can be
calculated as: Epinding™ Ephoton - Exinetic, Where Eineiic 1S the measured kinetic energy and
Eohoton 1S the energy of the X-ray incident radiation. Since the electrons binding
energies are characteristic of each chemical element, it is possible to identify which
elements are present in athin layer (30-50 A) of the SLM surface and their relative
percentages (except for hydrogen and helium). Additionaly, it may also be possible to
identify the chemical elements state of oxidation based on small shifts in the binding

energies.

In aninitial set of experiments, XPS analyses of the ionic liquids studied and the PVDF
supporting membrane were performed. The atomic concentration percentage of the
different elements found in each sample is presented in Table 3.1. Taking into
consideration that these are relative percentages and, therefore, cannot be easily
compared between different samples, the ratio between the different elements detected

is aso presented, as well as the expected theoretical ratios.

The small percertage of nitrogen (0.84%) detected in the PVDF membrane is probably
due to external contamination or to products used in the membrane manufacturing

process [23]. A relatively small percentage of oxygen was also detected in all samples
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(12% for [C1oMIM]BF,, less than 5% for all others). Since the polyvinylidene fluoride
(PVDF) membrane does not contain any oxygen in its structure ([CHCF;],), this
suggests the presence of water molecules, which might have derived from atmospheric
contamination on the top surface of the membrane. Although none of the ionic liquids
tested contain oxygen, the fact that they are hygroscopic might also account for the
oxygen detected. Because they do not reflect the presence of external contaminants, the
ratios between the different elements of interest are more representative and will be

used for comparison between the different samples as well as with the theoretical ones.

Table 3.1 — Surface composition by XPS analysis of the PVDF supporting membrane
and of theionic liquids [C4MIM]PFg, [CsMIM]PFs and [C1oMIM]BF4 (theoretical ratios
between brackets).

Sample %C %F %N %P CIF N/P FIP FIN c/P C/N

PVDF 547 4153 084 ¥%  132(1) % Ya Y Y Y
[C.,MIMIPFs 4819 2096 979 541 162(1.33) 1.81(2) 554(6) 3.06(3) 896(8) 4.95(4)
[CsMIMIPFs 6305 2162 933 373 292(2) 252 586) 232(3) 16.90(12) 6.76(6)

Sample %C %F %N 9%B CIF N/B F/B F/N C/B CIN

[C1oMIM]BF, 603 1281 611 383 471(35) 16(2) 334(4) 21(2 1574(14) 987(7)

The comparison of the experimentally obtained ratios — C/F, C/P, C/N and C/B —with
the corresponding theoretical ones makes it evident that the former are always dlightly
higher than the latter (theoretical ratios. PVDF — C/F = 1; [C4MIM]PFs — C/F = 1.33,
C/P =8, CIN = 4, [CsMIM]PFs — C/F = 2, C/P = 12, C/N = 6, [C10MIM]BF, — C/F =
35, C/B=14,CIN =7).

When we compare the carbon 1s core level spectra (C 1s) obtained for the different
samples (see Figure 3.2), it is clear that the spectra of the PVDF support is different
from those of the ionic liquids. In fact, athough two different peaks with different
binding energies are observed for all samples, these peaks are bigger and with larger
differences in the binding energies for the PVDF support. The two peaks observed for
the PVDF support can be ascribed to the —CF,— bond (peak with the higher binding
energy, 291.2 eV) and to the —CH,— bond (peak with the lowest binding energy, 286.7
eV). This spectrum also shows a shoulder at 284.8 eV, which can be assigned to the
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presence of adventitious carbon (atmospheric contamination). The fact that the obtained
C/F, C/IP, C/N and C/B ratios are always dlightly higher than the theoretical ones can
therefore be ascribed to external atmospheric contamination. In the spectra of the ionic

liquids, the differences in the relative contributions of the two peaks seem to be
dependent on the length of the RTILS akyls chain.

18000

® PVDF support
m [C,MIM]PF,
Nt o [CgMIM]PRy
I o [C,MIM]BF,

..
12000 T o 1 ° °

Intensity (a.u.)

293 291 289 287 285 283

Binding Energy (eV)

Figure 3.2 — Cls core level spectra, obtained by X-ray photoelectron spectroscopy, for
the ionic liquids [C4MIM]PFe, [CsMIM]PFs and [C1oMIM]BF4 and for the PVDF
supporting membrane.

The N/P, F/P and F/N ratios obtained for the [C,MIM]PFs (n=4, 8) ionic liquids show
good agreement with the theoretical ones (N/P=2, F/P=6 and F/N=3, for both ionic
liquids). In the case of [C1oMIM]BF,, the N/B, F/B and F/N ratios are also very close to
the theoretical ones (N/B=2, F/B=4 and F/N=2).

Since the PV DF supporting membrane contains neither nitrogen, phosphorus nor boron,
the ratio N/P and N/B is characteristic of the ionic liquid and can therefore be used as a
tool for assessing the presence of ionic liquid on the membrane surface. Additionaly,

the C 1s spectra can also provide clear information about the covering of the membrane
surface with ionic liquid.
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XPS analyses of the supported ionic liquid membranes were carried out immediately
after their preparation (SLM), and after one week’s immersion in de-ionised water
(SLMU). The results obtained are presented in Table 3.2.

Table 3.2 — Surface composition by XPS analysis of the SLMs with the ionic liquids
[C4MIM]PFg, [CsMIM]PFs and [C1oMIM]BF4, immediately after preparation (SLM)
and after one week in de-ionised water (SLMU) (theoretical ratios between brackets).

Sample %C %F %N %P C/F N/P F/P F/N C/P CIN

SLMwith 553 1381 474 308 4 1542 4486) 291(3) 17.95 1167
[C.MIM]PF,

SLMwith 5739 1035 368 247 545 149(2) 4.26(6) 2.86(3) 2323 15.60
[CsMIM]PFs

SLMUwith 6045 2649 390 211 228 1852) 1255 679 2863 1550
[CsMIM]PF;

Sample %C %F %N %B C/F N/B F/B F/N CB CIN

SLMwith 5903 952 378 257 620 147(2) 370(4) 252(2) 2297 1562
[C.oMIM]BF,

SLMUwith 5742 3539 235 114 162 206(2) 3104 1506 5037 24.43
[C1oMIM]BF,

Similarly to that which had been observed for the PVDF supporting membrane and the
ionic liquids, a small percentage of oxygen was present in all samples. Silicon was also
detected in al samples and is probably due to some chemical contamination of the SLM
surface caused by its contact with the glass Petri dish during preparation. The lower
silicon percentages observed in the SLMU samples are most likely due to a partial

leaching from the membrane surface.

If we compare the results obtained for the PVDF supporting membrane with those
obtained for the supported liquid membrane immediately after preparation (SLM), it
becomes evident that ionic liquid is present on the membrane surface. In fact, nitrogen
and phosphorus (or boron in the case of the [C1oMIM]BF4 ionic liquid), which were not
present on the PV DF support, are now detected in the SLM and their ratio (N/P or N/B)
is clearly within the same range as that obtained for the pure ionic liquids. Additionaly,
the ratios F/N and F/P (or F/B in the case of [C10MIM]BF,) are adso of the same range
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of magnitude as the theoretical ones for the pure ionic liquids ([C,MIM]PFe: F/N=3,
F/P=6; [C1oMIM]BF4: FIN=2, F/B=4). Bearing in mind that the PVDF supporting
membrane aso contains fluorine, the fact that the above- mentioned ratios are similar to
the theoretical ones for the pure ionic liquid indicates that most probably only fluorine
from the ionic liquid is being detected by XPS. Additionally, and taking into account
that XPS is a surface technique where only a small layer of 30-50 A is considered in the
measurements, these results not only confirm the presence of ionic liquid on the
membrane, but also strongly suggest that the entire membrane surface is covered with a

layer of ionic liquid.

After keeping the supported liquid membranes with [CsMIM]PFs and [C10MIM]BF4 in
de-ionised water for one week (SLMU), athough the N/P (N/B for [C10MIM]BF,) ratio
remained unaltered, there is an increase in both the F/N and the F/P (F/B for
[C10MIM]BF,) ratios. For each ionic liquid, this increase is similar for both ratios, e.g.
for [CsMIM]PFgs: FIN(SLMU) = 2.4 x F/N(SLM) and F/P(SLMU) = 2.9 x F/P(SLM).

These results suggest that part of the ionic liquid layer present on the membrane surface
is rinsed during contact with the aqueous solution. The rinsing of the membrane surface
leads to an increase in the content of fluorine measured (increase on the F/N, F/P and
F/B ratios) because, in this situation, the XPS probe can aready perceive both fluorine
contributions to the total content: from the ionic liquid and from the PVDF supporting
membrane. Moreover, the fact that the RTIL characteristic ratio N/P (N/B for
[C10MIM]BF,) remains unaltered indicates that there is till ionic liquid retained in the

membrane.

It should also be noted that the increase in the F/N, F/P and F/B ratios is higher for
[C10MIM]BF, than for [CsMIM]PFs. This suggests that the rinsing of the membrane
surface is quicker for [C10MIM]BF4, which is, among the RTILs studied, that with the
highest miscibility with water (see Chapter 2) [15].

Additionally, we can compare the C 1s spectra for the PVDF support with those
obtained for [CsMIM]PFs and for the SLM with [CsMIM]PFs, before and after
operation (SLM and SLMU, respectively) (see Figure 3.3).
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Figure 3.3 — C1s core level spectra obtained by Xray photoelectron spectroscopy for
the ionic liquid [CsMIM]PFs, the PVDF supporting membrane and the SLM with
[CsMIM]PFs immediately after preparation (SLM) and after one week in de-ionised
water (SLMU).

As can be observed in Figure 3.3, the C 1s spectra of the SLM with [CsMIM]PFg
presents the same two peaks as those of the ionic liquid, confirming that, after
preparation, the entire membrane surface is covered with ionic liquid. However, after
one week in water (SLMU), a peak at high binding energy ( 291.2 €V) is aso detected.
This peak is smilar to that of the — CF,— bond of the PVDF support, and constitutes
another clear indication that, after operation, part of the ionic liquid is rinsed from the

membrane surface.

The results obtained by XPS studies agree with those obtained during the membrane
stability studies and corroborate the hypothesis that the increase in the ionic liquid
concentration detected in the aqueous phase (see Figure 3.1) is due to a partia rinsing of
the layer of excessionic liquid present on the membrane surface.

3.4. Conclusons
Dynamic stability studies were performed to evaluate the operational stability, under
usua working conditions, of a SLM with [CsMIM]PFe. The results obtained for each

operating condition tested showed an increase in the ionic liquid concentration with
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time until it reached a plateau. This value was successively lower in each consecutive
operation. From the comparison between the total amount of the ionic liquid retained by
the membrane after preparation with thet dissolved in the contacting aqueous phases
after the three consecutive experiments, it was possible to conclude that 60% of the total
immobilised ionic liquid remains in the membrane, even after the faster recirculation
conditions were applied. The observed behaviour suggested that the ionic liquid
detected in the contacting agueous phases was due to the rinsing of the excess ionic
liquid present on the membrane surface, and not to ionic liquid displacement from the

membrane pores.

Additionally, X-ray photoelectron spectroscopy was used to evauate the surface
chemical composition of supported ionic liquid membranes. The comparison of the
results for the PV DF supporting membrane and the ionic liquids with those obtained for
the SLMs immediately after preparation clearly showed that the entire membrane

surface of the SLMs is covered with alayer of ionic liquid.

XPS analysis of the SLMs after one week’s immersion in de-ionised water showed that,
although there was an increase in the F/N, F/P and F/B raios, ionic liquid was still
retained in the membrane (constant N/P, N/B ratios). Bearing in the mind that the PVDF
support also contains fluorine, this increase might be attributable to the fact that, after
operation, a partia rinsing of the membrane surface occurred and the XPS probe could
perceive both fluorine contributions to the total content (ionic liquid and PVDF

support).

In conclusion, the obtained results show that during an initial period of utilisation, there
is a partial rinsing of the excess ionic liquid present on the membrane surface, but that
there is no ionic liquid displacement from the membrane pores, and the SLMS' integrity
and operational stability is not affected.
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4.10NIC L1QUID M EMBRANES: THE INFLUENCE OF WATER ON SOLUTE TRANSPORT

4.1. Introduction

The use of supported liqguid membranes (SLMs) in the recovery of fermentation
products, the removal of contaminants from industrial effluents and the recovery of
metal ions from agueous solutions has been the subject of many studies over the years
[1-5]. However, their industrial relevance is still limited mainly due to concerns about
SLM stability and long-term performance [6]. A possible approach to minimise
instability problems is the adequate design of both the supporting membrane and the

contacting phases.

Room temperature ionic liquids (RTILS) are air and water stable salts, composed of an
organic cation and either an organic or an inorganic anion. Because they are air and
water stable and are able to lvate a variety of organic and inorganic species, ionic
liguids are emerging as dternative green solvents, namely as reaction media for
synthesis, catalysis and biocatalysis [7-9]. In addition, their nonmeasurable vapour
pressure, combined with their relatively high viscosity and reduced solubility with
various solvents including water has made their use as organic phase in SLMs very
attractive [10-12].

Water has non-negligible solubility in room temperature ionic liquids, despite the fact
that the latter may be water immiscible. This prompted us to study the potential role that
water may play on the mechanism of solute transport between aqueous phases, when
separated by a supported liqguid membrane with ionic liquids. Consequently, the
comprehension of the mechanisms involved on the solubilisation and transport of water
through supported liquid membranes with RTILs and the effect of water on the transport
of small water-soluble ions has been the core of our recent work [13], as discussed in
Chapter 2 of this thesis.

Transport experiments with tritiated water (T>0) using two different SLMs, one with 1-
n-butyl-3-methylimidazolium hexafluorophosphate ([C4sMIM]PFs) and the other with 1-
n-octyl-3-methylimidazolium hexafluorophosphate ([CsMIM]PFs), showed that, after
an initial lag phase, the transport rate of T,O was the same for both SLMs. This result
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was quite surprising considering that [CgMIM]PFe is about 2.4 times more viscous than
[C4MIM]PFs. The lag phase observed, where no water transport occurs, was longer for
the ionic liquid in which water had lower solubility [CsMIM]PFe. This behaviour was
also observed in bulk liquid membranes; after an initial lag phase (once again, longer
for [CgsMIM]PFg than for [C4MIM]PFe) the transport rate of T,O was also found to be
smilar in both ionic liquids. Moreover, transport of T,O started only when the water
concentration inside the RTIL reached about 75% of its solubility limit. Additiona
experiments using small water-soluble ions with low affinity towards the RTILs showed
that, despite this low affinity, these ions were transported through the SLM and the
transport profiles obtained were similar to the ones observed for T>O.

These experiments highlighted the determinant role played by water, solubilised inside
the ionic liquids, in the transport mechanism. In fact, the transport mechanism of water
and small ions through liquid membranes (either BLM or SLM) with [C,MIM]PFe
RTILs was found to be regulated by the mobility of water microenvironments inside the
RTIL, rather than by molecular diffusion through the bulk of the ionic liquid. The lag
time observed in all the experiments where no transport occurred was attributed to the
time needed to reach a critica water concentration inside the RTIL, which was

necessary for these water microenvironments to build up.

Additional experiments have shown, however, that for larger zwitterionic molecules
such as thymol blue the affinity of the ionic liquid towards the solute appeared to
regulate solute transport. This result suggested that, for larger molecules, the
mechanism of transport was different from that observed for water and small ions. This,
in turn, suggested that supported ionic liquid membranes might be used to separate

larger zwitterionic species.

In this Chapter, amino acids were chosen as case-study solutes and the role played by
water microenvironments in their mechanism of transport was evauated. The
assessment of the transport mechanism of amino acid derivatives with potentially
different affinities towards the RTILs was dso of interest. As the liquid-liquid
extraction of amino acids by RTILs is potentially lower than that of amino acid esters,
and given the fact that the latter are more hydrophobic due to the substitution of the
acidic proton of amino acids by an alkyl group, amino acid esters were also selected for
study.
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Bearing in mind that there is not a straightforward relation between extraction
equilibrium and transport, and that a favourable partitioning may not necessarily lead to
a high transport rate, both extraction and transport experiments with amino acids and
amino acid esters were conducted.

42. Materialsand Methods
42.1. Materials

The amino acids used in this study were (L) - phenylaanine — 99% (Merck, Germany),
(L) - phenylglycine — 98% (Aldrich, USA) and (L) - tryptophan— 99% (Sigma, USA).
Depending on the pH of the solution, these amino acids can have three different forms:
acidic A"), zwitterionic (A*") and basic (A). The acidic forms of phenylalanine,
phenylglycine and tryptophan (Phe®, Phg", Trp") were prepared by dissolving the
appropriate amount of the amino acid in hydrochloric acid 0.1 M. The basic forms
(Phe’, Phg, Trp)) were prepared by dissolving the appropriate amount of the amino acid
ina0.15 M NaHPO, solution at pH 12 (pH ajusted with NaOH). The zwitterionic
forms of phenylalanine and tryptophan (Phe*” and Trp*") were prepared by dissolving
the amino acid in a0.2 M phosphate buffer at pH 6.

The amino acid esters used in this study were (L) - phenylalanine methyl ester
hydrochloride — 98% (Aldrich, USA), (9)-(+)-2-phenylglycine methyl ester
hydrochloride — 97% (Aldrich, USA) and (L) - proline benzyl ester hydrochloride —
98% (Aldrich, USA). All ester solutions were prepared in a 0.2 M phosphate buffer at
pH 7, in order to reduce the acidic character of the hydrochloride esters and to maintain

the esters in a protonated form.

The room temperature ionic liquid used in this study, 1-n-octyl-3-methylimidazolium
hexafluorophosphate ([CsMIM]PFg), was prepared following reported procedures [14].
The synthesised RTIL was dried under vacuum at 40°C for 48h prior to use and its
initial water content was determined by Karl-Fisher analysis. The spectral data (*H and
13C NMR) obtained for the [CsMIM]PFs was identical to those reported in the literature
[14]. The ionic liquid was stored in a closed vessel and kept under vacuum in a
desiccator prior to use. The solubility of water in [CsMIM]PFs and the solubility of
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[CsMIM]PFg in water, were measured as described in Chapter 2 and the values obtained
were: 15.73 g Water/| RTIL and 2.25 qu”_llwater.

A hydrophilic polyvinylidene fluoride membrane (FP-Vericel, Pal Gelman Laboratory,

USA) was used. The membrane nominal pore size and thickness were ,=0.2 nm and

[=123 mm, respectively.

4.2.2. Extraction Studies

The partitioning of the different forms of phenylalanine (Phe*, Phe” and Phe™),
tryptophan (Trp’, Trp*"), phenylalanine methyl ester (e-phe), phenylglycine methy! ester
(e-phg) and proline benzyl ester (e-pro) towards the [CgMIM]PFs was investigated. Two
ml of ionic liquid were mixed with two ml of each phenylalanine and tryptophan
solution (20 mM Phe*, Phe’, Phe™”, Trp and Trp™).

Extraction equilibrium isotherms for phenylalanine methyl ester (e-phe), phenylglycine
methyl ester (e-phg) and proline benzyl ester (e-pro) were determined by bringing 2 ml
of the buffer solution containing the amino acid ester into contact with 1 ml of ionic
liquid. The initial ester concentrations used were 20, 10, 5 and 2 mM. The mixtures
were placed in closed vessels and stirred at 300 rpm at ambient temperature (23 = 1°C)
until reaching equilibrium (at least 48h). After this period, the mixture was centrifuged
for 20 minutes at 8000 rpm to ensure better phase separation. Both phases were
collected and the concentration of solutes in the aqueous phase was measured by UV-
VIS spectrophotometry, as described in 4.2.4. The partition coefficient (P) of each

solute between the ionic liquid and the corresponding aqueous phase was calculated as:

P= C—'L , Where C L and C 4 are the equilibrium solute molar concentrations in the
aq

ionic liquid and in the agueous phase, respectively.

4.2.3. Transport Studies

Transport studies of the amino acids and amino acid esters described above were carried
out using two different configurations: supported liquid membrane (SLM) and bulk

liquid membrane (BLM).
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4.2.3.1. Supported Liquid Membrane preparation

The supported liquid membranes were prepared as described in section 2.2.2.

4.2.3.2. Supported Liquid Membrane configuration

The studies with supported liquid membranes (SLM) were performed using a glass
diffusion cell with two independent compartments of 160 ml each separated by the
SLM. Both compartments were magnetically stirred at 300 rpm. The effective
membrane area was 12.56 cnt. The experimental set-up used was the same as the one
described previously in Chapter 2 (see Figure 2.2).

The transport of the zwitterionic form of phenylalanine (Phe™"), phenylalanine methyl
ester (e-phe), phenylglycine methyl ester (e-phg) and proline benzyl ester (e-pro)
through the SLM was evaluated. In each experiment, the initial solute concentration in
the feed phase was 20 mM; de-ionised water was used as receiving phase in al cases.
The solute concentration in the aqueous phases was monitored by sampling 2 ml of each
phase at regular intervals, during at least 70 hours.

In asecond set of experiments, the transport of the above- mentioned solutes through the
SLM was again evaluated. In this case, two consecutive 24h runs (identified as first run
and second run) were carried out. Fresh de-ionised water and amino acid or amino acid
esters solutions (20 mM) were used, as receiving and feed phase, respectively, in the
beginning of each run. A new SLM was used in the first run and re-used in the second
run. Samples with a volume of 2 ml were taken from both feed and receiving

compartments to monitor the solute concentration.

4.2.3.3. Bulk Liquid Membrane configuration

In an initial set of experiments, the transport of the zwitterionic form of phenylalanine
and tryptophan (Phe™", Trp*") and the anionic form of phenylglycine (Phg) through a
[CsMIM]PFg liquid membrane was investigated. A Ushaped tube with 1.5 cm inner
diameter was utilized. Equal volumes (3 ml) of each phase: feed, receiving and ionic
liquid, were used. In each experiment, the initial concentration of the solute in the feed
phase was 20 mM. De-ionised water was used as a recelving solution. To promote

phase stirring, the U-tube was kept in an ultra-sound bath (Sonorex RK 106S, Bandelin

71



Chapter 4

Schalltec, Germany). Samples with 1 ml were taken at regular time intervals and
returned to the U-tube after the UV absorption measurements to avoid a drastic
reduction in volume. As a result, it was only possible to monitor the concentration of
solutes in the receiving phase, because the concentration in the feed phase was above

the calibration range.

In order to sample al phases — feed, receiving and ionic liquid — a new U-shaped tube

was designed. The experimental set-up is depicted in Figure 4.1.

Feed Pliagse —— #4—— Hecerwving Phase

- Sarapling point
ra— (1 T i e

]

Figure 4.1 — Experimental set-up for the transport studies in bulk liquid membrane.

The volume of each agueous phase was 8 ml and the volume of the ionic liquid phase
was 12 ml; the contact area between the agueous phase and the ionic liquid phase was
1.13cn? and the mean distance between the two agueous phases was 85 cm. A
magnetic stirrer was used to homogenize the ionic Iquid. Feed, stripping and ionic
liquid samples were taken at regular intervals to monitor the solutes concentration in
the agueous phases as well as the water content of the ionic liquid. The solute
concentration in the ionic liquid phase was determined by mass balance, taking into
account the volume reduction over time together with the amount of solute removed in

each sample.

The transport of phenylglycine methyl ester (e-phg) and proline benzyl ester (e-pro)
through the [CsMIM]PFs liquid membrane was investigated, using the U shaped tube
described above. In both experiments, the initial concentration of solute in the feed side

was 20 mM; a 0.2 M phosphate buffer solution a pH 7 was used as a receiving phase.
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4.2.4. Analytical Methods

The concentration of the amino acids and amino acid esters used in this study was
measured by UV-visible spectrophotometry using a ThermoSpectronic UV-visible
recording spectrophotometer Hel ios a). A calibration curve was prepared for the
different amino acids forms (Phe*, Phe”, Phe™", Phg, Trp and Trp*") and for each ester,
at their maximum absorbance wavelength (257 nm). Since it was observed that the ionic
liquid solubilised in the agueous phases also absorbs at the selected wavelength (257
nm), additional measurements were aways performed at 280 nm. In this way, knowing
the values for the ionic liquid molar absorptivity at 257 nm and 280 nm, it was possible

to subtract the ionic liquid contribution from the total absorbance measured.

The water content of the ionic liquid was monitored using an Aquapal GRS200, Karl-
Fisher titrator. Triplicate measurements were performed for each sample with results
agreeing to within 5%.

4.25. Calculation Methods

The fitting of the experimental values to calculate the desired parameters was carried
out using the software package Scientist™™, from Micromath®. The errors associated

with the determined parameters were calculated within a confidence interval of 95%.

4.3. Reaultsand Discussion
4.3.1. Extraction Studieswith amino acids

As a first step, liquid-liquid extraction studies with [CsMIM]PFs were carried out to
evaluate the potential of using SLMs with ionic liquids in the separation of amino acids
from agueous solutions. The (L) isomers of phenylalanine, phenylglycine and
tryptophan were used as case studies. These amino acids have a wide range of
applications, namely in the synthesis of sweeteners, intravenous solutions, infusions and

as antioxidants [15].

The selected amino acids can have three different forms: basic (A), zwitterionic (A*)
and acidic (A"), depending on the pH of the solution. The pK4 values and the molecular

structure of each form of the amino acids used in this study are presented in Table 4.1.
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Table 4.1 — lonization constants and molecular structure of the different forms of
tryptophan, phenylalanine and phenylglycine [16-17].

Amino acid A A" A PKa  pKa
CH; cn-H:/ CH,— CH{// CH, CH{4
ILIHa N\ OH NH3 NO NHZ \O
Tryptophan 9.44
NH NH NH
+° 7
o O o ot B C/ CHz CH- C/o 258 924
Phenylalanine e NHe NH:
/° s

CH C
| iy O | @M Y 1nm 900
Phenylglycine water insoluble ' '

Using the chemica equilibrium equations and the ionization constants for each amino
acid, the relative percentage of each form can be calculated as a function of the pH.
Therefore, if the experiments are conducted in a pH region where a given form is clearly
predominant, it is possible to study independently the partition and transport behaviour
of that specific form.

In afirst set of experiments, the partition of these three phenylalanine forms (Phe”, Phe’
and Phe™") towards the ionic liquid [CsMIM]PFs was investigated. These studies
showed that, regardiess of the amino acid form, the extraction yield is negligible,
meaning that phenylalanine does not partition to the ionic liquid. When the extraction
experiments were repeated, using tryptophan (Trp”" and Trp), similar results were
obtained. Moreover, there was no observable charge effect and none of the amino acids
used, whatever their charge, was extracted to the ionic liquid phese.

Similar results were observed for transport through a bulk liquid membrane, where the
trangport of the zwitterionic forms of phenylalanine and tryptophan and of the basic
form of phenylglycine (Phe™”, Trp*" and Phg) was investigated. In fact, after 135 hours
of phase contact in an ultrasound bath, the concentration of phenylaanine in the
receiving phase was 0.09 mM, meaning that only 0.45 % of the amino acid had been
extracted. The amount of tryptophan extracted, after 44 hours was 0.28% and the
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amount of phenylglycine extracted, although higher (1.6 % after 120 hours), was still
relatively small.

The negligible extraction yields obtained may be attributed to the strong polar character
of amino acids and their higher affinity towards agueous environments, due to the
possibility of hydrogen bond formation between water and the carboxyl group of amino
acids. Huddleston and co-workers [18] reported that species with charged groups, or
strong hydrogen bonding moieties, have much lower partition coefficients toward

[ChMIM]PFg (n=4) ionic liquids, than similar neutral or apolar species.

4.3.2. Extraction Studieswith amino acid esters

The protonated amino acid esters used in this study were the methyl esters of
phenylalanine and phenylglycine and the benzyl ester of proline. Their molecular

structure is presented in Figure 4.2.

o o) o)
NS Y Y
c <\/| H,cH-c” cHc”
o) N+ | \OCH, | NOCH,
2 NH,* NH,*
Proline benzy! ester Phenylalanine methyl ester  Phenylglycine methyl ester

(e-pro) (e-phe) (e-phg)

Figure 4.2 — Molecular Structure of proline benzyl ester (e-pro), phenylalanine methyl
ester (e-phe) and phenylglycine methyl ester (e-phg).

An akyl group substitutes the acidic proton of the amino acids, thus hindering the
formation of hydrogen bonds with water and potentially favouring extraction towards
theionic liquid. Methyl, ethyl and benzyl amino acid esters are extensively employed in
the synthesis of peptides.

The results obtained from the extraction experiments using initial solute concentrations
ranging from O to 20 mM are presented in Figure 4.3.
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Figure 4.3 — Equilibrium concentrations of proline benzyl ester (e-pro), phenylalanine
methyl ester (e-phe) and phenylglycine methyl ester (e-phg) in the organic phase (C.*)
versus their equilibrium concentration in the agqueous phase (C5*).

The partition coefficient (P) of each solute, defined asP :% , was calculated by linear
aq

regression of the experimental results. The partition coefficients obtained were:
P e pro=9.84 (r*=0.990); P e phe=0.88 (r>=0.997) and P e phg=0.33 (r?>=0.993).

The partition coefficient of proline benzyl ester is more than one order of magnitude
higher than those obtained for phenylalanine and phenylglycine methyl esters. In
addition, between these, the methyl ester of phenylalanine has a partition coefficient 2.5
times higher than that of phenylglycine. In effect, the more hydrophobic the amino acid
ester is, the higher its partition coefficient towards the ionic liquid (hydrophobicity (e-
pro)> hydrophobicity (e-phe)> hydrophobicity (e-phg)).

The results obtained strongly suggest that the ionic liquid [CsMIM]PFs constitutes a
good selective extracting phase for the amino acid esters tested. Moreover, the fact that
the extraction yields of amino acids towards the IL ae negligible, compared with those
of amino acid esters, suggests a potentia for the application of ionic liquids in the

selective separation of amino acid esters from amino acids.
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4.3.3. Transport studiesin Supported Liquid Membrane

The transport of four solutes, with different affinities towards the ionic liquid (proline
benzyl ester — P = 9.84; phenylalanine methyl ester — P = 0.88; phenylglycine methyl
ester — P = 0.33 and the zwitterionic form of phenylalanine— P~ 0) through a SLM with
[CsMIM]PFs was evaluated. FP-Vericel was used as the supporting membrane in al
cases and the solute concentration in the agueous phases was monitored by sampling 2
ml of each phase at regular intervals for at least 70 hours (see Figure 4.4).

20 | 20
o
A ~~
15 !?—g: A‘ %15
$ | A =
fon b =
10 T 10
5 M [}
S o #
8 agl | T
5 5 “ i
Bepro 4Aephe * mepo Aaephe
oephg aPhe - % ephg APhe
0 f f f f 0 BE— f } } }
0 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 8 90 100
Operdiontime (h) Operaion time (h)

Figure 4.4 — Evolution of solute (e-pro, ephe, ephg, phe) concentration in the feed
([solute]s] and stripping ([solute] s) phases in supported liquid membranes.

As can be observed in Figure 4.4, al the solutes tested were transported through the

SLM and similar concentration profiles were obtained for each solute, regardless of its
affinity towards the ionic liquid.

The two agqueous environments, separated by the ionic liquid phase, ae identical and
the volume of both feed and stripping phases was maintained throughout the
experiments. Taking into account that the solute accumulation in the membrane is
negligible, the driving force for transport is the concentration difference between the
two compartments and the solute flux can be related to the change of solute

concentration with time in the feed and stripping solutions by the following differential
equation system:

-V Cf—Kc C 4.1
f__Edt_(f_s) 4.1)
_ VvV dc _ _
JS_An - =K(C, - C,) (4.2)
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where J is the solute flux, V is the volume, An is the membrane area, C is the solute
concentration and K is the overall mass transfer coefficient; the subscripts f and s refer

to the feed and stripping phases, respectively.

By fitting the experimental data (Cs and GCs versus time depicted in Figure 4.4) using
Equations (4.1) and (4.2), the overall mass transfer coefficient was calculated for each
solute tested. The values obtained are presented in Table 4.2.

Table 4.2 — Global mass transfer coefficients (K) for the different solutes tested,
obtained from the experimental data, using Equations (4.2) and (4.3).

Solute K (10° cms?) error (%)
Prolinebenzylester (e-pro) 3.94+0.08 5.00
Phenylalaninemethylester (e-phe) 3.62+0.08 221
Phenylglycinemethylester (e-phg) 3.70£0.11 2.97
Phenylalanine (Phe™") 4.00+ 0.22 5.00

As was anticipated from the experimental concentration profiles (eee Figure 4.4) the
mass transfer coefficients obtained are very similar for the different solutes. This result
was, however, quite surprising if we bear in mind that the partition coefficients, towards
the IL, are rather different (Pepro = 9.84, Pephe = 0.88, Pe.png= 0.33 and Ppne ™ 0). In fact,
taking into account the results obtained in the extraction studies, the SLM was expected
to be sdective for the different amino acid esters tested and no transport of
phenylalanine was likely to occur. Neither the SLMs absence of selectivity, nor the
transport of phenylalanine can be described in a straightforward manner by a transport
mechanism in which transport occurs through the bulk of the ionic liquid. Moreover,
and as observed in Chapter 2 the fact that similar results were obtained for T,0
transport in both supported liquid membranes and bulk liquid membranes rules out the
hypothesis of ionic liquid displacement from the membrane pores. Interestingly, the
results obtained can be explained if, as happens with water and small water-soluble
ions, the transport mechanism is mainly regulated by the mobility of water
microenvironments inside the RTIL, rather than the ionic liquid selectivity towards the
solute. In that case, and similarly to that which has been observed for water and small
ions [13] (see Chapter 2), two distinct transport regions should have been observed: an
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initial one, during which the build-up of water microenvironments occurs, and a second
region in which these microenvironments are already present.

The experiments with SLMs described above were carried out for as long as 100 h and
sampling was performed at regular intervals. As a result, the initial transport phase
(between 0 and 8 h) is not clearly perceived. To investigate whether it was possible to
distinguish the two transport regions mentioned above, a second set of experiments was
performed. In this case, two consecutive runs were carried out, using the same SLM
with a time-length of 24 hours each (identified as first run and second run). In the
beginning of each run, fresh solutions (Phe, e-pro, e-phe or e-phg) and de-ionised water

were used, as feed and receiving phase, respectively. The results obtained, for
phenylalanine, are depicted in Figure 4.5.
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Figure 4.5 — Evolution of phenylalanine concentration in the stripping phase of a
supported liquid membrane; closed symbols — 1% run, open symbols — 2" run.

The concentration profiles obtained in the two runs are very different. A lag time where
no transport occurs is observed when the membrane is utilised for the first time (1% run).
When the membrane is re-used (2" run), no lag time is observed and the transport of
phenylalanine starts immediately. The transport rate in the second run is similar to the
one observed in the second half of the first run (last 8 points) and aso to the one
observed in the longer experiment (see Figure 4.4). The mass transfer coefficients
obtained for these three situations are fairly similar: Ki%u, = 3.6 + 0.16 x 10° ams?,
K2"%un=4.63 £ 0.06 x 10° cms™ and Kong = 403+ 0.22 x 10° ams .
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This behaviour is consistent with the hypothesis that transport is mainly regulated by the
mobility of water microenvironments inside the RTIL. Phenylalanine does not partition
to the ionic liquid and, therefore, in an initiad period before the build up of water
microenvironments, no transport is observed through the RTIL. The transport of
phenylaanine observed in the final hours of the first run is due to the solute transport
through these water microenvironments rather than to molecular diffusion through the
RTIL. As was stated above, no lag time is observed in the second run. This behaviour
results from the fact that water microenvironments were already present in the SLM by
the end of the first run, thus creating the conditions for immediate phenylalanine

transport in the second run.

At this stage, the main question that arises is what happens with solutes, such as amino
acid esters, which present a meaningful partition towards the ionic liquid? Is there a
period, before formation of water microenvironments, where the SLM selectivity is
regulated by affinity partitioning towards the RTILS?

The results obtained for the three esters tested are depicted in Figure 4.6 and Figure 4.7,

for the first and second run, respectively.
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Figure 4.6 — Evolution of solute (e-pro, e-phe and e-phg) concentration in the stripping
phase of a supported liquid membrane — 1% run.
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Figure 4.7 — Evolution of solute (e-pro, e-phe and e-phg) concentration in the gripping
phase of a supported liquid membrane — 2" run.

The first observation is that, in the second run (see Figure 4.7) the concentration profiles
are similar for the three amino acid esters. The mass transfer coefficients obtained
(calculated using all points) are all in the same range (Kepro = 3.69 + 0.04 x 10°ams™,
Kephe = 3.22 £ 0.07 x 10° oms™® and Kephg = 2.97 £ 0.03 x 10™ ams'™) and comparable
to the ones aobtained in the initial longer experiments (see Table 4.2). This result was
anticipated taking into consideration that, in the second run, water microenvironments
are aready present in the SLM. In this case, the transport is mainly regulated by
diffusion through these water microenvironments rather than through the bulk of the
ionic liquid. Therefore, the potential SLM selectivity that arises from the solutes

different partition coefficients towards the RTIL is not observed.

In the first run (see Figure 4.6), on the contrary to that which happened with
phenylalanine, transport occurs from the very beginning, at different transport rates for
each solute tested. This difference is clearer during the first 2-3 hours, and becomes less
significant as the experiment proceeds. When the membrane was re-used (second run),

similar concentration profiles were obtained for the three esters.

The overal mass transfer coefficients calculated for the three esters during the initial
time interval (first 3 hours) differ significantly see Table 4.3). In this case, Equation
(4.2) was solved for the striping side, using the relation G = Cy-Cs, where G is the

initial concentration of solute in the feed side.

81



Chapter 4

Table 4.3 — Global mass transfer coefficients (K) for the different solutes tested,
obtained from the experimental data, using Equation (4.2) (1<t run- first 3 hours)

Solute K (10° omst) error (%)
Prolinebenzylester (e-pro) 1.94+ 0.07 3.61
Phenylalaninemethylester (e-phe) 0.83 £ 0.05 6.02
Phenylglycinemethylester (e-phg) 0.58 £ 0.02 3.45

The overall mass transfer coefficient obtained for proline benzyl ester is 2.3 times
higher than that obtained for ephe and 3.3 times higher than that of e-phg. This
behaviour is in qualitative agreement with the partition behaviour observed previously
(Pe-pro = 9.84, Pe.phe = 0.88 and Pephg = 0.33), on the contrary to what happened in the

second run and in the previously discussed longer experiments.

Thus, it is possible to conclude that, before the formation of water microenvironments,
transport is mainly regulated by the ionic liquid selectivity towards each solute.
However, aong the course of the experiment, a complete loss of selectivity is observed
and solute transport through water microenvironments inside the RTIL becomes the

main mechanism.

It has been suggested that emulsion formation, involving the organic phase immobilized
in the supporting membrane and the adjacent agueous solutions, might be resporsible
for SLM instability and loss of selectivity [19]. However, the possible formation of
water microenvironments inside the organic phase, and their effects on the SLM
stability and performance, had not yet been addressed.

Coelhoso et al. [20] proposed that dynamic water clusters able to move inside the liquid
membrane were responsible for sodium and chloride transport through liquid
membranes with quaternary ammonium salts (also an ionic liquid). In this work, the
formation of water microenvironments, inside the ionic liquid, is shown to be
responsible for the deterioration of the membrane’s performance, due not to a
displacement of ionic liquid from the porous structure of the membrane, but to a marked

loss of selectivity.
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4.3.4. Transport Studiesin Bulk Liquid Membrane

In the experiments with SLMs described above, the ionic liquid was immobilised inside
the membrane pores and, as a result, it was not possible to monitor the water content
inside the ionic liquid during operation. Moreover, the SLMs were so thin (123 mm) that
the formation of water microenvironments was a relatively fast process and the SLMs
quickly lost their selective character. To investigate the relation between solute transport
and the water concentration inside the RTIL, new experiments were carried out using
bulk liquid membranes (BLMs). Proline benzyl ester and phenylglycine methyl ester,
the amino acid esters with, respectively, the highest and the lowest partition coefficient

towards the ionic liquid were chosen as case studies. The results obtained are presented

inFigure 4.8 and Figure 4.9.
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Figure 4.8 — Evolution of proline benzyl ester (e-pro) concentration in the feed (O),

stripping @) and ionic liquid ¢ -) phases, and evolution of the water concentration
inside the ionic liquid (-D-), expressed as % saturation, in bulk liquid membrane.

The first observation is that extraction of the two esters by the ionic liquid is quite
different. In fact, during the first 200 hours, 70% of the proline benzyl ester is extracted
from the feed phase while, during the same period, only 10% of the phenylglycine
methy! ester is extracted (values calculated after correction due to sampling). The lower
extraction yield observed for phenylglycine methyl ester when compared to that of
proline benzyl ester, as well as the latter’s higher accumulation in the ionic liquid, are
consistent with the higher partition coefficient obtained for proline benzyl ester.

Moreover, during the same period (first 200h), the percentage of extracted solute
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recovered in the stripping phase is 3% for proline benzyl ester and 24% for the ester of

phenylglycine.
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Figure 4.9 — Evolution of phenylglycine methyl ester (e-phg) concentration in the feed
(), stripping (@) and ionic liquid (-~ -) phases, and evolution of the water concentration
inside the ionic liquid (-D-), expressed as % saturation, in bulk liquid membrane.

The evolution of the water saturation percentage (% sat = water concentration/water
solubility limit in the ionic liquid) during the course of the experiment is also depicted
in Figure 4.8 and Figure 4.9 for the two solutes tested. As expected, an increase of the
water content inside the ionic liquid is observed through time. Previous experiments
using tritiated water [13] (see Chapter 2) had shown that transport of T,O started only
when its concentration in the ionic iquid was above 75% of the solubility limit. This
value corresponded to a critical water concentration necessary for the build up of water

microenvironments inside the ionic liquid.

The water content of the ionic liquid increases three times faster in the phenylglycine
methyl ester experiment (100% water saturation reached after 200h) than in that using
ester of proline as the solute (100% water saturation reached after 670h). The dissimilar
behaviour may be related to a difference in the solute hydration shell. In fact, due to the
higher hydrophobicity of proline benzyl ester, fewer water molecules are expected to be
transported to the ionic liquid associated with the hydration shell of the amino acid
ester. This may account for the ower increase of the water content in the ionic liquid,

when the solute was proline benzyl ester.
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From the proline benzyl ester results, it can be observed that equilibrium is reached after
300 hours. In fact, between 300h and 800h, the solute concentration in the feed,
stripping and ionic liquid phases remains relatively constant and equal to 1.08 mM, 1.04
mM and 10.18 mM (average vaues), respectively. The average extraction and re-

. " . C .
extraction partition coefficients, calculated as P = C—'L where Cy is the solute

aq
concentration in the aqueous feed and stripping phases and C,_ is the solute
concentration in the ionic liquid phase, are equal to 9.43 and 9.80, respectively. These
values are quite close to the partition coefficient obtained for this solute during

equilibrium extraction experiments (P e.pro = 9.84).

These results seem to indicate that, during this period, transport is mainly regulated by
the solute partitioning to the ionic liquid. However, after 800 hours of operation, an
increase in the solute concentration in both stripping and feed phases and a decrease in
the solute concentration in the ionic liquid phase was observed. Simultaneoudly, at

around 700 hours, the water saturation percentage inside the ionic liquid reached 100%.

The results obtained clearly suggest that, after a certain time, the transport mechanism is
no longer regulated by the solute affinity towards the RTIL and the transport through
water microenvironments inside the RTIL becomes the dominant mechanism. This
behaviour is similar to that observed in SLMs. The longer time needed for this process
to occur in bulk liquid membrane (BLMs — 800 h, SLMs — 2-4 h) is due both to the
larger volume of ionic liquid used (BLMs— 12 ml, SLMs ™~ 0.16 ml) and to the longer
distance for solute transport between the two aqueous phases (8.5 cm in BLMs and 123
nmm in SLMs).

When the transport of phenylglycine methyl ester was investigated, similar behaviour
was observed. In fact, during the first 150 hours, there was an increase in the solute
concentration on the stripping side, a decrease in the concentration on the feed side and

~

partia solute accumulation in the ionic liquid (C;. = 1.5 mM). In this case, the low
transport rate observed was attributed to the solute’s low partition coefficient (Pepng =
0.33). After this initial period, the water concentration inside the ionic liquid reached
100%, and an accentuated decrease in the solute concentration inside the ionic liquid
together with an increase in the ester concentration in the stripping and feed phases was

observed. These results suggest that, similarly to that observed for proline benzyl ester
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and in the experiments with SLMs, after a certain time the transport is regulated by
diffusion through water microenvironments inside the RTIL, rather than by the affinity

of the solute towards the ionic liquid.

The mass transfer coefficients in the ionic liquid calculated for both solutes during the
initial period (0 to 670 h in the case of epro and 0to 230h in the case of ephg) are
presented in Table 4.4. In this case, accumulation in the organic phase is observed and

the equilibrium solute concentration in the feed and stripping phases is given by:
C;. :% and C. :%, where G_ is the concentration in the ionic liquid phase,

obtained from C; and Csby mass balance and P is the solute partition coefficient.

Table 4.4 — Globa mass transfer coefficients (K) for the two solutes tested, obtained
fromthe experimenta datain bulk liquid membrane.

Solute K (10° oms't) error (%)
Prolinebenzylester (e-pro) 1.17+0.11 9.40
Phenylglycinemethylester (e-phg) 0.13+0.02 13.95

As can be observed in Table 4.4, the overall mass tansfer coefficient obtained for
proline benzyl ester is nine times higher than that found for the ester of phenylglycine.
This behaviour is similar to that observed for SLMs (first run), and is in qualitative

agreement with the solutes’ partition behaviour (Pepro = 9.84 and Pe.png= 0.33).

4.4. Conclusons

Liquid-liquid extraction experiments using the room temperature ionic liquid
[CsMIM]PFg showed that this ionic liquid constitutes a good selective extracting phase
for the amino acid esters tested. Additiorally, the negligible extraction yields obtained
for amino acids suggested that [CsMIM]PFs might be used in liquid membranes asan
effective barrier for amino acids transport, a fact which suggests the potentia

application of RTILs in the selective separation of amino acid esters from amino acids.

However, when transport experiments were conducted with SLMs using the same ionic

liquid, a marked loss of selectivity was observed and, after a relatively short time (2-
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4h), all the compounds tested, either amino acids or amino acid esters, were transported
at similar rates. In fact, the obtained results have shown that, in an initia period,
transport is mainly regulated by the ionic liquid's selectivity towards each solute.
However, in the course of the experiment, water microenvironments are formed and
therefore transport through these microenvironments becomes the dominant mechanism.
Consequently, a complete loss of selectivity is observed. This behaviour is similar to
that observed for water and small ions [13] (see Chapter 2). The time-length of the
initial period will depend not only on the RTIL water saturation kinetics, but also on the
membrane (either SLM or BLM) diffusional path.

This work highlights the fact that when studying the performance and stability of
supported liquid membranes, two main possible effects should be considered:

a) the loss of organic phase from the supporting membrane to the adjacent aqueous
solutions by dissolution/emulsification; and

b) the formation of water microenvironments inside the organic phase, which constitute
new, non-selective environments for solute transport, leading to a deterioration of the

SLM performance and selectivity.
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Electrochemical Characterisation of Supported Liquid Membranes using lonic Liquids

5. ELECTROCHEMICAL CHARACTERISATION OF SUPPORTED |ONIC LI1QUID

M EMBRANES

5.1. Introduction

Room temperature ionic liquids (RTILS) are air and water stable salts, composed of an
organic cation and either an organic or an inorganic anion. In recent years, RTILS,
especialy those based upon the I-n-akyl-3-methylimidazolium cation, have been the
object of ever-growing research interest [1, 2]. Because they are able to solvate a variety
of organic and inorganic species, RTILs are emerging as alternative green solvents,
namely as reaction media for synthesis, catalysis and biocatalysis [3-5]. Additionally,
their non-measurable vapour pressure together with their reduced solubility with various
solvents, including water, has made their use as organic phase in supported liquid
membranes (SLMs) very attractive [6-8]. The non-measurable vapour pressure of the
RTILs, combined with their nonflammability, liquidity over a wide temperature range,
relatively broad electrochemical window, high ionic mobility and good electrical
conductivity [9, 10] have also prompted their wse as electrolyte solutions in fuel cells,

solar cells and capacitors [11-13].

Thiswork seeks to evaluate the potential utilisation of supported liquid membranes with
ionic liquids in electrochemica applicatiors. Therefore, SLMs with [C,MIM]PFs (n =
4, 8) and [C1oMIM]BF4 were prepared and characterized by electrochemica impedance
spectroscopy (1S). Impedance Spectroscopy is a non-destructive technique that allows
the determination of the electrical properties of a given system. This technique was
recently used to electrically characterize both a SLM obtained by immobilizing a
phenylphosphonate uranyl solution (UPP) in a porous commercial alumina membrane
support (Anopore), as well as activated membranes with different concentration of
carriers [14, 15]. In line with this approach, 1S was used in this Chapter to characterize
electrically the porous supporting membrane, the RTILs under study and the SLMSs,
using equivalent circuits as models. The comparison of the IS results obtained for the
support with those obtained for the SLMs provides useful information about electrical

changes associated with the presence of ionic liquid in the pores [14]. Moreover,
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impedance spectroscopy measurements alow the characterisation of membranes under

working conditions, thet is, in contact with saline solutions,

Bearing in mind that the water content of a given ionic liquid can drastically affect its
physicochemical properties (e.g. density and viscosity) [16-18], we started by
evaluating the effect of the water content on the electrical properties of the RTILs
tested. In turn, impedance spectroscopy measurements of the SLMs, placed between
two agueous solutions, were carried out at regular time intervas to understand the
impact of the presence of water inside the RTILs on the electrical properties of the
SLMs.

This approach is in line with the work presented in Chapters 2 and 4, which
concentrated on understanding the mechanisms involved in the solubilisation and
transport of water through supported ionic liquid membranes and their effect on the
transport of other water-soluble solutes [17, 19]. The results previously obtained
highlighted the determinant role played by water, solubilised inside the ionic liquids, in
the transport mechanism. In fact, the transport mechanism of water and small ions
through liquid membranes (either bulk liquid membranes or SLMs) with [C,MIM]PFg
RTILs was found to be regulated by the dynamics of water microenvironments inside
the RTIL, rather than by molecular diffusion through the bulk of the ionic liquid [17].
Experiments with larger solutes, such as amino acid and amino acid esters [19] showed
that transport was mainly regulated, in an initia period, by the ionic liquid’'s selectivity
towards each solute. However, in the course of the experiment, water
microenvironments were formed and transport through them became the dominant
mechanism, in asimilar way to that which had been observed for water and small water-
soluble solutes. As a result, the formation of water microenvironments inside the
organic phase, which constitutes a new non-selective environment for solute transport,
leads to a clear deterioration of the SLM performance and selectivity. It is, therefore,
essential to evaluate the impact of the formation and presence of these water
microenvironments in the SLMs' electrical profile in order to fully assess the potential
of usng supported ionic liquid membranes in electrochemical applications.
Additionally, the comparison of the SLM impedance results before and after its contact
with the surrounding aqueous solutions is also useful for verifying the presence of ionic

liquid in the pores, after operation.
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5.2. Theoretical Background

Impedance measurements were carried out by applying an alternating voltage, in awide
range of frequencies, to an electrochemical cell and by measuring the resulting electric

current. The voltage applied (v) is asine wave input, varying with time (t), defined as:
V(t) = Vo Sn (wt) (5.1

where V, is the maximum voltage intensity and w the angular frequency. The resulting

electric current (i) is also a sine wave with the shape:
it)=1losn(wt+f) (5.2

where |, is the maximum current intensity, w the angular frequency and f the phase
angle between the applied voltage and the current intensity. The electrica impedance,
Z(w), is defined as the ratio between the applied voltage and the resulting electric

_Vv(®)

current, Z(w) = E , and is expressed as:
[

ZW) =Z o + |Zing (5.3
where Zea is the real part of the electrical impedance and Zmg the imaginary one. The
analysis of the impedance experimental data obtained Z(w) can be carried out by the
complex plane Z* method, plotting the impedance imaginary part (-Zimg) Versus the real
part (Zeq) in adiagram called aNyquist plot.

If the system behaves like a parallel resistance-capacitor (RC) circuit, the impedance
has both resistive and capacitive components, and it is possible to fit the equation for
the parallel RC circuit to the impedance experimental data. In that case, the Nyquist plot
looks like a semicircle in the Z* plan, which intercepts the Zeg axisatRs (w? 8) and
R, (w ? 0). The resistance of the system R is given by (R, - Rs). The maximum of the
semicircleisequal to 0.5 x (R, - Rs) and occurs at frequency w = 1/R.C, where R is the
resistance, C the capacitance and the product (R.C) is the relaxation time [20].
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The resistance and capacitance can be used to electrically characterize a given material
or system. If the system is complex and involves two subsystems with different
dielectric properties, two different relaxation processes may appear in the Nyquist plot,
and the equivalent circuit for the entire system is a series association of two RC

elements, one for each sub-system [20].

5.3. Materialsand Methods
5.3.1. Materials

The room temperature ionic liquids (RTIL) used in this study, and prepared following
reported procedures [21-23], were:
1-n-butyl- 3- methylimidazolium hexafluorophosphate — [C4MIM]PFs,
1-n-octyl-3-methylimidazolium hexafluorophosphate — [CsMIM]PFs,
1-n-decyl-3-methylimidazolium tetrafluoroborate — [C10MIM]BF4.

All the RTILs synthesised were dried under vacuum at 40°C for 48 h prior to use and
their initial water content was determined by Karl-Fisher analysis. The spectral data (*H
and 13C NMR) were identical to those reported in the literature [21-23]. All ionic liquids
were stored in closed vessels, and kept under vacuum in a desiccator prior to use. The
solubility of water in the ionic liquids [C,MIM]PFe (n=4, 8) and [C10MIM]BF,4 and the
solubility of [C,MIM]PFs (n=4, 8) in water were measured as described in Chapter 2
The values measured were: 27.84 OQwaelljcamiviprs, 15.73  OQuater/lcsmimiprs, 84.61

Owate/l[ciomivBre,  19.2 g camimiprs/lwater @A 2.25 g camimiprs/hwater-

A hydrophilic polyvinylidene fluoride (PVDF) membrane (FP-Vericel, Pall Gelman
Laboratory, USA) was used as the supporting membrane. The membrane's nominal
pore size and thickness were Kr=0.2 nm and 1=123 nm, respectively. A hydrophobic
polyvinylidene fluoride membrane (GVHP-Durapore Millipore, USA, r, = 0.22 nm, | =
125 mm) and a non-porous Nafion membrane in the acid form (Nafion 117, Dupont,

USA, | =183 nm) were also used for comparison purposes.

All the supported liquid membranes (SLMs) were prepared as described in 2.2.2.
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5.3.2. Electrical Impedance Spectroscopy M easurements

The device utilised to perform the electrical impedance measurements of the ionic
liquids consisted of two glass half-cells separated by a membrane holder with a free area
of 0.65 cnt, and two platinum electrodes. When the electrical characterisation of the
ionic liquids was carried out, no membrane was placed in the membrane holder and
both half-cells were filled with ionic liquid.

A similar device was used for the electrical characterisation of the SLMs. However, in
this case, fixed silver/silver chloride reversible electrodes were used and the membrane
holder free area was 0.5 cnf. The SLMs were placed in the membrane holder before
each measurement and a2 mM sodium chloride (Riedel-de-Héen, Germany) electrolyte

solution was used in each compartment.

A computer-controlled frequency resporse analyser FRA (Solartron 1260) was
connected to the solutions in each half-cell by the corresponding electrodes. The
electrica impedance measurements were performed for 100 different frequencies,
ranging from 10 to 10’ Hz and using a maximum voltage of 0.01 V. The experimental
data were corrected by the software, taking into consideration the influence of
connecting cables and other parasite capacitances, in order to obtain the resistance (R)

and the capacitance (C) of the samples.

All measurements were performed at room temperature (23 £ 1°C). The effect of the
water content on the electrical properties of the ionic liquids [C4MIM]PFg, [CsMIM]PFg
and [C10MIM]BF,4 was also investigated at room temperature. Known masses of water
were added to the RTILs and, after stirring for sample homogenisation, impedance
measurements were performed. For confirmation, samples of the RTILs were taken for
analysis of the water content, which was carried out using a Aquapal GRS200 Karl-
Fisher titrator. Triplicate measuremerts were performed for each sample with results
agreeing to within 5%.

Following the initial SLMsS impedance measurements (immediately after placing them

in the membrane holder), the membranes were left in contact with the electrolyte

solution and further measurements were carried out at regular time intervals. Before
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each impedance measurement, the glass cell was emptied and filled with “fresh”

electrolyte solution.

5.4. Resultsand Discussion

In this work, we started by electrically characterizing the ionic liquids under study as
well as the effect of thelr water content on their electrical properties. Impedance
spectroscopy (1S) measurements of both the supporting membrane and the SLMs were
also performed in order to evaluate their electrical characteristics and the aterations in
the porous membrane support caused by the presence of ionic liquid in the membrane
pores. Afterwards the SLMs were left in contact with the surrounding aqueous solutions
and 1S measurements were performed at regular time intervals in order to assess any
possible changes in the SLMS' electrical behaviour due either to water uptake by the

SLM or to displacement of ionic liquid from the pores.

5.4.1. lonicLiquids

The system studied is Pt electrode/lonic Liquid/ Pt electrode. The Nyquist plot for the
ionic liquids [C4aMIM]PFg, [CsMIM]PFs and [C1oMIM]BF, is depicted in Figure 5.1. In

this case, only one relaxation process (one semicircle in the Nyquist plot) is observed.
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Figure 5.1 — Nyquist plot of theionic liquids [C,MIM]PFg(n = 4, 8) and [C10MIM]BF4.
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The electrical parameters under study, resistance and capacitance, were determined
from the impedance plots using a parallel resistance-capacitor (RC) circuit as a model

and their values are presented in Table 5.1.

Table 5.1 — Resistance and Capacitance values obtained for the ionic liquids
[C4MIM]PFs, [CsMIM]PFs and [C1oMIM]BF.

Sample Resistarce (kW) Capacitance (F)
[C4MIM]PFs 1.13 + 0.07 272+ 450x 102
[CsMIM]PFs 25.80 = 0.20 345+ 0.04 x 1012
[C10MIM]BF,4 11.28 + 0.17 7.01+0.20x 1012

The results clearly show that, of the three ionic liquids studied, [C4MIM]PFg displays
the lowest resistance and therefore the highest ionic conductivity. When the size of the
alkyl chain of the methylimidazolium ring is increased to [CsMIM], a large increase in
the resistance of the resulting ionic liquid ([CsMIM]PFs) is observed, meaning that the
latter RTIL presents a much lower ionic conductivity. These results are consistent with
the literature data for the ionic conductivity of PFg salts. Compton et al. [24] reported
that the [C4MIM]PFs salt has a conductivity 5.5 times higher than [CsMIM]PFs (1440
nSemt and 259 nBemt, respectively).

Viscosity (among other parameters, such as density, ion size and degree of dissociation)
has been reported to have an effect on the ionic liquids' conductivity [25]. Although it is
difficult to evaluate the precise contribution of each parameter, proportionality between
the conductivity and the inverse of the viscosity has been observed for several liquids at
a wide range of temperatures [25]. The highest electrica resistance obtained for
[CsMIM]PFs is in ageement with ts highest viscosity (570.8 mPas at 25°C) when
compared to the other RTILs (241.9 and 280.8 mPas at 25°C for [C4MIM]PFs and
[C10MIM]BF4, respectively) [17].

Although the BF,4 salts of a given methylimidazolium cation are less viscous than the
corresponding PFg ones, the size of the cation's alkyl chain is also reported to affect
viscosity [17]. The viscosity of the BF, sat studied in this work ([C10MIM]BF,) is
lower than that of [CsMIM]PFg, but higher than that of [C4MIM]PFs. The same relative

comparison is observed for the value of the electrical resistance of these ionic liquids.
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If we compare the capacitance values obtained for the three ionic liquids studied, the
following relation is observed: Cicamivpr™ Cicimimie> Ciamimprs. These results
suggest that, if the electrode/ionic liquid systems behave as plate plane capacitors,
[C4MIM]PFg should have the highest relative dielectric constant.

The water content of a given ionic liquid is reported to have a strong effect on its
physicochemical characteristics [16-18], namely on viscosity. Therefore, the effect of
the water content on the electrical properties of the ionic liquids tested was also

investigated at room temperature.

Resistance values, calculated from the Nyquist plot, as a function of the water
concentration inside the three ionic liquids are presented in Figure 5.2. The water
concentration inside each ionic liquid is presented as a water saturation percentage,

where % sat = water concentration/water solubility limit in the ionic liquid.
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Figure 5.2 — Resistance values of the ionic liquids [C,MIM]PFs(n = 4, 8) and
[C10MIM]BF,4 as afunction of the % of water saturation inside the ionic liquid.

Ascan be observed in Figure 5.2, there is a clear reduction in the resistance of the ionic
liquids tested with increasing water concentration. In the case of [C4MIM]PFs and
[C10MIM]BF4, when a certain water concentration is reached (higher than 85% and
13.2%, respectively), the cable related inductive effects clearly affect the measurements
and the system no longer behaves as a (RC) circuit. For this reason, these resistance

values could not be determined.
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The resistance of [CsMIM]PFgs with 14% water saturation, for example, is about 2.8
times higher than that of the same ionic liquid with 95% water saturation. In the case of
[C4MIM]PFg, @ 60% decrease in the resistance is observed when the percentage of water
saturation inside the ionic liquid increases from 12 to 80%. The decrease in the
resistance of the ionic liquids with increasing water content is even more significant in
the case of [C10MIM]BF,. In fact, a 9% increase in the water saturation leads to a 93%
decrease in the electrical resistance (from 11.28 kwWto 0.73 kW).

As mentioned above, there is a direct relation between the electrical resistance of a
given ionic liquid and its viscosity. Higher values of electrical resistance (lower
electrical conductivity) were measured for the more viscous ionic liquids. Alterations in
the viscosity of the ionic liquids [C,MIM]PFs (n = 4 and 8) with increasing water
content have been studied previously [17] (see Chapter 2). In this analysis, a decrease in
viscosity was found to occur for increasing water contents. This behaviour is similar to
that observed for the electrical resistance. In fact, if we plot the electrical resistance as a
function of the viscosity for similar water contents a linear relationship is obtained (see
Figure5.3).
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Figure 5.3 — Electrica resistance of the [C,MIM]PFs (n = 4 and 8) ionic liquids for a
given water content versus their apparent viscosity for the same water content.
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The experimenta linear relationship obtained can be derived from the combination of
the Stokes-Einstein equation for the diffusion coefficient of a Brownian particle
(Equation (5.4)) with the Nernst-Einstein law for the total conductivity of a melt
(Equation (5.5)). The Stokes-Einstein equation relates the diffusion coefficient, D, the
temperature, T, the viscosity of the medium, h, the Boltzmann constant, k, and the size

of the particle, r, by

D—kT

= (5.4)

where B is a numerical coefficient. According to the Nernst-Einstein law for the tota

conductivity of a melt:

s T=2T =A(,z%?D, +n,22¢° D, +..) (5.5)
r

where s is the conductivity, r the resistivity, T the temperature, A a numerical factor
and n, Ze and D stand for concentrations, charges and diffusion coefficients of the

constituting ions, respectively. Combining Equations (5.4) and (5.5) it follows that:

ET _kTA e’ an,Z;} N n,Z? .
r h B,, B,r,

(5.6)

Q-0

Since resistance (R) is proportional to resistivity (R = geometrical constant x r) it
follows that the resistance of a given ionic liquid should be directly proportional to its
viscosity, as is confirmed in Figure 5.3. Therefore, in the particular case of the
[CnMIM]PFes (n= 4 and 8) ionic liquids, it is possible, knowing the apparent viscosity
for a given water content, to calculate the electrical resistance of that ionic liquid with
the same water content (or vice versa). For [CsMIM]PFs: R(kW) = 0.049 h(mPas)-1.78
(r? = 0.99) and for [C4MIM]PFs: R(kW) = 0.005 h(mPas)+0.045 (r* = 0.99), at 25°C.

It is worth mentioning that Comptom et al. [24] aso observed an increase in the
electrical conductivity (and therefore a decrease in the electrical resistance), aswell as a
decrease in viscosity, when they added n-Bus"CIO4 or pyridine to the [C,MIM]PFs (n=
4 and 8) RTILs.
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5.4.2. Supported lonic Liquid Membranes

The supported liquid membranes were placed between two glass haf-cells, which were
filled with a 2 mM NaCl solution. The system studied was Ag/AgCI electrode/NaCl
solution (2 mM)/SLM/ NaCl solution (2 mM)/Ag/AgCl electrode.

Figure 5.4 shows the Nyquist plots obtained for: i) the hydrophilic PVDF supporting
membrane and the three SLMs tested; ii) the Nafion 117 membrane and the
[CsMIM]PFg ionic liquid immobilized in the hydrophobic PVDF support (SLM_H); and
iii) the PVDF hydrophobic support. In the latter case, the impedance measurements are

presented in kW (due to the difference in magnitude).
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Figure 5.4 — Nyquist plot of the hydrophilic PVDF supporting membrane, the supported
liquid membranes (SLMs) with [ChMIM]PFs (n = 4 and 8) and [C10MIM]BF,, the
hydrophobic PVDF supporting membrane, the supported liquid membrane with
[CsMIM]PFe (SLM_H) and the Nafion 117 membrane.

The first observation is that only one relaxation process is observed for the PVDF
supports and the SLMs. As aresult, it is not possible to distinguish the contribution of

the support from that of the electrolyte solution between the membrane and the
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electrodes, even in the case of the SLMs, athough the Nyquist plots are visibly different
from those obtained for the support.

Therefore, in this case, the electrical resistance corresponds to the membrane system
(Rms), which includes the contribution of both the membrane (either porous support or
SLM) and the electrolyte: Rns = Ry + Re. However, since the electrolyte used in all
measurements was the same (2 mM NaCl solution), the differences in the electrical
parameters of the membrane system (Rns and Cys) are due to aterations in the
membrane's characteristics (namely the immobilization of ionic liquid in the pores in
the case of the SLM) and may therefore be compared. The resistance and capacitance
of the membrane systems determined from the impedance plots, using a pardlel
resistance-capacitor (Rn<Cms) Circuit as model, are presented in Table 5.2.

Table 5.2 — Membrane system electrical resistance and capacitance values obtained for
the PVDF supporting membranes, the SLMs with [C/MIM]PFs (n = 4,8) and
[C1oMIM]BF; and the SLM obtained by immobilizing [CsMIM]PFgs in the PVDF
hydrophobic support (SLM_H).

Sample Resistance (kW) Capacitance (F)
Hydrophilic PV DF support 35.89+ 0.31 3.34+0.06x 10%
Hydrophobic PV DF support 9853 + 115 40.7 + 2.64x 1012
SLM with [CgMIM]PFg 14.36 + 0.14 3.39+0.07x 10*?
SLM with [C4MIM]PFs 10.76 + 0.18 335+ 0.14x 10*
SLM with [C10MIM]BF4 12.21+0.21 3.99+0.16x 10*2
SLM_H with[CgMIM]PFs 15.82 + 0.18 3.67+0.09x 10*?

There is a striking difference between the electrical resistance of the PV DF hydrophobic
support and that of al the other samples tested (SLMs and hydrophilic support). In fact,
the electrical resistance of the PVDF hydrophobic support is around 270 times higher
than that of the hydrophilic support. However, there is only a small difference in the
resistance values obtained for the SLM with [CsMIM]PFs and the SLM_H with
[CsMIM]PFs samples. This may be related to the greater difficulty of the NaCl aqueous
solution in filling in the pores of the hydrophobic PVDF matrix.

The decrease in the electrical resistance and thus, the increase in the conductivity

observed for the SLMs is related to the higher conductivity of the ionic liquids when
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compared to that of the NaCl electrolyte solution. In fact, when the hydrophilic PVDF
supporting membrane is placed between the two half-cells containing NaCl the
membrane pores are filled with this electrolyte solution and the resulting measured

resistance (and hence conductivity) is mainly due to the NaCl contribution

In the case of the supported liquid membranes (SLMs), the pores are filled with ionic
liquid with a conductivity higher than that of the NaCl 2 mM solution. Therefore, the
SLMs' conductivity is expected to be higher than that of the porous support, while the
SLMS resistance is lower than that of the supporting membrane, as can be observed in
Table5.2.

Additionally, when we compare the resistance of the different SLMs tested, the
following relative order is observed: Rs.m_H with [camimiprs~ RsLM with [asmiM]Pre > RsLm with
[cooMIM]BF2 > Rsim with [amimiprs. These results are in agreement with the resistance values
obtained for each ionic liquid “per s’ (see Table 5.2), as well as with their relative
conductivities (S): S [camimjprs™> S [ciomiMIBR > S [amiM]PFs (See 5.4.1). Furthermore, the
similarity between the resistance of both SLMs using [CsMIM]PFs, regardless of the
supporting membrane used, agrees with the above mentioned observations and strongly
suggests that the SLMs' electrical behavior is determined by the ionic liquid and not by

the nature of the supporting membrane.

However, it should be noted that, although the relative order of the SLMS' resistance is
in qualitative agreement with the resistance values obtained for each ionic liquid, the
latter have a much larger deviation. This can be ascribed to the fact that, in the case of
the SLMs, the ionic liquid is inside the membrane’s pores and its contribution to the
overall resistance is therefore lower; on the other hand, it is possible that other

interfacial processes might be involved.

As previoudy indicated, the reduction in the electrical resistance of the SLMs when
compared with the PV DF support was attributed to the ionic liquids' filling the pores of
the polymeric matrix. It should be noted, however, that, although ionic liquids are
globally neutral, they are composed of charged species (cations and anions) and
therefore the SLMs obtained by immobilizing each of the ionic liquids in a porous
PVDF support have a certain charge concentration. In this context, the comparison of

the electrical response of the SLMs with that of typically charged membranes should be
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of interest. Therefore, electrical measurements with a charged Nafion 117 were aso
performed (see Figure 5.4).

As can be observed in Figure 5.4, highly similar results were obtained for the SLMs and
the charged membrane (Nafion 117) for measurements carried out under similar
experimental conditions. This suggests that the presence of a certain charge density in
the membrane also contributes to the observed decrease in resistance when the ionic
liquid is immobilised in the pores of the supporting membrane. Moreover, these results
open the possibility of using SLMs with ionic liquids in devices with low resistance

requirements.

With respect to the capacitance, a comparison of the values obtained for the hydrophilic
PVDF support and the SLMs shows hardly any differences, while the significantly
higher value for the PVDF hydrophobic sample is attributable to the interfacia
differences associated with its hydrophobic character.

5.4.3. VariationintheSLMs electrical characteristics during operation

As mentioned previoudly, there is an increase in the water concentration solubilised
inside the RTILs during operation and the presence of water microenvironments
strongly hinders the SLM’s selectivity. In order to understand the impact of the
formation of water microenvironments on the SLMs' electrical properties, they were |eft
in contact with the aqueous electrolyte solution while impedance measurements were
carried out at regular time intervals. Additionally, the modification of the electrica

resistance of the SLMs when the pores are filled with ionic liquid makes it possible to
use this physical parameter to determine the presence/loss of ionic liquid from the pores
of the support. Thus, the comparison between the SLMsS electrical behaviour
immediately after preparation and after a certain time of operation can provide us with

valuable information concerning the SLMs' stability.

Previous experiments [26] (see Chapter 3) showed that, when the SLMs are in contact
with agueous solutions, a partial rinsing of the excess ionic liquid present on the
membrane surface was observed to occur. As a result, the ionic liquid rinsed from the
membrane surface dissolves into the adjacent electrolyte solutions, thus altering both

electrolyte concentration and conductivity. To avoid this effect, the glass cell was
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emptied and filled with *“fresh” electrolyte solution before each impedance

measurement.

The variation of the resistance values with time for the four SLMs tested was cal culated
from the Nyquist plots and is depicted in Figure 5.5. The results show that the electrical
resistance of the SLMs increases during operation time and that this increase is more

accentuated during the first 2 hours. Afterwards, the electrical resistance of the
supported liquid membranes reaches a plateau (21-23 kW).
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Figure 5.5 — Evolution of the SLMS' resistance during operation.

As previously discussed, there is a decrease in the electrical resistance of the ionic
liquids tested when their water content increases (see Figure 5.2). Therefore, the
formation of water microenvironments during operation time was expected to lead to a
decrease in the ionic liquids electrical resistance and, consequently, to a decrease in the
overall SLM electrical resistance. However, as Figure 5.5 clearly indicates, this does not
happen, suggesting that the formation of water microenvironments does not have an
impact on the electrical properties of the SLMs or at least that this impact is not
perceptible.

This may be explained by the rinsing of the excess of ionic liquid from the membrane
surface, according to that which was observed by X-ray photoelectron spectroscopy
studies [26] (see Chapter 3). The SLM surface rinsing causes a decrease in the quantity

of the total ionic liquid in the SLM and, as aresult, the ionic liquid’s contribution to the
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overall conductivity and electrical resistance diminishes. Since the ionic liquids used
have higher conductivities than those of the electrolyte, the decrease in the amount of
ionic liquid in the SLM is expected to reduce its conductivity, thus increasing its

electrical resistance.

The observed increase in the resistance of the SLMs means, neither that there is a
displacement of ionic liquid from the membrane pores nor a water/electrolyte
penetration in the porous structure of the membrane. If that were the case, the effect of
water penetration in the membrane pores would have to be different according to the
hydrophilicity/hydrophobicity of the membrane material, which does not happen. In
fact, regardless of the supporting membrane used, both SLMs with [CsMIM]PFs (SLM
and SLM_H) tend to a similar plateau.

The observation that, after the initial steeper increase, the electrical resistance of the
SLMs tends to reach the same approximate plateau value (21 KW for the SLMs with
[CMIM]PFg (n=4,8) and 23 kW for the SLM with [C10MIM]BF4) may be attributable
to the fact that the ionic liquid is inside the membrane pores and its contribution to the

overall resistance is, therefore, less important.

Additionally, one should mention the fact that the SLMs' electrical resistance remains
much lower (more than 1.5 times lower in the case of the hydrophilic support and
amost 500 times for the hydrophobic support) than the electrical resistance of the
supporting membrane. This constitutes clear evidence of the presence of ionic liquid
inside the pores of the different SLMs tested after operation.

5.5. Conclusions

Electrical impedance spectroscopy, a non-destructive technique, was used to electrically
characterize the room temperature ionic liquids [ChMIM]PFs (n=4,8) and [C10MIM]BF4
and the supported liquid membranes obtained by immobilizing these RTILs in a PVDF

supporting membrane.

All the ionic liquids tested exhibited relatively low electrical resistance values and the

following comparative order was observed: Ricsmimprs™ Riciomimisre™> Ricavimiprs.
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Additional measurements showed that there was a clear decrease in the RTILS

electrical resistance when their water content increased.

The comparison of the electrical resistance values obtained for the SLMs with those for
the supporting membrane showed that there is an obvious decrease in the electrical

resistance when the ionic liquid is immobilized in the pores of the support. This might
be attributable to the relatively high conductivity of the RTILs and to the increase in the

charge density of the membrane when the pores are filled with ionic liquid.

Bearing in mind that water uptake by the ionic liquids during operation time strongly
hinders the SLMs selectivity; the evaluation of the impact of the presence of water
microenvironments in the SLMs' electrical characteristics was carried out. The results
showed an increase in the supported ionic liquid membranes electrical resistance with
time until it reached a plateau. The fact that the plateau value remains much lower than
that of the supporting membrane is worthy of note. In fact, this observation can be taken
as a clear confirmation of the presence of ionic liquid inside the pores of the different
SLMs, which confirms the operational stability of the SLMs corroborating previous

observations.

In conclusion, athough the formation of water microenvironments inside the ionic
liquid strongly hinders the SLMs selectivity and performance, it does not seem to cause
a detrimental effect on their electrical characteristics. Additionally, the observation that
the electrical resistance vaues for the SLMs are comparable to those of a typicaly
charged membrane like Nafion 117 suggests the possibility of using supported ionic
liquid membranes in devices with low resistance requirements or in the design of new

tailor- made proton conducting membranes.
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Thiomersal Biodegradation by Pseudomonas putida

6. THIOMERSAL BIODEGRADATION BY Pseudomonas putida

6.1. Introduction

Thiomersal is atoxic organomercurial with a strong bactericide effect, which has been
used routinely as an additive to biological products and cosmetics since the 1930's. In
vaccine production, specificaly, thiomersal is the preservative most widely used to
maintain a sterile production line and to prevent bacterial growth in the cell culture,
media and/or in the final container [1]. In addition to its antimicrobia activity,
thiomersal also performs other functions affecting the vaccines antigenicity and
stability. Thiomersal (NaOOCCgHsSHgC,Hs) contains 49.6% mercury (w/w) and is
metabolised in the human body to thiosalycilic acid and ethylmercury (mainly excreted

in the faeces as inorganic mercury) [2, 3].

Mercury toxicity depends strongly on its oxidation state and uptake routes, as do its
symptoms. They can range from neural disorders (tremors, nausea, behaviourd
disturbances, etc), to damage to the kidneys or the cardiovascular system [4]. Metallic
mercury, for example, is extremely toxic when inhaled, as it enters the blood stream in
the lungs, is readily distributed throughout the body and is oxidised to Hg?* within the
cells. This last form of mercury is highly reactive and can bind to the amino acid
cysteine in proteins, thereby inactivating them [5]. Organomercurials are also an
important source of poisoning either via direct ingestion or through contaminated fish

consumption[6, 7].

The wastewaters that result from vaccine production processes are polluted with
thiomersal concentratiors ranging from 25 mg/I to 50 mg/l, well above the European
limit for mercury effluent discharges of 0.05 mgHg/l U 0.1 mg/l thiomersal [8]. Since
there is presently no remediation technology available for organomercurias, in most
cases, this wastewater is delivered to municipal waste treatment plants where the high

mercury content in the dried activated sludge prevents its disposal in the environment.

The more conventional processes for mercury removal involve physical and chemical
approaches such as the use of ion exchange columns (e.g. for HgChL removal) ; the use

of activated carbon adsorbents or the chemical precipitation of mercury compounds [9-
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11]. These processes are normally not selective, require additiona trestments or

regeneration, and the production of hazardous by-products is often possible.

Biologica methods for mercury removal are emerging as a potentia alternative
approach, as they may be more selective, efficient and cost effective. Bacteridl
resistance to mercury is widely observed in nature and among the four types of
enzymatic transformations mediated by microorganisms (methylation of Hg", oxidation
of Hg® to Hg?*, CH3sHg(l) demethylation and reduction of Hg?* to Hg” [12]) the latter is
the most frequently observed and studied. It was identified for the first time in the early
70's [13] and has been found to occur both in gram-negative and gram positive aerobic

bacteria from a variety of natural and clinical environments around the world.

The genetic basis of mercury resistance is encoded by an enzyme system (mer operon)
located either in plasmids or in transposable elements and has been intensively studied
for years [14-18]. The cellular machinery provides specific uptake proteins (merT, merP
and merC) thet transport Hg?* into the cytoplasm. Inside the cell, Hg?" is reduced with
NADPH;, to Hg by the enzyme mercuric reductase (merA). Complete detoxification is
obtained by diffusiona loss of Hg® from the cell. Some microbia mer operons also
contain the merB gene coding for an organomercuria lyase enzyme. These host bacteria
are termed broad spectrum mercury resistant and are able to detoxify both inorganic
mercury and organomercurial compounds (such as phenylmercuric acetate,
methylmercuric chloride and thiomersal). In broad-spectrum bacteria, the
organomercurial is cleaved to leave an organic moiety and a mercuric ion (subsequently
reduced by mer A) [19]. The transport of organomercurias into the cell may occur by a
different mechanism than that of inorganic mercury. Expression of the mer operon isan
inducible trait and its transcription is suppressed when no mercury is present in the

medium.

The fact that it is possible, using biological methods, to cleave the GHg bond and
reduce the ionic mercury to metallic mercury constitutes the major advantage of these

methods compared with conventional ones, as HgP can be recovered and re-utilised.

There are relatively few reports on the kinetics of mercury detoxification and their
application in the remediation of mercury-contaminated effluents [20-22]. Chang et al.

used a Pseudomonas aeruginosa strain for the detoxification of Hg?*. They observed
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that the culture survival, in the presence of Hg'*, depended strongly on the initial cell
concentration. A minima amount of cells was required to reduce mercury to sub-toxic
levels, before all the cells were killed. Additionally, they found that the specific mercury
detoxification rate could be correlated with the physiological state of the cells, being
higher for lag phese cells. This behaviour was attributed to the fact that to survive in a
mercury toxic environment, lag cells needed to dedicate most of their resources to
reducing the mercury concentration and started growing only thereafter. In chemostat
operation, they verified that P. aeruginosa (X ~ 0.5 g/l) was able to reduce the 6.15 mg/I
mercury inflow concentration to values below 0.5 mg Hg/l, with mercury detoxification
rates ranging from 1 to 1.94 mg Hg I'*h. They verified that higher detoxification rates
were obtained for fed-batch reactor operation with a mercury stepwise feeding.

Recently, mercury resistant bacteria have been successfully applied in the remediation
of H?" containing wastewaters [23-25]. Canstein et al. [23] started by using a pure
culture of P. putida spi3 grown on a porous carrier material (Siran beads) in laboratory
columns, to remediate model and real wastewaters from chlorakali factories
contaminated with Hg?* concentrations ranging from 1.6 to 7.6 mg Hg/l. They observed
that Hg?* was completely transformed to H’. The metallic mercury produced was
retained in the bioreactor; mercury retention efficiencies between 90-97% were
obtained. Wagner-Débler and co-workers [24, 25] further scaled up the process using a
700 | packed bed reactor, with 7 mercury resistant Pseudomonas strains immobilized on
the same carrier material. Neutralized chloralkali wastewater with mercury
concentrations ranging from 3-10 mg Hg/l was continuously fed to the bioreactor (D = 1
h! up to D = 1.7 hY). The metallic mercury produced was retained in the bioreactor
matrix and mercury retention efficiencies between 95 and 99% were obtained.
Additionally, the bioreactor efficiency was not affected by fluctuations in the

wastewater conductivity, pH or mercury concentration.

Specificaly in the case of thiomersal biodegradation little information is available.
Growthof Escherichia coli, Staphylococcus aureus and Pseudomonas strains (isolated
from different wastewater dudge) in thiomersal containing media have beenreported to
occur [26, 27], and recently, two Pseudomonas putida strains (a wild type (spi3) and a
genetically engineered one) have been demonstrated capable of transforming thiomersal
in volatile Hg® [28]. Figure 6.1 depicts the mechanism proposed for thiomersal
biodegradation based on what is known for the biodegradation of ethylmercury [29, 30].
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mercuric reductase

Figure 6.1 — Mechanism for thiomersal biodegradation.

The cleavage of the SHg bond in thiomersal is though to occur spontaneoudly in the
presence of sulphydryl groups (R-SH) [31]. Subsequently, organomercurial lyase
cleaves the carbon-mercury bond via a concerted Se2 mechanism yielding Hg?* and the
corresponding akane [29]. Ho?* is then further reduced to Hg® by mercuric reductase
[30]. In the case of methylmercury detoxification, methane formation was identified
[29].

This work studies the thiomersal biodegradation process and evaluates the potential of
using a Pseudomonas putida spi3 strain to remediate thiomersal contaminated vaccine
effluents. The kinetics of thiomersal degradation by P. putida spi3 was firstly
investigated in batch reactors. Subsequently a continuous stirred tank reactor (CSTR)
fed with the synthetic wastewater was operated and the bioreactor’'s performance and

robustness were evaluated when exposed to thiomersal shock loads.

In a second stage, the bioreactor was fed directly with real vaccine wastewater
contaminated with thiomersal and the cultures ability to grow in the effluent and

remediate it was evaluated for different conditions of the reactor’ operation.

6.2. Materialsand Methods
6.2.1. Bacterial Culture

The P. putida spi3 strain used in these studies was isolated from sediments taken from
the Spittelwasser River by the Molecular Microbia Ecology Group of GBF-
Braunschweig, Germany. The Spittelwasser River had been heavily polluted with
industrial wastewaters including mercury compounds until 1989. The P. putida spi 3
strain was isolated by directly plating sediment dilutions in Luria-Bertani agar plates

(LB) containing mercury chloride [23].

118



Thiomersal Biodegradation by Pseudomonas putida

The pure culture was maintained in NMS medium (see 6.2.2) agar plates with 1-2 mg/I
of thiomersal. For longer storage periods, the culture was kept in 50% (v/v) glycerol in
cryoscopy tubes at -80°C. The culture was revived by transferring the freeze-dried pellet
to sterilised NMS medium. The culture was grown at 30°C for 24h, after which was
transferred to NM S medium agar plates with 1-2 mg/I of thiomersal.

The reactor inocula were prepared by transferring a microbial colony from an NMS
medium agar plate to a 50 ml Falcon tube with M9 minimal medium (see 6.2.2)
supplemented with micronutrients, 1 mg/I thiomersal and 20 mM glucose (3.6 g/l). The
culture was grown at 30°C for 24h, after which a 10% (v/v) inoculum was transferred
again to a Falcon tube with M9 minimal medium supplemented with micronutrients, 20
mM glucose and 25 mg/l thiomersal. The culture was grown at 30°C for 24h, after

which a 10% (v/v) inoculum was transferred to the reactor.

6.2.2. CultureMedia

The composition of the NMS solid medium was the following:
Saccharose — 4 g/l, Yeast Extract — 2 g/l, NaCl — 10 g/l and Agar — 16 g/I. The pH was
adjusted to pH 7 with 1 M NaOH.

The composition of the minimal media— M9 — was the following:
NaHPO, — 3.7 g/l, KH,PO4— 3 g/l, NaCl -5 g/l, NH4Cl—1 g/l. The pH was adjusted to
pH 7 with 1 M NaOH.

The M9 minimal medium was supplemented with a solution of micronutrients (400 m
micronutrients to 1 | of medium) with the following composition:

MgCh.6H,0 — 7.23 g/l, CaCO3 — 1¢/l, ZnSO,.7H,0 — 0.72 g/l, MnSO4.H,0 — 0.42 g/,
CuSO4.5H,0 — 0.125 g/l, CoSO4.7H,O — 014 g/, MgSO4.7H,O — 0.06 g,
FeS0,4.7H,0 — 2.5 g/l and HsBO3 —0.01 g/l.

The synthetic thiomersal contaminated wastewater used both in continuous and batch
operations was the M9 minimal medium supplemented with micronutrients and
thiomersal. Glucose was used as carbon source. The glucose concentration used in the
batch and continuous studies is described in 6.2.3.1 and 6.2.3.2.
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The vaccine effluent used in the bioreactor during continuous operation studies was
kindly supplied by a multinational pharmaceutical company (Smith Kline Beecham).
Prior to operation, the wastewater was sterilized by utrafiltration using a hollow fibre
polysulfone membrane module with a molecular weight cut-off of 500 kDalton.
Preliminary experiments showed that there was a decrease in the biomass concentration
when no micronutrients were added to effluent, so the solution described above was
aways added. The thiomersal concentration in the vaccine effluent was measured
before each operation and was found to vary between 41.4 mg/l and 48.4 mg/l while the
total mercury concentration was found to vary between 20.7 mg/l and 24.2 mgl/l,
meaning that all mercury present in the vaccine wastewater is in the form of thiomersal.
The ammonia concentration in the vaccine effluent was measured before each operation
and was found to vary between 9.7 mg/l and 16.5 mg/l. When the system was operated
at adilution rate D = 0.03 h?, the effluent was also, initially, supplemented with NH4Cl.
The effluent was at pH 12 and the bioreactor pH was kept constant at pH 7 (by addition
of hydrochloric acid 0.5M). Glucose was used as carbon source. The inlet glucose
concentrations for the different conditions of reactor operation are presented in Table
6.1.

6.2.3. Reactor Set-up and Operation

The reactor used in both batch and continuous studies was a 3 | Braun Biostat MD
equipped with: awater jacket for temperature control, a pH controller, peristaltic pumps
for the addition of acid or base, a thermostatic water bath, temperature and irring
controller, oxygen controller and air pump. Oxygen was supplied by the air compressor
through a ceramic disperser introduced inside the reactor. The stirring rate, the
bioreactor temperature, pH and dissolved oxygen concentration were set at 150 rpm,

25°C, pH 7 and 5 mg O, /I (aeration with compressed air), respectively.

In al the experiments carried out a respirometer, through which the culture medium was
continuously recirculated, was coupled to the reactor. The dissolved oxygen (DO)
concentration in the respirometer was monitored using a dissolved oxygen probe (InPro
6800, Ingold/Mettler) connected to a DO meter (DO transmitter model 4100
Ingold/Mettler).
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The bioreactor off-gas line was connected to a trap filled with a H,SO4/KMnO, solution
to adsorb the metallic mercury present in the off- gas stream Additionally, al the system
was operated insde a fume hood (OR-ST 1800, Burdinola, Spain), equipped with a
filter for mercury vapour adsorptionin order to contain the system and prevent mercury

contamination of the laboratory environment.

6.2.3.1. Batch Reactor Operation

In the batch reactor operation, the Biostat MD described above was filled with 1.5 | of
M9 minimal medium and sterilised at 121°C for 20 min. Glucose was autoclaved
separately and enough was added to the reactor under sterile conditions to obtain an
initial glucose concentration of 3 g/l. The sterile concentrated micronutrient solution
described in 6.2.2 was also added to the bioreactor (initia proportion of 200 m
micronutrients to 1 | of medium). Thiomersal was added to the culture medium (in order
to reach an initial concentration of 25 mg/l) immediately before inoculation, and the
reactor was inoculated with 10% (v/v) inoculum of active P. putida spi3 microbial
culture. In order to study the microbial culture kinetics in the absence of thiomersal,
batch studies were also carried out in a manner similar to that described above, but in
which no thiomersal was added. Samples were taken under sterile conditions at regular
time intervals for optical density (OD) measurements and were then centrifuged for 10
minutes at 9000 rpm and 4°C. The concentrations of glucose, anmonia, thiomersal and

occasionally total mercury were measured in the supernatant as described in 6.2.4.

6.2.3.2. Continuous Reactor Operation

In this work, two different procedures were used for the continuous bioreactor
operation: a) the bioreactor was fed with synthetic thiomersal contaminated wastewater

and b) the bioreactor was fed with a vaccine effluent contaminated with thiomersal.

In the first case, the Biostat MD was continuously fed with the synthetic wastewater
described above, supplemented with a thiomersal concentration of 192 mg/l and a
glucose concentration of 1 g/l. The system was operated at a dilution rate (D) equal to
0.05 h! and the reactor working volume was kept constant and equal to 2 litres, using
an overflow device. The thiomersal and glucose inflow rates were 9.6 mgi™th! and 51.5

mgltht, respectively. Samples were taken under sterile conditions at regular time
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intervals for OD measurements. The samples were then centrifuged at 9000 rpm and
4°C, for 10 minutes, and the concentrations of glucose and thiomersal in the supernatant

were measured as described in 6.2.4. The bioreactor set-up is depicted in Figure 6.2.

air
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Figure 6.2 — Bioreactor set-up.

Thiomersal peaks were applied to the system at steady state. After the first thiomersal
pulse (instantaneous addition of 25 mg/l to the bioreactor), the system was dlowed to
return to steady state, after which a new thiomersal pulse (instantaneous addition of 50
mg/| to the bioreactor) was applied.

In the second procedure, the bioreactor was continuously fed with the vaccine
production effluent supplied by Smith Kline Beecham. The thiomersal concentration in
the effluent was approximately constant for each dilution rate tested and varied between
41.4 mg/l and 48.4 mg/l. A solution with 3.6 g/l of glucose was added separately to the
bioreactor at a constant flow rate of 0.18 ml/min. The bioreactor was operated at four
different dilution rates (0.022 h*, 0.03 ki, 0.05 H, 0.1 H?). The effluent flow rate was
adjusted to the dilution rate chosen and the reactor working volume was kept constant

and equal to 1 litre, using an overflow device.

Chemical analysis of the wastewater showed that the average concentration of ammonia
in the effluent was 13 mg N/I. In order to evaluate whether this value was limiting, the
system was operated for the dilution rate D = 0.03 H* bothwith and without the addition

of an external ammonia source. Therefore, in the first case, the glucose solution was

122



Thiomersal Biodegradation by Pseudomonas putida

supplemented with NH4Cl (1 g/l), while for the other dilution rates tested (0.022 h*,
0.05 h', 0.1 k'), no external ammonia source was added. The bioreactor set-up was
similar to that depicted in Figure 6.2, but in this case, there were two inlet currents: i)
vaccine effluent supplemented with micronutrients, ii) glucose solution supplemented
(first operation, D = 0.03 h?) or not (second operation, D =0.022, 0.03, 0.05 and 0.1 h'%)
with NH4CI. The conditions used in the operation of the continuous bioreactor fed with

thiomersal contaminated vaccine effluent are depicted in Table 6.1.

Table 6.1 — Operation conditions for the continuous bioreactor fed with vaccine
production effluent.

Ds(h-l) Fthiomersal I:glucose FNH4 [thiomersal]in [g|UCOS€|]in [NH4]in

(mgi*h") (mg*h™) (mgNI'hY) — (mgll) (g/) (mg N/I)
0022  0.60 25.2 0.22 25.20 116 12.0
003 093 38.9 4.27 30.97 130  132+10.38
003 093 38.9 0.31 30.97 1.30 10.38
005 155 38.9 0.35 33.10 0.83 7.45
0.1 3.60 38.9 1.25 36.86 0.40 12.81

Samples were taken under sterile conditions at regular time intervals for OD
measurements. The samples were then centrifuged for 10 minutes at 9000 rpm and 4°C
and the concentrations of glucose, anmonia, thiomersal and total mercury content were

measured in the supernatant as described in 6.2.4.

For the last dilution rate tested (D = 0.022 h') a 500 ml sample of the reactor effluent
was collected, purified by ultrafiltration and supplemented with 100 mg/lI of HgCh (74
mg Hg/l). In order to test the efficacy of using a carbon filter for fina polishing, this
sample was eluted at a flow rate of 13 ml/min through a column filled with 3.5 g of
activated carbon (Norit GAC 1240Plus, A-10128). Samples were taken every 90 sand
the mercury concentration at the column outlet was monitored by inductively coupled

plasma spectroanalysis (ICP - JY ultima 238, France).

6.2.4. Analytical Methods
6.2.4.1. Cell Density and Dry Weight Determination

The cell density evolution in the bioreactor was determined by measuring the optical

density with a UV-visible spectrophotometer (ThermoSpectronic UV-visible recording
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spectrophotometer Hel ios a) a a wavelength of 600 nm. A medium free of
microorganisms (M9 medium in the studies with the synthetic wastewater and filtered

effluent in the studies with vaccine effluent) was used as blank.

For dry weight determinations, cells were taken from the culture medium and filtered
through a pre-weighed glass fibre 0.45 nm membrane (Whatman GF/C). The
membranes were dried at 100°C until a constant weight (ny) was obtained (usualy
24h), after which they were dried again at 550°C for two hours and then equilibrated at
room temperature before weighing (np). The cell dry weigh was obtained calculating

the difference between my and my (ny-m).

In order to verify if the metallic mercury produced during thiomersal biodegradation
influenced cell dry weigh measurements, cells grown in media with and without
thiomersal and at different growth stages, were collected. A cell dry weight versus
optical density calibration curve was determined for each situation. The results obtained
were similar for all situations, meaning that the presence of metallic mercury does not
have a significant effect on the dry weight determinations. A cell dry weight versus
optical density calibration curve was determined for each of the media used (synthetic
wastewater contaminated with thiomersal and vaccine effluent) throughout these

studies.

During operation of the bioreactor, possible contaminatiors were monitored by plating
the culture in NMS medium and colony observation after 48 hours of incubation at
30°C. Microscope observations (Nikon Labophot 1) were also carried out periodically.
Colony forming units (CFU) were counted after 24 hours of incubation in NMS medium
at 30°C.

6.2.4.2. Oxygen Uptake Rate (OUR) Determination

The oxygen uptake rate (OUR) was measured after sampling. After stopping the
recirculation pump, and therefore the air supply to the respirometer, the decrease in the
dissolved oxygen concentration in the respirometer was monitored over a period of 4
minutes. The oxygen uptake rate was determined as the sope of the oxygen

consumption curve (dissolved oxygen concentration versus time) (see Appendix A).
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6.2.4.3. Thiomersal Analysis

Thiomersal concentration was determined by HPLC (Merck Hitachi, Japan) using a
reverse phase column (Nucleosil 100-5 C18, MN) connected to a ultraviolet JV)
detector (Merck Hitachi, Japan) set at a wavelength of 250 nm. The mobile phase used
was a methanol/10mM phosphate buffer (pH6) solution (55:45) at a flow rate of 0.4
ml/min. The detection limit was 0.8 mg/l and the average error was 3 %, determined
from the standard deviation of five different injections. Rior to injection, the samples
were filtered using a 0.2 mm polysulphone membrane (Whatman — Vecta Spin,

England).

6.2.4.4. Total Mercury Analysis

The total mercury content of the samples was measured by inductively coupled plasma
spectroanalysis (ICP - JY ultima 238, France). Total mercury calibration standards were
prepared by dissolving known amounts of thiomersal in either M9 minima medium or
vaccine effluent and a calibration curve was prepared for each situation. In the case of
the vaccine effluent, the internal standard addition method was used due to the presence

of thiomersal in the effluent. The detection limit was 0.05 ng Hg/l.

In order to verify whether mercury is adsorbed into the cells, cell pellets were freeze-
dried and digested with 1.5 ml of nitric acid (Fluka, Germany) for 24 hours at 42°C. The
digested samples were diluted 1:2 with de-ionised water and the tota mercury
concentration was measured by ICP. The volumetric amount of mercury adsorbed was
calculated based on the measured mercury concerntration and the cell dry weight in the
analysed samples.

6.2.4.5. Glucose Analysis

The glucose concentration, in the experiments with synthetic media, was determined by
HPLC (Merck Hitachi, Japan), at 30°C, using a Aminex HPX-87H column and a
refractive index detector (Merck Hitachi, Japan). The mobile phase used was a 0.01 N
solution of sulphuric acid at a flow rate of 0.2 ml/min. Under the conditions used,
phosphate was also detected, and a peak overlap was observed between phosphate
(present in the medium in relatively high concentrations) and glucose. To reduce the

phosphate concentration in the samples, thus eliminating the overlap and improving
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peak separation, the bioreactor supernatant samples were treated with an ionic resin
(IRA402, Sigma-Aldrich). Therefore, 1ml of sample and 1ml of resin were put into
overnight contact prior to glucose determination Initial experiments with glucose
standards showed that there was no reduction in the glucose concentration of the
samples after contact with the ionic resin. The detection limit for glucose was 5 mg/l.
Prior to injection, the samples were filtered using a 0.2 mm polysulphone membrane
(Whatman— Vecta Spin, England).

In the experiments with the vaccine effluent, the glucose concentration was determined
using an enzymatic method (Glucose HK, Sigma Diagnostics), because, in this case it
was not possible to obtain an effective peak separation. The detection limit was 5 mg/I.
Experiments with glucose solutions of known concentrations showed good agreement
(always less than 3% deviation) between glucose determination by HPLC and by
enzymatic analysis.

6.2.4.6. Ammonia Analysis

The ammonia concentration in the bioreactor was determined using an ammonia gas
sensing combination electrode (ThermoOrion 9512). Two ml of sample was mixed with
100 i of ISA (lonic Strength Adjuster, composed of NaOH 5M, disodium EDTA 0.05
M, 10% methanol and a colour indicator (thymolftalein) solution) and the electrode was
introduced into the solution. After 5 minutes, the measurement was compared with a
calibration curve obtained for ammonium chloride standards using the same
experimental procedure. The detection limit was 0.5 mg N/I.

6.2.5. Calculation Methods

In the batch reactor operation, the specific growth rates ( m= %C:j—)t() were cdculated by

fitting a third order polynomial function to the biomass concentration (X) versus time
(t), followed by determination of the first derivative and division by the biomass
concentration for each sample. The maximum specific growth rates (mnhax), caculated as
the maximum of the function m= f(t), are presented in Table 6.2. Only the experimental
data between 3 and 8.5 hours were used for these calculations. The observed growth
yield in glucose (Yys) was calculated for the same time interval by plotting the

126



Thiomersal Biodegradation by Pseudomonas putida

experimental biomass concentration of each sample versus the glucose concentration of
the same and calculating the slope of the straight line obtained. The observed

_ (PUR, ()t
DS

oxygen/substrate yields were calculated as: Y, ;¢ = , Where DS (g/l) is the

difference between the glucose concentration at the beginning and in the end of the
experiment, OUR, (mgO,I*min?) is the volumetric oxygen uptake rate, measured as

described in 6.2.4.2, and (OUR, (t)dt was calculated as the area below the curve that

describes the variation of the measured OUR, versus time.

The volumetric thiomersal degradation rate was calculated as the first derivative of the
function that describes the decrease in the thiomersal measured concentrations for the
initial points. The thiomersal and glucose consumption rates, when the system was
operated in a continuous mode, were calculated by mass balance, at steady state. The
thiomersal degradation rate, after the thiomersal pulses, was aso calculated by mass
balance; in this case, the accumulation term was calculated as the first derivative of the

function that describes the decrease of the thiomersal concentration after the pulse.

6.3. Resultsand Discussion

In this chapter, the kinetics of thiomersal degradation by a pure culture of P. putida spi3
gtrain, in batch culture and using synthetic wastewater, is presented and discussed.
Additionally, a continuous dtirred tank reactor (CSTR) fed with the synthetic
wastewater was operated and the bioreactor performance and robustness were evaluated
when exposed to thiomersal shock loads. Finally, a CSTR for the biological treatment of

red vaccine production wastewater was setup and operated at different dilution rates.

The approach followed in this chapter was initially constrained by the planned
integration of the transport system and the biodegradation process. For example, the
carbon source was chosen to meet these requirements. Preliminary experiments carried
out at GBF showed that P. putida spi3 could use sodium acetate as carbon source.
However, bearing in mind that acetate might be possibly transported through the
supported liquid membrane, its utilisation in the bioreactor was ruled out. At first, the
transport of a neutral species such as glucose was considered highly improbable, and as

a result, glucose was used as carbon source throughout the biological component.
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Additionally, and since contact between the effluent and the microbial strain was not
expected, thiomersal biodegradation was initially studied using a thiomersal-
contaminated synthetic wastewater (bacteria growth medium supplemented with
thiomersal). Moreover, because the mineral medium composition was well known, the
bioreactor operation and control were simpler and it was easier to establish mass

balances.

6.3.1. Batch Reactor Operation

In order to evaluate the ability of the P. putida spi3 strain to biodegrade thiomersal and
its potential application in the remediation of thiomersal-contaminated effluents, the
kinetics of thiomersal biodegradation was evaluated in a batch reactor (experiment A).
The initial thiomersal concentration used was 25 mg/l, which is within the range of the
expected thiomersal concentratiors in the effluent. Glucose was used as carbon source
and the medium was supplemented with the concentrated micronutrient solution
described in 6.2.2. Parallel kinetic experiments, with the same initia glucose
concentration but in the absence of thiomersal, were also carried out (experiment B).

The results obtained are depicted in Figure 6.3 and Figure 6.4.
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Figure 6.3 — Evolution of the cell dry weight, glucose and thiomersal concentrations and
of the specific oxygen uptake rate (OURg) in a batch culture of P. putida spi3
(experiment A).
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Figure 6.4 - Evolution of the cell dry weight and glucose concentrations and of the

specific oxygen uptake rate (OURg,) in abatch culture of P. putida spi 3, in the absence
of thiomersal (experiment B).

The first observation is that the microbia culture is able to grow both in the presence
and in the absence of thiomersal. Additionally, a decrease in the thiomersa
concentration was observed in experiment A and, after 3 hours of operation, thiomersal
was no longer detected in the medium, suggesting that it had been degraded by the

microbia culture.

The degradation of thiomersal under abiotic conditions has been reported in the
literature, namely when exposed to sunlight [32], in agueous solutions (like ophthalmic
solutions) over long storage periods [33] and in the presence of NaCl [34] (which is
present in relatively high concentrations in the culture medium used). Thus, the
hypothesis that the observed decrease in the thiomersal concentration (see Figure 6.3)
was hot biotic, but caused by spontaneous thiomersal degradation in the growth medium
used, could not be overruled. Therefore, to clarify this point, two blank experiments
were carried out. Thiomersal was added to the medium under the same operating
conditions (150 rpm stirring, 5 mg O/, pH 7) but no microorganisms were added to the
reactor. Two reactors were operated simultaneously under sterile conditions: one
protected from light and the other exposed to it.
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Figure 6.5 — Evolution of the thiomersal concentration in the growth medium in the
absence of microorganisms.

The results obtained (see Figure 6.5) show that during 24 hours there is no significant
chemical degradation of thiomersal in the culture medium. Therefore, at this point, it
was concluded that thiomersal biodegradation by P. putida is the predominant
mechanism responsible for the observed decrease in the thiomersal concentration (see
Figure 6.3).

From the results in the presence and absence of thiomersal (experiment A and B
depicted in Figure 6.3 and Figure 6.4, respectively) it becomes evident that, in the time
interval between 9 and 10.5 hours, there is a marked growth deceleration. However, in
both cases, glucose was still present in the medium, meaning that the observed decrease
in the growth rate was not due to substrate limitation. A possible explanation for the
observed behaviour might be the formation of a toxic, growth inhibiting, intermediate
metabolic product from either the thiomersal (experiment A) or the glucose (experiment
A and B) metabolism. Another possibility was the exhaustion of an essential growth
factor after 8.5 hours of operation To probe this last hypothesis, a 1 ml pulse of the
concentrated micronutrient solution was added to the reactor after 10.5 hours of
operation As can be observed in Figure 6.3 and Figure 6.4, cell growth re-started after
the micronutrient pulse, and stopped only when glucose was totally consumed.
Therefore, it was possible to conclude that the initial micronutrient concentration used,
for the cell concentration present in the reactor, was growth limiting. As a result, in all
further experiments the concentrated micronutrient solution was added to the medium in

the proportion of 400 m micronutrientsto 1 | of medium.
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As can be observed in Figure 6.3, thiomersal is degraded during the first 3 hours and
growth starts only thereafter. This behaviour is similar to that observed by Chang et al.
[20] for the detoxification of Hg?* from low-inoculum batch cultures of P. aeruginosa
and it is expected if thiomersal degradation also occurs through a microbid
detoxification mechanism In this case, bacteria transform the highly toxic thiomersal in
a less toxic mercury form (HdP), which is excreted from inside the cell, thus allowing
the bacteria to grow using glucose as carbon source. As a result, as long as the initial
cell concentration is high enough to reduce thiomersal to sub-toxic levels before al the
cells are damaged, the maximum specific growth rate (mnax) should be independent of
the thiomersal concentration. In fact, as can be observed in Table 6.2, similar specific
growth rates were obtained in the presence and in the absence of thiomersal 0.40 h'

and 0.41 h*, respectively).

Table 6.2 — Kinetic and stoichiometric parameters for a P. putida spi3 grown in the
presence (experiment A) and absence of thiomersal (experiment B).

Parameter Experiment A Experiment B
Mmax (M) 0.40+ 0.03 0.41+ 0.02
Y s (G G) 0.57 +0.03 0.63+ 0.02
Y o215 (Qo2/%) 0.30+ 0.02 0.18 + 0.01

The observation that more oxygen was used in experiment A than in experiment B, for
the same amount of substrate consumption (see Yoys), suggests that the metabolic flux
of glucose is different in the presence and in the absence of thiomersa. In fact, the
energy requirements are higher (more oxygen is consumed) when thiomersal is present

in the medium.

Thiomersal and total mercury anaysis of the supernatant samples showed that all
mercury in the medium was in the form of thiomersal. Additionally, it was observed
that the thiomersal and total mercury molar amounts decreased at the same rate and

there was no mercury accumulation in the medium.

The question raised at this point was whether the metallic mercury formed remained

inside the cells or adhered to them or was released to the medium. In order to clarify
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this, cell samples were collected along the experiment and the cell pellets were freeze-
dried and digested with nitric acid for 24 hours at 42°C. The total mercury concentration

in the digested samples and in the supernatant was measured by 1CP.

The results showed that, for a cell concentration of 0.37 g/l and a mercury concentration
in the supernatant of 0.2 mg Hg/l, the final amount of mercury accumulated was 0.8
MOHg/ el dry weight: VWhen we compare the total amount of mercury transformed by the
cells (calculated from the amount of degraded thiomersal: 25 mg/l thiomersal « 12.5
mg Hg /l) with the amount of mercury accumulated by the cells (0.3 £ 0.03 mg Hg/l), it
becomes clear that the latter corresponds to only 2.5 % of the former. This behaviour
suggests that mercury does not significantly accumulate in the biomass, but 5 mainly
volatilised from the medium. Wagner-Ddbler and co-workers [35] observed diffusional
loss of HgP from the cells and accumulation of droplets of elemental mercury in the
matrix of packed bed bioreactors, when they used the same Pseudomonas strain for the
remediation of chloralkali electrolysis wastewater contaminated with HgCh. Our results
suggest that in homogeneous medium (good mixing conditions) and under the strong
aerating conditions used mercury is mainly volatilised from the medium. The mercury
bioaccumulation by the P. putida strain used is aso significantly lower than that
described for a genetically engineered strain of Escherichia coli (26.8 mgHg/ Gcell dry weight)
[36]

The initial thiomersal degradation rate (rniomersa) Obtained in experiment A was equal to
9.4 + 0.4 mgl™tht. Replication of the experiments produced analogous results, and the
average rate of thiomersal degradation for a glucose and thiomersal initia
concentratiors of 2.5 g/l and 25 mg/l, respectively, was 7.9 + 0.6 mgi*ht. The fact that
the rihomersa Value obtained is similar to that obtained when the initial glucose
concentration used was 1 g/l (Fhiomersa = 7.8 + 1.3 mgl'thl), suggests that the rate of
thiomersal degradation is independent of the concentrationof carbon source used, in the
range of concentrations tested. This does not mean however, that carbon source
addition to the medium is not necessary. The mechanism of Hg (l1) detoxification, and
hence that of thiomersal, requires a steady expression of the mer operon [37] and is
therefore strongly dependent upon bacterial growth. As a result, maintaining a certain
amount of viable and active cells is a necessary condition for maximizing thiomersal
removal.
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6.3.2. Continuous Reactor Operation

The biodegradation of thiomersal in a continuous reactor and the evaluation of the
potential application of P. putida in the remediation of thiomersal-contaminated
effluents were studied using two different approaches. Firstly, acontinuous stirred tank
reactor fed with a synthetic wastewater (M9 mineral medium supplemented with
thiomersal) was setup. The synthetic wastewater was used to evaluate the culture
behaviour, in continuous, for well-defined medium conditions. In a second stage of
operation, the bioreactor was fed with a real vaccine wastewater contaminated with
thiomersal and experiments were conducted in order to assess if the microbial culture

was able to grow in the wastewater and remediate it.

6.3.2.1. Biodegradationof thiomersal in a CSTR fed with a synthetic wastewater

The ability of the microbial strain to remediate a synthetic wastewater was evaluated in
a continuous stirred tank reactor (CSTR). The thiomersal concentration fed to the
bioreactor was deliberately set to a value four times higher than that in the actual
effluent. Thus, it was possible to make sure that thiomersal was not limiting and test the
system under less favourable conditions. The dilution rate (D = 0.05 h'%) was about ten
times lower than the maximum growth rate obtained in the batch studies (Mmna = 0.4 hi%).
The thiomersal and glucose inflow rates were 9.6 mgli*h' and 51.5 mgi*h?,
respectively. The system was initiated in a batch mode and switched to continuous
during the exponential growth phase. The results obtained are presented in Figure 6.6.

40

g
o 14
L)
2 ! T3
B 124
' o © oo P 1
S N _ A_A.._O._._.O,A_.O-A_o_,__.o ________ 30 ~
=) 1.0 P L e a_ ,-'-“‘_; ¢ 2 o)
m_ ()] ' ’r" q %o 0 o 125 £
E * ! @®©, o N—
0.8 3 7 —_—
.g ‘|> 9 T 20 m
; 0.6 ". " b
> v 115 §
-c o - —
) =
T 04 0 o B R T "8 10 =
) DU RS e -
8 ‘Qo Om. - a " CI
0.2 el "% . 5
< 1? *
‘,- o et e, ,‘_._‘_‘ _________________ *
0.0 * *—0-o 0
0 60 120 180 240 300 360
Operation time (h)

Figure 6.6 — Evolution of the cell dry weight, glucose and thiomersal concentrations in a
continuous culture of P. putida s0i3 fed with a synthetic wastewater.
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As can be observed in Figure 6.6, steady state was attained after approximately 120
hours of operation that is after six hydraulic retention times. The average biomass
concentration reached at steady state was 1.03 £ 0.09 g/l and the glucose concentration
in the bioreactor outlet was 0.40 £ 0.04 g/l. The biomass formation rate was as
expected, equal to the dilution rate (0.053 + 0.004 gl"*h) and the glucose consumption
rate was 0.033 + 0.005 gl"*h*, which leads to an observed growth yield in glucose (Y ys)
of 1.6 + 0.1 Qeail/ Gylucose: This growth yield is about 2.8 times higher than the average Ys
obtained in the batch studies (see Table 6.2). The difference may be attributable to the
fact that, in the batch studies, the exhaustion of an essential growth factor occurred after
8.5 hours of operation. A peak of micronutrients was added to the medium at t = 10.5h
to correct this situation and growth re-started. However, glucose and oxygen
consumption were observed between 8.5 h and 10.5h, meaning that glucose was used
for cell maintenance rather than for growth in this two- hour period, which would justify
the lower Yys obtained in the batch reactor. Furthermore, when the bioreactor was
operated in a continuous mode, not only was the initial micronutrient concentration in
the medium higher, but their supply to the medium was also continuous, which would
account for the higher Yy obtained. Additionally, one should bear in mind that, when
the bioreactor is operated in a continuous mode there is a constant removal of possible
growth inhibitors and less glucose is used for cell maintenance, which causes higher
observed yields to be obtained.

The results obtained also show that P. putida was able to reduce the high thiomersal
inflow concentration (192 mg/l) to a thiomersal outlet concentration below 5 mg/l. The
volumetric and specific thiomersal degradation rates at steady state were equal to 9.45 +
0.10 mgl*ht and 9.17 + 0.95 MQGniomersaGeetl ~h 2, respectively. The presence of ethanein
the bioreactor gaseous outflow was detected when apreliminary analysis of the gaseous
phase was performed by gas chromatography, and suggests that the mechanism of
thiomersal degradation is, as mentioned in the introduction, probably similar to that
described for methyl mercury [29].

In order to evaluate the capacity of the culture to deal with shock loads, two different

thiomersal pulses (Pulse 1 and Pulse 2: instantaneous addition of 25 and 50 mg/l to the
bioreactor, respectively) were applied to the system at steady state. The evolution of the
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thiomersal concentration in the bioreactor after introduction of the thiomersal pulses is

depicted in Figure 6.7.
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Figure 6.7 — Evolution of the thiomersal concentration, after the thiomersal pulses, in a
continuous culture of P. putida spi3 fed with a synthetic wastewater.

As can be observed in Figure 6.7, after the first pulse, the microorganisms were able to
degrade the excess of thiomersal and eturn to the thiomersal steady state residual
concentration within a relatively short time (" 4 h). However, in the second pulse,
although is clear that the system also responded to the thiomersal shock load and
degraded part of the excess thiomersal it did not return to the thiomersal steady state

residual concentration within the observation time.

When we plot the thiomersal degradation rate versus the thiomersal concentration for
both pulses (see Figure 6.8) a decrease in the degradation rate is observed as the

thiomersal concentration decreases.

The system response (niomersal VS. thiomersal concentration), after the first pulse, can be

described, in a oversimplified way (considering that riiomersa depends only of the
thiomersal concentration), by the mathematical function: r,,... = K[thiomersal |".
Two lumped parameters are obtained: k = 7.850 + 0.12 h', n = 0.282 + 0.006, r* = 0.99.
The reaction order obtained (n) is clearly different from one, suggesting that there is a
complex dependence between the thiomersal concentration and the degradation rate. In

addition, if a kinetic model was to be proposed, probably the contribution of other
metabolic species would have to be considered.
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Figure 6.8 — Variation in thiomersal degradation rate with the thiomersal concentration.

Interestingly, he same mathematical equation adequately describes the evolution of
Ihiomersa With the thiomersal concentration in the beginning of pulse 2 (higher thiomersal
concentrations, closed symbols). However, it no longer describes the system response as
the thiomersal concentration decreases over time. In fact, for concentrations lower than
60 mg/l, the degradation rate is lower in the second pulse experiment than in the first
pulse, for equal thiomersal concentrations. Moreover, the difference between the
degradation rates is higher for the lower thiomersal concentration region These results
suggest thet, after a certain exposure time to the pollutant (longer in pulse 2) thereis a
decrease in the thiomersal detoxification efficiency, which may possibly be attributable
to a partial and gradual loss of activity and, ultimately, cell viability. Chang et al. [21]
also observed a decrease in the extent of detoxification after 16 cycles of operation of a
fed-batch reactor for HQCh removal.

The possibility that the observed behaviour may be due to an inhibition effect can also
be considered. In fact, if an inhibitory metabolite was to be formed as a product of the
thiomersal degradation process, its concentration would be higher for higher thiomersal
concentrations. In that case, the inhibitory effect should be higher during pulse two, thus
explaining why, &ter the pulse, the system was not able to return quickly to the
thiomersal steady state residual concentration.
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The system response after the thiomersal peaks suggests that P. putida possesses, to a
certain degree, the ability to adjust to the concentration of thiomersal in the inflow and
partidly or totally degrade the excess thiomersal. In that case, the observation that the
thiomersal concentration at steady state is different from zero may be attributed to the
fact that, for the amount of biomass present, the steady state concentration reached (3
mg/l) is not toxic enough, to require the need to induce the mer operon in more cells to

eiminate it.

Nevertheless, it was possible, using a P. putida strain, to detoxify a thiomersal
contaminated synthetic wastewater with aremoval efficiency higher than 98%. The next
step was to evaluate whether the microbia culture was able to grow in real vaccine

production wastewater and biodegrade the thiomersal present in this effluent.

6.3.2.2. Biodegradationof thiomersa in a CSTR fed with vaccine wastewater

Thethiomersal inlet concentration fed to the bioreactor varied between 25 and 37 mg/l
(see Table 6.1). A glucose solution with 3.6 g/l was added separately to the bioreactor at
a constant flow rate of 0.18 ml/min (glucose feeding rate = 38.9 mgl™*h?), except for the
third dilution rate tested (D = 0.1 hY). In that case, due to experimental problems with
the glucose addition pump, there was a certain oscillation in the glucose-feeding rate,

which, however, had no effect on the dilution rate.

The chemical analysis of the wastewater showed that the average concentration of
ammonia in the effluent was 13 mg N/I. In order to evaluate whether this value was
limiting, the system was operated, for the first dilution rate tested (D = 0.03 h%), with
and without the addition of an externa ammonia source. Since it had been previously
observed that the ammonia concentration in the M9 minimal medium (1g/l) was clearly
in excess, the glucose solution was supplemented with a lower NH4Cl concentration.
The thiomersal feeding rate was constant and equal to 0.93 mgl*h!. The results
obtained for D= 0.03 h*, with and without the addition of an external ammonia source
are presented in Figure 6.9 and Figure 6.10 ([NH4]in = 132 + 10.4 and 10.4 mg N/I,
respectively).
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Figure 6.9 — Evolution of cell dry weight, total mercury, glucose and ammonia
concentrations in a continuous culture of P. putida spi3 fed with vaccine wastewater
supplemented with anmonia (D = 0.03hY).
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Figure 6.10 — Evolution of cell dry weight, total mercury and glucose concentrations in
acontinuous culture of P. putida spi3 fed with vaccine wastewater (D = 0.03h%).

The measured ammonia concentration in the second experiment (effluent not
supplemented with NH;) was aways zero (detection limit = 0.5 mg N/I) and is not

represented in Figure 6.10. As a result, growth was limited by the ammonia
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concentration fed to the bioreactor. In this case, a cell concentration of 0.19 + 0.02 g/l
was reached at steady state (see Table 6.3).

The first observation is that in neither case was thiomersal detected in the bioreactor
(detection limit = 0.8 mg/l), suggesting that it is a limiting substrate in respect to the
biomass concentration. As aresult, the rate of thiomersal consumption was assumed
egual to the thiomersal feeding rate. In order to comply with the European limit for
mercury discharge, the total mercury concentration in the effluent must be below 50 nyg
Hg/l. Therefore, total mercury residual concentration in the bioreactor was also
measured. As can be observed in Figure 6.9, Figure 6.10 and Table 6.3, the
concentration of residual mercury (mg Hg/l) in the bioreactor outflow is still above the

recommended values for both cases.

Nevertheless, the results show that, even when no external ammonia source is added to
the wastewater, the microbial strain is not only able to grow in the effluent medium, but
it is also capable of biodegading the thiomersal inflow concentration of 31 mg/l to
values below the detection limit. Moreover, in both cases, very good mercury removal
efficiencies are observed (higher than 99%). Taking into account that, according to the
batch studies there is no significant mercury accumulation in the cells (lessthan 2.5 %),
it is possible to calculate the amount of volatilised mercury (equal to Hgn-Hgout-
Hdcoumutated; Where Hgoye is the mercury in liquid outflow and Hgaccumuiated COrresponds
to 2.5% of the mercury degraded). The results obtained (' 0.45 mg Hg I*h%) suggest
that it may be possible to operate the system with a total metallic mercury recuperation
at the bioreactor outlet up to 96.8%. The development and implementation of an
efficient technique for the recovery of the metallic mercury formed should be addressed,
in future work, in order to successfully recover elemental mercury and accurately close

the mercury mass balances.

When we compare the thiomersal volumetric degradation rates (rinomersa) fOr both
experiments (with and without the addition of an externa ammonia source) it can be
observed that, despite the fact that the biomass concentration is much higher in the first
case (X = 0.52 g/l) than in the second one (X = 0.19 g/l), the volumetric degradation
rates are the same (see Table 6.3). As aresult, the specific thiomersal degradation rate in

the experiment where the effluent was not supplemented with ammonia is about 2.7
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times higher than in the experiment in which the effluent was supplemented with 132
mg N/I.

Table 6.3 — Steady state biomass and glucose concentrations, thiomersal consumption
rates (volumetric and specific), total mercury residual concentration and % of mercury
removal in a CSTR fed with a vaccine production wastewater, at D = 0.03h*, with and
without external ammonia addition.

D (ht I thiomersal X (a/l I thiomersal sp
™) (mgl™*h™) o (mgh'g " cen)

0.03, with NHsaddition 0.93 052+0.01 1.79

0.03, without NH, addition  0.93 0.19+0.02 4.89

D (hY) residual glucose Hgresidua % Hg

(mgl™?) (ngHg ')  removal

0.03, withNHzaddition 17.5+8.3 102+ 4 99.60

0.03, without NH, addition 55.2+ 14 122 + 23 99.50

This result suggest that the thiomersal degradation rate is independent of the biomass
concentration, if there are enough cells in the medium containing the mer operon
necessary for thiomersal detoxification This finding is in agreement with those
described by Chang et al., for the detoxification of HgCl, using a P. aeruginosa strain
[21]. In chemostat operation, they observed an increase in the volumetric mercury
detoxification rate (from 1 to 1.94 mg Hg I'*h!) when they increased the dilution rate
(and consequently the mercury-feeding rate) from 0.18 h! to 0.32 h*, without observing
any dterations in the steady state biomass concentration These results are aso
consistent with those obtained in preliminary batch studies (data not shown) for P.
putida spi 3. In fact, when this culture was grown in M9 minima medium, similar
volumetric degradation rates were obtained whether thiomersal was added at time zero
(X =0.02 g/l) or in the middle of the exponential phase (X = 0.8 mg/l), suggesting that,
in this case as well, the volumetric thiomersal degradation rate was independent of the

biomass concentration.

When the effluent was supplemented with ammonia, the steady state residual glucose
concentration was lower than that observed when no extra nitrogen source was added to
the effluent. This result could have been anticipated, bearing in mind that, in the latter
case, due to the lower nitrogen concentration, the glucose consumption for growth is
limited by ammonia and less biomass is formed. This result is particularly interesting
when thinking about the process economic feasibility. In fact, the observation that the

microbial culture is able to degrade thiomersal when no additional ammonia source is
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added to the wastewater, not only reduces the operating costs because there is no need
to add an extra nitrogen source, but aso diminishes the carbon source requirements
since less biomass is formed. Moreover, the fact that it is possible to attain
approximately the same percentage of mercury removal with less than half of the

biomass production also minimises the cost of biomass disposal.

Therefore, no external ammonia source was added to the wastewater for the other
dilution rates tested (0.022, 0.05 and 0.1 h*'). The results are presented in Figures 6.11
t0 6.13 and Table 6.4.

The results obtained showed that it was possible, without the addition of an external
ammonia source to the wastewater, to maintain a constant cell concentration in the
bioreactor. Additionally, the microbial culture was able, for all the dilution rates tested,
to reduce the thiomersal inflow concentration in the wastewater to values below the
detection limit and mercury percentage removals higher than 98.5 were obtained (see
Table 6.4). Smilarly to that which had been observed in the experiments with D =
0.03h* (with and without the addition of an external ammonia source) thiomersal was

again limiting in respect to the biomass concentration.
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Figure 6.11 — Evolution of cell dry weight, total mercury and glucose concentrations in
acontinuous culture of P. putida spi3 fed with vaccine wastewater (D = 0.022h1).
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Figure 6.12 — Evolution of cell dry weight, thiomersal and glucose concentrations in a
continuous culture of P. putida spi3 fed with vaccine wastewater (D = 0.05 h%).
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Figure 6.13 — Evolution of cell dry weight, total mercury and glucose concentrations in
a continuous culture of P. putida spi3 fed with vaccine wastewater (D = 0.1 h%).
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Table 6.4 — Steady state biomass and glucose concentrations, thiomersal consumption
rates (volumetric and specific), total mercury residual concentration and % of mercury
remO\{aI in a CSTR fed with a vaccine production wastewater for D = 0.022, 0.05 and
0.1h-.

D (h-l) I' thiomersal X (g/) I' thiomersal sp
(mgl*h') (mgh'g " car)

0.022 0.63 0.14 £ 0.01 4.50

0.05 1.55 0.14 +£ 0.004 11.07

0.1 3.60 0.18 £ 0.004 20.00

D (HY residua glucose Hg residual % Hg
(mgl'™h) (mgHg I'") removal

0.022 31.4+964 35.3x05 99.83

0.05 2025+£6.2 177 £ 16 99.02

0.1 30.3+84 284 + 23 98.64

As expected, the glucose residual concentration increased as the bioreactor was operated
at higher dilution rates ([glucose]p = 0.05n™) > [glucose] o = 0.03n™) > [gluCOSE] (D = 0.022n ™,
with the exception of the value obtained for D = 0.1 h™. The significantly lower residual
glucose concentration obtained for this dilution rate was attributed to oscillations in the

glucose-feeding rate due to experimenta problems with the glucose addition pump.

Similarly to that which had been observed for D = 0.03 h*, without external ammonia
supplementation, growth was limited by the ammonia fed to the bioreactor. The rate of
ammonia addition depended both on the dilution rate used and on the ammonia
concentration in the effluent (which varied dightly for the different effluent stock used).
As can be seen in Table 6.1, the rate of ammonia addition was much higher for D =
0.1h (1.25 mg Ni*h1) than for the other dilutionrates tested (0.22 and 0.35 mg N I*ht
for D = 0.022 and 0.05 h!, respectively). The higher cell concentration obtained for D =
0.1 't may, therefore, be attributable to a higher ammonia-feeding rate.

The different thiomersal volumetric degradation rates obtained, for the same cell
concentration (X = 0.14 g/l), when the dilution rates were equal to 002 and 0.05 h?,
corroborate the above- mentioned observatiors concerning the independent variation of
the volumetric degradation rate of thiomersal and the variation of the biomass

concentration.

Finally, from the observation of the residual mercury concentrations (mHg/l) obtained

for each operating condition tested, it becomes clear that it was possible, by adjusting

143



Chapter 6

the dilution rate (see Figure 6.14), to reduce the mercury concentration in the bioreactor

outlet ([HQ)resdua) to values below the European limit for mercury effluent discharges

(50 g Hg/l).
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Figure 6.14 — Variation of residua mercury concentration at the bioreactor outlet as a
function of the dilution rate.

The major disadvantage of operating the bioreactor at a lower dilution rate is the
decrease in the volume of wastewater processed or the increase in the reactor volume
necessary to maintain the desired flow rate. Therefore, a compromise must be reached
between the amount of wastewater treated, the desired wastewater quality at the

bioreactor outlet and the bioreactor volume.

A potentially interesting aternative would be to include a carbon adsorption column at
the ouflow for polishing, similarly to which has been proposed by Wagner-Dobler [25]
for the bioremediation of HgCh containing wastewaters. In order to evaluate this
possibility, preliminary adsorption experiments using a Norit GAC carbon adsorption
column were carried out. The results obtained showed that it was possible to reduce the
mercury concentration of a sample with 74 mg Hg/l to 180 ng Hg/l (99.8% of mercury
removal). This suggests that this type of carbon may be used at the reactor outflow for
effluent polishing, thus allowing operation under higher dilution rates. However, one
should draw attention to the fact that, although it might be possible to use only a carbon
adsorption column to treat the effluent, this type of approachwould merely concentrate
the pollutant and would require a further treatment of the Norit GAC carbon. The
144
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process of biological thiomersal detoxification is much more advantageous as, in this
case, the G-Hg bond is cleaved and ionic mercury is reduced to metalic mercury that
can be recovered and re-utilized. The utilisation of an adsorption process should
therefore only be considered as a final polishing step in a situation where the operating
costs, necessary to attain mercury levels below the recommended ones, are too high.

The comparison of the bioreactor performance when fed with the vaccine wastewater
with that observed when the bioreactor was fed with the synthetic wastewater is aso
worth of notice. Table 6.5 displays the results obtained for D = 0.05 h™.

Table 6.5 — Thiomersal and glucose feeding rates, deady state biomass concentration
and thiomersal consumptions rates (volumetric and specific) in two CSTR, one fed with
a synthetic wastewater and the other with vaccine effluent, for D = 0.05H™.

F eed Finiomersa [thiomersal]in F glucose I thiomersal I thiomersal sp X
(mg*h™) (mg/l) (mg*h™)  (mgi*h™)  (mgh™gcan) (91
Synthetic
ot 96 192 515 95+01 92+10 103+004
Vaccine
oot 1.55 33.1 38.9 155 11.07  0.140+0.004

As mentioned above, no additional ammonia source was added to the vaccine effluent
for D = 0.05 h' and growth was limited by the ammonia concentration fed to the
bioreactor, while in the synthetic wastewater ammonia was clearly in excess. As a
result, a much higher steady state cell concentration was reached when the synthetic
wastewater was used. Furthermore, the thiomersal inlet concentration was 192 mgl/I,
while in the case of the vaccine effluent, thiomersal was clearly limiting, which
accounts for the lower volumetric thiomersal degradation rate obtained in the second
case. The values obtained for the specific thiomersal degradation rate are quite similar.
In fact, when calculating the error associated With romersd s, fOr the vaccine
wastewater, one must take into account not only the errors associated with the biomass
concentration, but also those associated with the calculation of the thiomersa
degradation rate. As no thiomersal was detected in the reactor outlet, hiomersa WasS
assumed equal to the thiomersal feeding rate. The error associated with this value is due
to variations in the flow rate of the peristaltic pump used and was found to be less than
5% for the considered flow rates. As aresult, the specific thiomersal degradation rate in
the case of the vaccine wastewater would be expected to be within the range 11.1 = 0.6

mgh g e,
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6.4. Conclusons

The results obtained showed that the microbia culture used is capable of degrading the
thiomersal present in synthetic wastewater, both in batch and continuous culture. When
operated continuously, and despite a reduction in the detoxification efficiency, the
bioreactor was able to deal with the transient thiomersal shock loads applied and to
degrade partialy or totally the excess contaminant. The observed behaviour suggests
that the thiomersal degradation process by P. putida spi3 is able to deal with sudden
fluctuationsin the thiomersal inflow concentration.

When the bioreactor was fed, in a continuous mode, with an inflow thiomersal
concentration of 31 mg/l, the microbial culture was able to grow in the effluent, without
the addition of an externa ammonia source. Thiomersal was not detected in the
bioreactor outflow and mercury removal efficiencies higher than 98.5%.were observed.
Additionally, it was possble, by adjusting the dilution rate, to obtain a treated
wastewater with a mercury concentration below the European limit for mercury effluent

discharges

In conclusion, the results obtained suggest that there is potential for the utilisation of P.

putida spi3 in the remediation of thiomersal-contaminated wastewaters.
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7. CONCLUSIONS

In analogy with the structure of this thesis, its achievements ad conclusions can be
divided in two major ctions, the study of the transport mechanisms in ionic liquid

membranes and the study of thiomersal biodegradation.

7.1. TRANSPORT M ECHANISMSIN |ONIC L 1QUID M EMBRANES

The determination of the physicochemical properties of the selected room temperature
ionic liquids (RTILs) and the evaluation of the stability of the supported ionic liquid
membranes obtained by immobilising these ionic liquids in a porous support constituted

the starting point of this research.

Three different approaches were followed:

i. the monitoring of the ionic liquid concentration in the contacting aqueous phases
during operation;

ii. the utilisation of X-ray photoelectron spectroscopy (XPS) to obtain a chemical
characterisation of the membranes surface immediately after preparation and
after operation; and

iii. the use of the electrica resistance of the SLM, measured by impedance
spectroscopy (1S), as a physical parameter to identify the presence/loss of ionic

liquid in the pores of the support.

From the results obtained it was possible to verify that, in an initial period of operation,
there was a partial rinsing of the excess ionic liquid present on the membrane surface.
Nevertheless, it was confirmed that ionic liquid displacement from the membranes
pores did not occur extensively and that contact with the adjacent aqueous phases did
not affect the integrity of the SLM. In a wider scope, both techniques mentioned (XPS
and 1S) were showed to be a useful tool for assessing the stability and integrity of

supported liquid membranes.

Additionally, the evaluation of the mechanisms that regulate solute transport through
ionic liquid membranes was carried out. In particular, studies were performed to verify
if water was transported through the membrane. To overcome the problem of following

water transport between two agueous compartments tritiated water (T»O), whose
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properties are similar to those of water, was chosen as tracer. The results enabled us to
perceive that water transport occurred both in supported liquid membranes (SLMs) and
inbulk liquid membranes (BLMSs).

Moreover, in the course of this work, it became clear that the transport of water and
small water-soluble ions (such as Na" and CI) was regulated not by molecular diffusion
through the bulk of the ionic liquid but by the dynamics of water microenvironments
inside the RTILs. A lag time during which no transport occurred, observed in al the
experiments, was attributed to the time needed to reach a critical water concentration
insde the RTIL, necessary for water microenvironments to build up. This behaviour is
anaogous to the formation of dynamic water clusters which may occur in dense
membranes above a critical water concentration level. In particular, it may be
comparable to water transport either through dense membranes in reverse osmosis,
where the water content is typically in the range of 10 to 15%, or in dense ion-exchange

membranes, where the water content may be as high as 25%.

The question raised at this point was whether these microenvironments regulated the
transport of all solutes regardliess of their affinity towards the RTIL used. Transport
experiments in ionic liquid membranes, using different forms of thymol blue, a water-
soluble indicator, showed that, during the observation time considered, the membrane
exhibited selective behaviour. However, when experiments were carried out with other
solutes, which also had a meaningful partition towards the ionic liquid, a marked loss of
selectivity was observed to occur during operation both in bulk and supported liquid
membranes. By measuring the evolution of the water concentration inside the ionic
liquid in bulk liquid membranes, the loss of selectivity wasrelated to the water uptake
by the ionic liquids.

It was possible to demonstrate that, in an initial period, transport is mainly regulated by
the solutes affinity towards the ionic liquids and that the membrane selectivity is in
agreement with the partition behaviour observed in equilibrium extraction experiments.
However, in the course of the experiment, water is taken up by the membrane. As a
result, a new non-selective environment for solute transport is created, which leads to
the deterioration of the SLM performance and selectivity and has a clearly detrimental
effect on the membrane’ s functional stability.
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Based on these mentioned observations, two immediate remarks can be made:

i. caution must always be taken when trying to assess solute transport through a
liquid membrane (either bulk or supported) solely based on extraction
equilibrium data; and

ii. when aming to design a stable supported liquid membrane, one must consider
not only the solubility of the immobilized organic ®lvent in the contacting

phases but also the solubility of the contacting phases in the immobilised one.

It is generdly accepted liquid membrane instability occurs due to the loss of liquid
membrane phase from the pores of the support, leading to a flux reduction and/or loss of
selectivity [1, 2]. Several approaches have been proposed to minimise this loss, such as
improving the design of both the supporting membrane and the contacting phases and
the protection of the SLM with a gel layer or by plasma polymerisation coating [3-5].
Thus, the transfer of water from one phase to the other has always been interpreted as a
consequence of the SLM instability rather than its cause [3, 6, 7].

This research contributes, in our view, to a broader interpretation of the mechanisms
responsible for the instability of supported liquid membranes. In fact, displacement of
organic phase from the pores of the support did not occur significantly (as confirmed by
XPS and IS analysis). However, the presence of water microenvironments inside the
ionic liquid capable of migrating from one side to the other, was identified and related
to the deterioration of the membrane’s performance. The observed aterations in the
membranes functional stability (loss of selectivity) were linked to a change of the
solutes’ transport mechanism rather than to a modification of the membrane integrity —

i.e., loss of organic phase.

In this perspective, this work suggests a new approach to the problem of assessing
SLMs functional stability, taking into account not only the evaluation of the
membrane’s mechanical integrity, but also possible alterations to the solutes transport
mechanism during operation time, namely due to the formation of dynamic water

clusters in the immobilised organic phase.

Although, for the reasons outlined above, the supported ionic liquid membranes
developed are not suitable for applications between two agueous compartments,

promising results were obtained concerning their electrical characterisation The
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electrical resistance values for the SLMs are comparable to those of Nafion 117 and this
suggests the possibility of using supported ionic liquid membranes in devices with low

resistance requirements.

7.2. STUDY OF THIOMERSAL BIODEGRADATION

The study of the kinetics of thiomersal biodegradation by Pseudomonas putida
constituted the second part of this research project and was achieved using both

synthetic contaminated wastewater and real vaccine production effluent.

The results showed that the microbia culture was able to biodegrade thiomersal by a
detoxification mechanism. Additionally, the strain used could continuously degrade the
high thiomersal inflow concentration present in the synthetic wastewater (192 mg/l) toa
thiomersal outlet concentration below 5 mg/l. Moreover, when transient thiomersal
shock loads were applied to the system the microorganisms responded quickly and
were able to partidly or totally degrade the excess of the contaminant, although a
reduction in the detoxification efficiency was observed. These results suggest that the
thiomersal degradation process by P. putida has a high degree of sdf-regularity and
adjustability.

When a continuously stirred tank reactor was fed with areal vaccine production effluent
with an inflow thiomersal concentration of 31 mg/l the microbial culture was able to
grow in the effluent. Thiomersal was not detected in the bioreactor outflow and mercury
removal efficiencies higher than 98.5% were observed. It was possible, by adjusting the
dilution rate, to obtain treated wastewater with a mercury concentration lower than the
admissible mercury discharge limit (50 ng Hg/l). Additionally, it was shown that the
ammonia concentration in the wastewater was not limiting and it was therefore,
possible to operate the system without supplementing the wastewater with an external

ammonia source, thus potentially improving the process' s economic feasibility.

7.3. SUGGESTIONSFOR FUTURE RESEARCH

On what concerns the practical application of supported ionic liquid membranes, this
research clearly points out the unsuitability of using the developed SLMs for transport

between agueous phases. However, the utilisation of this type of membranes for
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transport between organic phases or for gas-liquid and gas-gas separations seems
extremely promising, and the work described by Branco et al. and Noble and co-
workers[8, 9] is worthy of note. In particular, two potentially interesting research areas

are:

1) the possibility of using chira ionic liquids with enantiomeric recognising
capacity in the selective recovery of solutes; and
2) the development of applications in the area of vapour permeation using dense

membranes with ionic liquids.

The fact that ionic liquids have a nonmeasurable vapour pressure remains a major

advantage over conventional solvents.

Promising results were obtained regarding the electrical characterisation of this type of
membranes. It may be especialy interesting, due to the large variety of existing ionic
liquids with different properties, to utilize ionic liquids in the designing of tailor-made
proton conducting membranes, namely for applications in fuel cells and sensors. It
would be of interest to characterise ionic liquids further, namely with studies of proton

mobility using NMR techniques.

The development of new applications for ionic liquids and supported ionic liquid
membranes is without doubt related to the progressin the synthesis of new types of
ionic liquids. The design of ionic liquids with fine-tuned properties, tailored to specific
tasks, which could contribute to making current processes more effective,
environmentally friendlier and less expensive, is of mgor interest. In particular, the
search for new “greener” methods for the synthesis of ionic liquids together with the
evaluation of their toxicological behaviour constitutes an additional field requiring

investigation.

On what concerns the study of thiomersal biodegradation, several suggestions for
improvement are given:

1) Batch operation results suggest that mercury does not significantly accumulate

in the biomass. Nevertheless, a more detailed evaluation of the role played by

mercury adsorption to the biomass in the overall detoxification process would be

of interest, namely using aCSTR under different dilution rates.
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2) The development and implementation of an efficient technique for recovering
the metallic mercury formed should also be addressed, in order to permit mass
balances to mercury.

3) The evduation of the use of carbon sources other than glucose that can be used
as energy by the microbial culture should be carried out.

4) The identification of the minimal amount of carbon source needed to sustain the
smallest growth required for the thiomersal degradation should be carried out.
This could be achieved in a CSTR in which different carbon source feeding
concentrations would be used, while both the dilution rate and the thiomersal
feeding rate would be kept constant.

5) The evaluation of whether the observed loss of cell activity is due to the
presence of a metabolic inhibitor should be determined.

6) Finaly, it would be of interest to operate the system without the necessity of a
previous ultrafiltration step. Therefore, an evaluation of the system response,
under non-sterile conditions, when fed with a nonfiltered wastewater should be
carried out. This evaluation would naturally have to take into account possible
alterations in the microbial diversity inside the bioreactor. Additionally, stability
of the culture developed inside the reactor should also be assessed.
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Measurement of the Oxygen Uptake Rate

A.l. MEASUREMENT OF THE OXYGEN UPTAKE RATE

The oxygen uptake rate (OUR) was measured, after sampling, as described in section
6.2.4.2. The caculation of the oxygen uptake rate was based on a dynamic oxygen

balance, in the respirometer, using the following equation [1]:

dc,

=k,axC_ - C_)- OUR, xX (A1)

where C_ is the dissolved oxygen concentrationin the liquid phase, C.” is the saturation
oxygen concentration in the liquid phase, OURy, is the specific oxygen consumption
rate, X is the biomass concentration, ki is the oxygen mass transfer coefficient and ais
the interfacial gag/liquid area. After stopping the recirculation pump and therefore the
air supply to the respirometer, there is a decrease in the dissolved oxygen concentration
in the respirometer and it follows that:

k.alc, - ¢ )=0 (A2)
and
OUR,, *X = d;L (A3)

Knowing that the oxygen uptake rate is the product between the biomass concentration
and the specific oxygen uptake rate (OURy) it is possible to calculate the oxygen uptake
rate of the microbial culture from the slope of the oxygen consumption curve (dissolved
oxygen concentration versus time). The specific oxygen consumption rate (mg
O2/gee1.min) is obtained by dividing the measured OUR (mg Oy/l.min), for a given

sample, by the biomass concentration (g.e/l) of that sample.

Figure A.1 displays an exarmple of the variation of the dissolved oxygen concentration,
in the respirometer, with time. The biomass concentration in the bioreactor when the
OUR was measured was X = 0.22 gai/l. After stopping the recirculation pump, the
oxygen concentration in the espirometer was monitored, every 5 seconds, during 4
minutes.
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Figure A.1 — Variation of the dissolved oxygen concentration in the respirometer with
time.

The oxygen uptake rate, calculated from the slope of the curve presented in Figure A.1,
is equal to 0.36 mgO./Imin (r* = 0.999). The specific oxygen uptake rate, calculated as
the ratio between the OUR and the biomass concentration, is equa to 1.64 mg
O2/gee).min.
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B.1. ESTADOACTUAL DO CONHECIMENTO, MOTIVACAO E IDENTIFICACAO DO
PROBLEMA

O objectivo inicia deste trabalho consistiu no desenvolvimento de um bioreactor
selectivo de membrana, para a degradacdo de um composto organico de mercurio. Os
compostos organicos de mercario, nomeadamente o etilmercurio tiobenzoato de sodio
(também conhecido como tiomersal, timerosal ou mercurio tiolato), apresentam um
elevado grau de toxicidade aliado normalmente a um forte efeito bactericida. O
tiomersal em particular tem sido utilizado regularmente desde os anos 30, a nivel
industrial, como aditivo em cosméticos, vacinas e outros produtos biol6gicos. Entre os
muitos produtos que contém tiomersal encontramse colirios (ex. CortisporinO),
preparacbes nasais (ex. Neo-SynephrineO), produtos de cosmética (ex. L’OrealO
Miracle Mask) e vacinas (ex. Recombivax HBO, Engerix BO).

Actualmente, o tiomersal continua a ser o agente antimicrobiano mais utilizado na
producdo de vacinas, quer para evitar o crescimento de bactérias nas culturas celulares,
quer como desinfectante nas linhas de producéo [1]. E também comum a sua adicio ao
produto acabado, em concentracdes que variam entre os 10 e os 50 ug por dose, por
forma a evitar contaminagdes microbianas durante o periodo de armazenamento. E esse
0 caso por exemplo, das vacinas contra a difteria, o tétano ou a hepatite B. Quando
utilizado apenas no processo de producdo da vacinag, a concentracéo de tiomersal no
produto final é normamente inferior a 0.5 g por dose. O tiomersal contém 49.6 % de
mercurio (p/p) e € metabolizado no organismo humano a etilmercirio e é&cido
tiosalicilico, sendo o etilmercirio maioritariamente excretado como mercurio

inorganico nas fezes [2,3].

A concentracdo final de tiomersal nos efluentes que resultam dos processos de producéo
de vacinas varia entre 25 e 50 mg/l, estando por isso muito acima do limite europeu para
descargas de efluentes industriais contendo mercirio (0.05 mg Hg/l U 0.1 mg/l
tiomersal) [4]. Uma vez que, presentemente, ndo existe nenhum tratamento selectivo e
eficaz que possibilite a eliminagdo deste composto, a maior parte destes efluentes séo
enviados para estagdes municipais de tratamento de aguas residuais. O elevado teor em
mercurio nas lamas activadas produzidas impede a sua utilizagdo para fins agricolas,

pelo que as lamas secas sd0 normalmente incineradas. Assim, os efluentes contendo
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tiomersal ndo sO6 tém um impacto ambiental negativo significativo, como o seu

tratamento é energeticamente muito dispendioso.

Numa tentativa de resolucdo deste problema, este projecto de doutoramento
inicialmente teve como objectivo 0 desenvolvimento de um novo processo
biotecnol6gico baseado na extraccdo selectiva do tiomersal, através de uma membrana
liquida suportada, do efluente industrial para um compartimento biolégico. No
compartimento biolégico o tiomersal seria biologicamente degradado a mercurio
metdlico. Este poderia entdo ser recuperado do sistema por arrastamento numa corrente
de gés, concentrado e reutilizado.

O processo proposto tornava possivel o isolamento conpleto da cultura bioldgica,
protegendo-a do ambiente agressivo do efluente, ao contr&rio do que acontece nos

processos de tratamento bioldgico tradicionais.

A degradacdo continua do tiomersal no compartimento bioldgico permitiria manter a
forca motriz necessaria para 0 seu transporte através da membrana. Para garantir a
electroneutralidade em ambos os compartimentos e melhorar o fluxo de transporte, um

contra- 180 ndo toxico seria adicionado ao compartimento biol 6gico.

Umas das principais vantagens deste sistema seria a possibilidade de ajustar a
velocidade de transporte do tiomersal através da membrana, por forma a obter, no
compartimento biol6gico, a concentracéo de tiomersal Gptima para a cultura microbiana
utilizada. Este sistema permitia também o gjuste independente do tempo de residéncia
hidraulico (TRH) em cada um dos compartimentos. Desta forma, seria possivel
controlar a concentracéo de mercurio residual no efluente tratado, gjustando o TRH, de

modo a garantir que esta ndo ultrapassava os limites legais (< 0.05 mg/l Hg).

Um factor essencial para assegurar um bom desempenho do bioreactor de membrana é a
utilizacdo de uma membrana adequada, selectiva para o tiomersal, mas essencialmente
impermeavel para as outras espécies ionicas presentes no efluente. Adicionalmente, a
membrana utilizada devera exibir uma estabilidade operacional elevada quando exposta

a correntes reais de efluente durante longos periodos de operacéo.
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Na altura do arranque deste projecto, pensava-se que todas estas condi¢des poderiam ser
alcancadas utilizando membranas liquidas suportadas, preparadas por imobilizacdo de

um liquido i6nico numa membrana suporte porosa (Figura B.1).

Compartimento Compartimento

do Efluente Biol6gico
Membrana
Suporte

Tiomersal /\/ Tiomersal
—llomersal,, —TeE

Efluente Industrial Contra-ido Liquido I6nico Contra-ido
— —

7N

Membrana
Suporte

Degradagao bioldgica
a Hg°

Membrana Liquida Suportada

Figura B.1 — llustracdo do principio de funcionamento do bioreactor de membrana
liquida suportada com liquidos i6nicos.

A degradacéo bioldgica do tiomersal a mercirio metalico, no compartimento biol dgico,
baseava-se na utilizagdo de uma cultura microbiana resistente a compostos de mercurio.
A resisténcia de alguns microrganismos a compostos organicos de mercurio €
frequentemente observada na natureza e envolve a utilizacdo de um sistema enzimético
proprio. S80 duas as enzimas chave que participam na degradacdo do tiomersal: a
organomercurial lyase e a mercuric reductase, capazes de quebrar a ligacdo C-Hg
(libertando Hg™") e de reduzir o Hg?* a Hd’, respectivamente.

Os liquidos ionicos utilizados na preparagdo da membrana liquida suportada séo sais,
liquidos a temperatura ambiente, formados por um catido organico e um anido que pode
ser organico ou inorganico. Estes liquidos ndo sdo volateis, sdo estaveis quando
eXpostos a0 ar e a agua, apresentam viscosidades relativamente el evadas e, dependendo
do anido utilizado, sdo imisciveis com a agua. Para além disso, sdo excelentes solventes
para uma grande diversidade de compostos organicos e inorganicos. Embora se
encontrem agumas referéncias a utilizagdo de liquidos ionicos para aplicactes
electroquimicas no final da década de 70 [5-7], a sintese e utilizacdo de liquidos iGnicos
permaneceu relativamente inexplorada até ao inicio dos anos 90. No entanto, desde essa
altura, os liquidos idnicos tém sido objecto de um crescente interesse cientifico [8-11] e
s80 vistos como potenciais solventes “verdes’ alternativos, nomeadamente para
reaccoes de sintese, catalise e bio-catdise [12-14].
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A sua Uutilizaggho em membranas liquidas suportadas parecia portanto muito
prometedora, a data de inicio deste projecto. De facto, as propriedades dos liquidos
iénicos indicavam que seria possivel imobilizélos no interior da estrutura porosa da
membrana suporte e obter uma membrana liquida suportada muito estavel, sem riscos
de perdas de liquido por evaporacdo ou dissolucdo na fase aquosa. Para além disso, a
natureza hidrofdbica dos liquidos ionicos e a sua baixa afinidade para ibes como o sodio
ou o cloreto [15], sugeriam que uma membrana liquida suportada com liquidos i6nicos
poderia favorecer o transporte selectivo de tiomersal e, a0 mesmo tempo, constituir uma
barreira eficaz para evitar o transporte de outras espécies iénicas presentes no efluente e
no meio biolégico.

Os liquidos idnicos utilizados neste trabalho sdo formados por um catido substituido de
metilimidazdlio (([C,MIM]"), no qual se variou o tamanho da cadeia alquilica, e por um
anido inorganico. Os anides inorganicos utilizados foram o hexafluorofosfato (PFes) e 0
tetrafluoroborato (BF4") (FiguraB.2).

@7=< X@ = RMIM'X

E =gmipos butil, octil ou decil X =FF; ou BES

Figura B.2 — Estrutura dos liquidos ionicos utilizados neste trabal ho.

B.2. OBJECTIVOS E ESTRATEGIA DA INVESTIGACAO

No inicio deste projecto de doutoramento, propunha-se o desenvolvimento de um
bioreactor selectivo de membrana para a degradacdo bioldgica de tiomersal. A operacéo
e 0 desempenho deste bioreactor sdo essencialmente determinados por dois processos
fundamentais: o transporte selectivo do tiomersal através da membrana liquida
suportada e a biodegradacdo do tiomersal no compartimento biol6gico. Assim, neste
contexto, os principais objectivos definidos para este trabalho eram:

1) Desenvolvimento de uma membrana liquida suportada com liquidos ionicos,
estavel e capaz de transportar selectivamente o tiomersal do efluente para o
compartimento biol gico.

2) ldentificacdo das condigdes de transferéncia de massa éptimas para o transporte
de tiomersal através da membrana liquida suportada.
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3) Estudo e optimizacdo do processo de degradacdo bioldgica do tiomersal, num
efluente sintético, por uma cultura pura

4) Integracdo da membrana liquida suportada com o sistema bioldgico e operagéo
de um sistema integrado transporte/biodegradacéo, capaz de tratar efluentes reais
(provenientes do processo de producéo de vacinas) contendo tiomersal.

Com base nos objectivos identificados, o trabalho inicia foi dividido em duas
componentes principais: desenvolvimento da membrana liquida suportada e
optimizac&o do processo de degradacéo bioldgica. De acordo com esta abordagem, o
passo seguinte seria a integracdo das duas componentes principais e a operagdo de um
sistema integrado transportelbiodegradacéo. Por razdes que serdo detalhadas mais
adiante, esta estratégia de investigacéo teve de ser gjustada no decorrer deste projecto de

doutoramento.

A membrana liquida suportada concebida para este trabalho baseava-se na utilizagdo de
um novo tipo de solventes, liquidos ionicos, e na sua imobilizacdo numa membrana
porosa suporte, por forma a obter uma membrana liquida suportada estavel e selectiva.
A fase inicid de desenvolvimento da membrana liquida suportada incluia a seleccéo da
membrana suporte e do liquido iénico. Os liquidos ionicos utilizados foram sintetizados
pelo grupo do Professor Carlos Afonso (Centro de Quimica Fisica Molecular, I1ST) e
foram seleccionados tendo em conta 0 seu caracter hidrofobico e a sua reduzida
miscibilidade com a agua. Como membrana suporte, foram seleccionadas varias
membranas porosas comerciais. A seleccdo da melhor combinagdo liquido

ionico/membrana suporte constituiu pois 0 primeiro passo neste projecto.

Seguindo esta linha de trabalho, foi levada a cabo a determinacdo das popriedades
fisico-quimicas dos liquidos i6nicos seleccionados e a avaliagdo do impacto destas
propriedades na estabilidade da membrana liquida suportada resultante. Foi dada
particular atencdo as propriedades dos liquidos iénicos com impacto no fluxo de
transporte (como a viscosidade) e na estabilidade da membrana liquida suportada (como
a solubilidade dos liquidos iénicos em &gua e a solubilidade da &gua nos liquidos
i6nicos) (Tabela B.1).
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Tabela B.1 — Propriedades fisico-quimicas dos liquidos i6nicos sel eccionados.

o Densidade®™®  Viscosidade®™  Solubilidadeda Solubilidade em
Liquido Ionico

(glem?) (mPas) agua (Qague!! 1) agua (au/l agua)
[C/MIM][PFg] 1.32 169 27.84 19.2
[CsMIM][PFg] 1.19 425.2 15.73 2.25
[C1oMIM][PFg] 1.14 464.7 13.26 1.23
[CsaMIM][BF4] - - Miscivel com agua
[C1oMIM][BF4] 1.04 212.02 84.61 -

Verificouse que todos os liquidos idnicos testados, excepto o [CsMIM][BF4],
formavam duas fases com agua. No entanto, e ao contrério do que seria esperado tendo
em conta a informac&o disponivel na atura, os valores obtidos tanto para a solubilidade
dos liquidos ionicos em agua como para a solubilidade da &gua nos liquidos iénicos
eram relativamente elevados. De facto, embora seja presentemente ja reconhecido que,
apesar de formarem duas fases com a é&gua, os liquidos iGnicos apresentam uma
solubilidade em agua mensuravel e ndo negligenciavel, na altura em que se iniciou este
projecto de doutoramento (principio de 2000) pensava-se que os liquidos iénicos do tipo

[C.MIM][PFg] eram totalmente imisciveis com agua.

Apesar de relativamente elevada, a solubilidade dos liquidos i6nicos em &gua ndo tem,
como sera explicitado adiante, um efeito visivel na estabilidade da membrana liquida
suportada. Verificouse, no entanto, que a solubilizagdo da &gua nos liquidos iénicos e 0
resultante aumento do teor de agua na membrana liquida suportada, durante o periodo
de operacdo, levavam a uma perda acentuada de selectividade da membrana. Em termos
préticos este comportamento significava que, embora fosse possivel transportar o
tiomersal do efluente para o compartimento biologico este transporte ndo era selectivo,

e ndo era possivel garantir o isolamento completo da cultura microbiana. Assim, neste
ponto do trabalho, foi feita uma redefinicdo dos objectivos de investigacdo, tendo-se
decidido que o sistema integrado membrana liquida suportada/bioreactor, inicialmente
pensado, ndo seria operado, e que o sistema biol 6gico seria estudado e operado de forma
independente. De acordo com a rova linha de trabalho estabelecida, este projecto de
doutoramento foi dividido em duas componentes. estudo dos mecanismos de transporte
em membranas liquidas com liquidos i6nicos e estudo da biodegradacdo do tiomersal

por uma cultura pura. Neste contexto, foram definidos cinco objectivos principais:
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1) Avaiacdo da estabilidade operaciona de membranas liquidas suportadas com
liquidos ionicos.

2) Compreensdo dos mecanismos de transporte envolvidos na solubilizagdo e
transporte de &gua em membranas liquidas suportadas com liquidos ionicos.

3) Avdiagdo do efeito da solubilizacdo de &gua na membrana liquida nos
mecanismos de transporte de solutos solUvels em agua e no desempenho da
membrana liquida suportada.

4) Avaliacéo do potencia de utilizacdo de membranas liquidas suportadas com
liquidos ionicos em aplicactes el ectroguimicas.

5) Operacdo de um bioreactor para a remediacdo, em continuo, de efluentes

industriais contaminados com tiomersal.

B.3. PRINCIPAISRESULTADOS OBTIDOS

831 Estudos de estabilidade de membranas liquidas suportadas com liquidos
iénicos

Numa fase inicial dos estudos de estabilidade (descrita no capitulo 2 desta tese)
comecgou-se por avaliar o efeito do material da membrana suporte na estabilidade da
membrana liquida suportada resultante. Assim, seleccionaram-se quatro membranas
suporte hidrofilicas, de diferente materiais. GH Polypro olipropileno), FP Vericel
(fluoreto de polivinilideno), Nylaflo (nylon) e Supor (olietersulfona). Avaliouse a
estabilidade da membrana liquida suportada obtida quando se imobilizou o liquido
i6nico [C4MIM][PFs] em cada uma das membranas suportes. Os resultados obtidos
mostraram que, quando se utilizou uma membrana hidrofilica de fluoreto de
polivinilideno (PVDF) como membrana suporte e se colocou a membrana liquida
suportada entre duas fases aquosas, a membrana liquida suportada manteve o seu
caracter hidrofbico, mesmo depois de um periodo de operacdo de 250 horas. Para além
disso, verificouse que a concentracdo de liquido iGnico nas fases aquosas permaneceu
relativamente constante, durante o tempo de operacdo. Estes resultados sugeriam que,
nas condi¢Bes de operacdo usadas, ndo havia um deslocamento significativo de liquido

ionico dos poros da membrana para a fase aquosa.

No entanto, uma vez que as condi¢Oes de agitacdo utilizadas nas experiéncias acima
descritas eram relativamente suaves e portanto ndo facilmente compardveis com
condi¢cdes normais de operacdo, foi levado a cabo um segundo conjunto de experiéncias
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(descrito no capitulo 3 desta tese). Neste trabalho foram efectuados estudos de
estabilidade dindmica, com o objectivo de avaliar a estabilidade operacional de uma
membrana liquida suportada com [CgMIM][PFg] quando exposta a condigcdes
hidrodindmicas mais agressivas. Os resultados obtidos mostraram que havia um
aumento na concentracdo de liquido ionico na fase aquosa durante o tempo de operacéo
até se atingir um patamar constante. Observouse também que este valor de patamar era
sucessivamente mais baixo para cada operagcdo consecutiva. Da comparagdo entre a
quantidade total de liquido ionico retido pela membrana, depois da sua preparacdo, com
a quantidade dissolvida nas fases aquosas adjacentes, apOs as trés experiéncias
consecutivas, foi possivel concluir que 60% do liquido iénico total imobilizado
permanecia na membrana mesmo depois da aplicacdo das condic¢bes de recirculacéo
mais agressivas. O comportamento observado sugeria que o liquido iénico detectado
nas fases aquosas se devia a uma remocao do liquido idnico da superficie da membrana

e ndo ao deslocamento de liquido i6nico dos poros do suporte.

Simultaneamente, prepararamse membranas liquidas suportadas com os liquidos
iénicos [C,MIM][PFs] (n=4, 8) e [C10MIM][BF4] e procedeuse a sua caracterizacdo por
espectroscopia de foto electrbes de raios X (XPS). Esta técnica é utilizada para
determinar a composicdo quimica da superficie de uma dada amostra e foi usada tanto
para a caracterizacdo das membranas liquidas suportadas como dos liquidos idnicos. As
membranas liquidas suportadas foram analisadas imediatamente apds preparacdo e apos
imersdo durante uma semana em agua desmineralizada. A comparacdo dos resultados de
XPS obtidos para a membrana suporte com os obtidos para as diferentes membranas
liquidas suportadas testadas permitiu- nos demonstrar claramente que, apos preparacdo,
toda a superficie da membrana esta coberta com uma camada de liquido iénico. Da
analise dos resultados de X PS obtidos para as membranas liquidas suportadas, apds uma
semana de imersdo em &gua desmineralizada, foi possivel confirmar os resultados
obtidos nos estudos de estabilidade dindmica acima descritos. Assim, foi possivel
concluir que, embora durante o periodo inicia de operacéo haja uma remocao parcia do
liquido i6nico da superficie da membrana, ndo se verifica nenhum deslocamento de
liquido idnico dos poros do suporte e este tipo de membrana liquida suportada apresenta

uma elevada estabilidade operacional.
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B.3.2. Estudo dos mecanismos de transporte em membranas liquidas suportadas
com liquidos ionicos

No decorrer deste projecto de doutoramento efectuou-se um estudo sistemético com o
objectivo de compreender os mecanismos de transporte de solutos em membranas
liquidas suportadas com liquidos idnicos. O primeiro objectivo deste estudo foi verificar
Se a gua era transportada através da membrana liquida suportada e, nesse caso, avaliar
gual o mecanismo de transporte. Para ultrapassar o problema de estudar o transporte de
agua entre dois ambientes aquosos, utilizouse agua marcada. Assim, adicionou-se agua
tritiada (T-0O) a um dos compartimentos aquosos e seguiu-se a actividade do tritio, em
ambos os compartimentos ao longo do tempo. Neste estudo foram utilizadas duas
membranas liquidas suportadas diferentes, uma com o liquido iénico [C4MIM][PFg] e
outra com [CgMIM][PFs], ambos imobilizados na membrana siporte de PVDF. Os
resultados obtidos mostraram que a agua tritiada era transportada através da membrana
liquida suportada, qualquer que fosse o liquido idnico utilizado. Embora o transporte
comegasse mais cedo na membrana liquida suportada onde se utilizou o liquido i6nico
no qua a &gua tinha uma maior solubilidade ([C4MIM][PFs]), observou-se uma fase
inicial, em ambos os casos, durante a qual ndo havia transporte de T,O. Apos esta fase
inicial, verificouse que os coeficientes de difusdo efectivos (Desr) de T,O na membrana
liguida suportada, calculados a partir dos dados experimentais, eram iguais para as duas
membranas liquidas suportadas testadas. Este resultado ndo foi o esperado atendendo ao
facto da viscosidade dos dois liquidos ionicos usados ser muito diferente entre si (ver
Tabela B.1). De facto, se a agua tritiada fosse transportada por difusdo molecular

através dos liquidos ionicos, a difusdo numa membrana liquida suportada onde o liquido
ionico imobilizado fosse o [C4MIM][PFg] devia ser cerca de 2.4 vezes mais répida que
numa membrana liquida suportada com [CgMIM][PFs], 0 que ndo se comprovou
experimentalmente.

Simultaneamente, verificou-se que o perfil de transporte de O em membrana liquida
(ver Figura B.3) era semelhante ao obtido em membranas liquidas suportadas. Depois
de uma fase inicial sem transporte de T,O, novamente maior para o liquido iGnico no
gua a agua tem uma solubilidade mais baixa ([CsMIM][PFg]), a velocidade de

transporte de agua tritiada era semel hante para ambos os liquidos ionicos utilizados.
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Figura B.3 — Evolucdo da concentracdo de T,0 no compartimento de recolha para as
duas membranas liquidas testadas.  membrana liquida com [C4MIM][PFg], « membrana
liquida com [CsMIM][PFs]; e evolucdo da concentracdo de agua dentro do liquido
ionico durante o tempo de operacéo: - o - membrana liquida com [C4MIM][PFg], - o -
membrana liquida com [CsMIM][PFs].

Experiéncias adicionais com pequenos iGes como o Na' e CI' mostraram que estes eram
transportados através da membrana liquida suportada e o que o perfil de transporte do
NaCl era semelhante ao obtido para a &gua tritiada. Os resultados obtidos sugeriam
claramente que a presenca de moléculas de &gua no interior do liquido iénico tinha um
papel fundamental no transporte tanto de T,O como de NaCl. Adicionalmente, a
possibilidade de que estas moléculas de &gua poderiam organizar-se e formar
microagregados de agua concordava com as observacfes acima apresentadas. O facto
de, em membrana liquida, o transporte de T,O sO se iniciar quando a concentragdo de
&gua no liquido idnico atingiu 75% da solubilidade da &gua no liquido i6nico (%
saturacdo = concentracdo de agua/solubilidade da agua no liquido iénico) sugeria que a
faseinicial sem transporte de T,O deveria corresponder ao tempo necessario para que se
atingisse a concentracéo de agua critica no interior do liquido iénico, necessaria para a

formacao dos microagregados de agua.

Com base nos resultados obtidos (detalhados no capitulo 2 desta tese) foi pois possivel
concluir que o transporte de agua e de peguenos ibes em membranas (quer liquidas quer
liquidas suportadas) com liquidos iénicos do tipo [C,MIM][PFes] (n=4, 6) era regulado
pela formacdo de microagregados de agua dentro do liquido idnico. Nesta fase, a
guestdo gue se colocava era se estes microagregados regulariam o transporte de todos 0s

solutos, independentemente do seu peso molecular e afinidade para com o liquido
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idnico, ou se a selectividade da membrana liquida suportada dependeria, nalguns casos,
da natureza quimica do liquido i6nico €/ou do soluto. Procurando responder a esta
duvida, foram efectuados estudos de transporte e particdo com azul de timol, um
indicador solivel em agua com um elevado peso molecular. Esta molécula é
particularmente interessante, por ser possivel definir a sua carga, gustando o pH, sem
gue hagjam ateracBes na estrutura. Os resultados obtidos sugeriam que, neste caso e
durante o tempo de observacdo considerado, era a selectividade do liquido ionico em
relacéo a cada forma que regulava o transporte do azul de timol, e ndo a presenca de
microagregados de &gua no interior do liquido idnico. A selectividade do liquido i6nico
para as diferentes formas do azul de timol sugeria um potencial para a utilizagcdo de
membranas liquidas suportadas com liquidos iénicos na separacdo de outras espécies

zwiteridnicas, como por exemplo aminoécidos ou seus derivados.

Assim, varios aminoacidos e ésteres de aminoacidos foram seleccionados como lutos
tendo-se avaliado o papel desempenhado pela agua no seu mecanismo de transporte
(conforme descrito no capitulo 4 desta tese). Estudos de extraccdo liquido—liquido
mostraram que nenhum dos aminoacidos testados particionava para o liquido ionico
[CsMIM][PFg], mas este apresentava um comportamento selectivo face aos diferentes
esteres de aminoacidos testados. No entanto, quando se fizeram estudos de transporte
em membrana liquida suportada, verificouwse que havia uma perda acentuada de
selectividade e que apds um periodo de tempo relativamente curto (2-4h) todos os

compostos eram transportados com vel ocidades semel hantes.

Os resultados obtidos nos estudos de transporte com ésteres de aminoéacidos, tanto em
membrana liquida como em membrana liquida suportada, mostraram que num periodo
inicial de operacdo o transporte € essencialmente regulado pela selectividade do liquido
ionico em relacdo aos diferentes solutos. No entanto, durante o tempo de operacéo,
verificouse a formagdo de microagregados de agua e o transporte através desses
microagregados passou a s&r 0 mecanismo dominante. Este comportamento é
semelhante a0 comportamento observado para agua e peguenos ides. O tempo de
duracdo do periodo inicial depende ndo sO da cinética de saturacdo de &gua no liquido
ionico, mas também do percurso difusional da membrana (seja ela membrana liquida ou

membrana liquida suportada).
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Embora os testes de estabilidade operacional executados tenham permitido concluir que
ndo havia perda de fase organica dos poros da menbrana, a formacdo de
microagregados de agua dentro do liquido idnico, que constituem um ambiente novo e
ndo selectivo para o transporte de solutos, conduziram a uma clara deterioracéo da

selectividade e desempenho da membrana.

B.3.3. Estudo das propriedades electroquimicas de membranas liquidas
suportadas com liquidos iénicos

Nesta parte do trabalho procurou-se avaliar o potencia da utilizagdo de membranas
liquidas suportadas com liquidos ionicos em aplicacOes electroquimicas. Para esse
efeito, prepararamse membranas liquidas suportadas com os liquidos idnicos
[CAMIM][PFg] (n=4, 8) e [C10MIM][BF4] e procedeuse a sua caracterizacdo por
espectroscopia de impedancia (1S). Esta técnica permite determinar as propriedades

el éctricas — resisténcia e capacitancia— de um dado sistema.

Os resultados obtidos mostraram que todos os liquidos idnicos possuem resisténcias

el éctricas relativamente baixas, tendo-se observado a seguinte rel agdo:

Ricsmim)iprg™ Riciomim)era™> Ricamim)[pr)-

Adicionamente, a comparagdo dos resultados obtidos para as membranas liquidas
suportadas com os obtidos para os liquidos ionicos mostrou que ha um grande
decréscimo na resisténcia quando o liquido iénico é imobilizado nos poros do suporte.
Este comportamento pode ser atribuido a condutividade relativamente elevada dos
liquidos i6nicos bem como a0 aumento da densidade de carga da membrana liquida

suportada quando os poros do suporte estdo preenchidos com liquido iénico.

Uma vez que se verificou que a solubilizacdo de &gua no liquido idnico, durante o
tempo de operacdo, leva a uma perda total de selectividade, procurouse também avaliar
o efeito da presenca de microagregados nas caracteristicas eléctricas das membranas
liquidas suportadas. Os resultados obtidos mostraram um aumento da resisténcia
el éctrica das membranas liquidas suportadas com o tempo de operagdo, até se atingir um
patamar. O facto de o valor de patamar ser claramente inferior ao valor daresisténcia da

membrana suporte constitui uma clara confirmacéo da presenca de liquido i6nico nos
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seus poros. Estes resultados vieram pois corroborar as observagdes efectuadas em
estudos anteriores (ver seccdo C1 deste resumo).

E assim possivel concluir que, embora tenha um impacto claramente negativo na
selectividade e desempenho das membranas liquidas suportadas a formacdo de
microagregados de agua ndo parece causar ateracbes significativas nas caracteristicas
eléctricas das mesmas. Para além disso, verificourse que os valores de resisténcia
obtidos para as diferentes membranas liquidas suportadas era comparavel ao de uma
membrana de permuta de protBes, como € o caso do Nafion, o que sugere a
possibilidade de utilizar membranas liquidas suportadas com liquidos iGnicos em

equipamentos com requisitos baixos em termos de resisténcia.

B.3.4. Estudo da degradacéo biolégica do tiomersal por uma cultura pura

A degradacéo biol6gica do tiomersal a mercirio metalico baseava-se, como ja foi dito,
na utilizacdo de uma cultura microbiana pura resistente a compostos de mercurio. A
estirpe utilizada neste trabalho (Pseudomonas putida spi 3) foi isolada a partir de
sedimentos do rio Spittelwasser (Alemanha) pelo grupo de ecologia microbiana

molecular do Gesellschaft fur Biotechnologische Forschung (GBF - Alemanha).

O estudo do processo de degradacéo bioldgica do tiomersal comegou por ser feito, numa
fase inicial, em reactores descontinuos. Procurouse avaliar a cinética de degradacdo do
tiomersal pela estirpe de P. Putida usada, e determinar os par&metros cinéticos que
permitissem definir quais as melhores condicbes de operacdo de um reactor em
continuo. Os resultados obtidos mostraram que a cultura utilizada tinha a capacidade de
degradar o tiomersal, e que o fazia de acordo com um mecanismo de desintoxicacdo. O
passo seguinte foi a operacdo de um bioreactor em continuo. Verificouse que era
possivel reduzir a elevada concentracdo de tiomersal a entrada (200mg/l) para uma
concentracdo sempre inferior a 5 mg/l. Simultaneamente, avalionrse em estado
estacionario, 0 desempenho e a robustez do bioreactor quando exposto a cargas de
choque de tiomersal. Nesta fase do trabalho, pensava-se ainda que o sistema biol6gico
seria operado de forma integrada, n&o estando por isso previsto que existisse qualquer
contacto directo entre o efluente e a cultura. Assim, os estudos descritos acima foram
efectuados utilizando um melo sintéico contaminado com tiomersa (meio de

crescimento da cultura suplementado com tiomersal) e ndo o efluente real.
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Numa segunda fase do trabalho foi decidido, pelas razbes ja explicitadas acima, operar
0 sistema biol égico de forma independente. Desta forma, o bioreactor foi alimentado em
continuo, directamente com o efluente real contaminado com tiomersal, e avaliouse a
capacidade da estirpe utilizada para crescer nesse efluente e degradar o tiomersal. Os
resultados obtidos mostraram que era possivel manter uma densidade celular constante
no bioreactor alimentado com o efluente real (contaminado com 50 mg/l tiomersal) e
gue o tiomersal ndo era detectado a saida do bioreactor (limite de deteccéo do tiomersal
= 0.8 mg/l). Quando se mediu a concentragdo de mercurio total no bioreactor verificou
se que, para todos os tempos de residéncia hidraulicos testados, a eficiéncia de remocgao
de merclrio era sempre superior a 98.5 %. Para além disso, verificouse que era
possivel, gustando o tempo de residéncia hidraulico (ver Figura B.4), reduzir a
concentracdo de mercurio residual para valores inferiores ao limite europeu, no caso de

descargas de efluentes industriais contendo mercurio (50 mgHg /1).
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Figura B.4 — Variagdo da concentracdo de mercurio residual a saida do bioreactor com o
tempo de residéncia hidréulico.

B.4. CONCLUSOES

Este trabalho permitiu-nos obter uma compreensdo clara sobre quais 0s mecanismos que
regulam o transporte em membranas liquidas com liguidos iénicos, quando estas
separam dois compartimentos aquosos. Verificourse que as membranas liquidas
suportadas desenvolvidas possuem uma elevada estabilidade mecanica, tendo-se
concluido que ndo houve perdas da fase organica imobilizada para as fases aguosas
adjacentes. Verificouse, no entanto, que durante o tempo de operacdo, havia uma

solubilizagdo parcia de é&gua dentro da fase orgénica com a formagdo de
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microagregados de agua. A presenca destes microagregados dentro da fase organica
levou a uma clara deterioracdo da selectividade e desempenho da membrana. Pode
assim concluir-se que as membranas liquidas desenvolvidas ndo sdo as mais adequadas
para transporte entre duas fases aquosas. Estudos adicionais mostraram, no entanto, que
pode existir potencial para a aplicagdo de membranas liquidas suportadas com liquidos

ioGnicos em equipamentos com requisitos baixos em termos de resisténcia el éctrica.

No que respeita a biodegradacéo do tiomersal, foi possivel demonstrar que a cultura
pura usada pode ser utilizada para a remediacéo de efluentes da producdo de vacinas
contaminados com tiomersal, tendo-se obtido valores residuais de mercurio no efluente

abaixo do limite estabelecido pela legislacdo em vigor na Unido Europeia
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“The Road goes ever on and on

Down from the door where it began.
Now far ahead the Road has gone,

And | must follow, if | can,
Pursuing it with eager feet,

Until it joins some larger way
Where many paths and errands meet.

And whither then? | cannot say.”

JR R Tolkien —The Lord of The Rings



