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INTRODUCTION

SUMMARY

" In this chapter, a brief introductibn will be given on membrdneé. Fﬁrthermoré,
-liquid membrarnes will be described. Finally the structure of this thesis will be

presented.
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- Chapter 1

1.1 Membi‘ane_s:. an introduction

' In the chemical, pharmaceutical and many other _indﬁstries,'the purification of
. products and raw materials and the cleaning of waste streams is a necessary
. separation step. Such separation processes are usually based on differences in
physical or chemical properties of the species to be treated. In general, separation
' processes should fulfill two' criteria [1]: the separation should be feasible
:‘ techﬁiéally, and the separation process must be feasible economically. In order to

minimize the energy consumption of the separation process and to minimize the
. waste, new separation techniques have been developed in the last 25 years. One of
' the techniques fulfilling these requirements is membrane technology.

‘It is not easy to g‘ivé an exact definition of a membrane. According to the
. nomenclature of the European. Society of Membrane Science and Technology-
' (ESMST), 2 membrane is ‘an intervening structiure separating two phases and/or
acting as an active or passive barrier.to the transport of matter between the
. phases adjacent to it’ [2]. When we take a look at the definition of the term
. permselective membrane, we find the following definition: a.permselective
- membrane is ‘a membrane which separates components of a ﬂmd by differences in
' "‘ one or more properties of the components, such as size and shape, electncal
“charge, solubility and diffusion rate’ [2]. This is the definition of 2 membrane most
'3 applicable to their use in separation processes. When in this. thes1s the word -
membrane is used, we refer in fact to a permselectwe membrane.

membrane

fged permeate

' driving force

_ . Figure 1.1. Schematic illustration of a membrane separation process.

The most central part in every membrane separation process is f‘;helmembrane,» as
- illustrated in figure 1.1. At one side of the membrane there is the feed or upstream

2-
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phase, while at the other side we have the permeate or downstream phase. For a -
mass transport across the membrane, a driving force is necessary. The driving
force .can be a pressure dlfference, a concentration (activity) dlfference, a-
-temperature difference or an.electrical - -potential difference [1]. Due to the -
" permselectivity of the membrane, one component is more readily transported than
‘other components in the feed. In figure. 1.1 the black species are tranéported.at a
higher rate than the white ones. In this way, a separation can be achieved.
Excellent reviews on developments in membrane science and tech_nology have been -
* presented by Lonsdale et al. [3] and Matson et al. [4]. '

1.2 . Liquid membranes

" An overview of all differcrit types of membrane processes possible was given by
Mulder [1]. In this thesis, research is carried out only on liquid I_ne'mbraoes. For
these membranes, the general definition for a permselective membrane given in
section 1.1 still holds. Liquid membranes are media consisting of liquid films
through which selective mass transfers of gases, ions and moleculés occur via
permeation and transport processes [5]. The transport through liquid membranes
can be either passive or facilitated by the preserice of a carrier. Such a carrier
molecule should possés a high affinity for one of the solutes in the feed and it should
accelerate in this way the transport of this specific component across the liquid
membrane. In this thesis, only facilitated transport is d1$cussed When more than
one component is transported smmltaneously, the term coupled transport is used.

feed phése . stripping pliase

.- transport

Figure i.2.  Facilitated transport in a membrane by means of selective carriers.
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' Chapter 1

'The separation mechanism of facilitated transport by a carrier is shown in

figure 1.2 for the uncoupled case. The carrier binds selectively with one of the
} componénts in the feed (the black triangles) and transports it from the feed phase
' to the receiving or stripping phase due to a electro-chemical potential difference of
‘the component on both sides of the membrane. By using a carrier in liquid
- membranes, both seleétivity and permeability are increased compared to diffusive
‘transport in the absence of a carrier. For other membrane processes, the
- selectivity and permeability are usually inversely related.

-ﬁ Figure 1.2 showed a typical example of simple carrier mediated (or facilitated)
. transport. In liquid membranes, several other transport mechanisms are possible.
Most important is coupled ‘t”ransport', where the carrier éouples the flows, of two
", components. It is then even possible to transport one of the two species against its
_concentration (chemical potential) gradient (‘uphill transport’) when the driving.

force for the counter-transport is high enough. Coupled transp@rt can be either co-
: éoupled or counter-coupled. In the first case, both components move in the same’
:direction. In counter-coupled transport processes, the components move in

" opposite directions. Both coupled transport types are illustrated in figure 1.3. A

review on coupled transport membranes is given by Baker and Blume [6].

" co-coupled t}'ansport ' counter-coupled trcmsporf

_'————9 .. _— > ..
. feed A ’ receiving feed A receiving
- phage —_— phase phase - phase
o - B , B
'Figure 1.3. Schematic drawing illustrating the principle of co- and counter-current

" facilitated transport. A: component to be transported. B: couple& species. C: carrier species.

: Basically, there are two types of liquid membraries for practical use: the emulsified
:liquid membrane (ELM) and the immobilized or supported Liquid membra.nq (SLM)
[11. Both types are schematically shown in figure 1.4. In an ELM (figure 1.4a), the

receiving phase (inner phase) is emulsified in the liquid membrane phase which
'may contain a carrier. The emulsion is dispersed in a third phase, the continuous
. outer phase, which is usually miscible with the inner phase. This method firstly

-4
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~was descrlbed by Li at the end of the s1xt1es [73. Separatlon takes place by

- transport of the species from the continuous outer phase through the liquid

membrane phase to the inner phase. The transport is stopped when the inner
phase is saturated. Subsequently, the continuous outer phase and the emulsion
phase are separated and the emulsion is broken in a coalescing unit after which the
" inner phase with the product is recuperated or discarded. This batch process can'
be improved considerably in a different set-up where a fixed macroporous support

is used in which the liquid membrane phase is immobilized by capillary forces: a .

supported liquid membrane (figure 1.4b). As macroporous support, several
geometries can be applied [8]. A flat geometry is useful for laboratory purposes,
but for industrial applications spiral wound and hollow fiber modules are preferred .
due to their high surface to volume ratio. The. work described in thls thes1s is
focussed on SLMS ‘

coutinuous outer
- phase (feed)

liquid -
membrane phase

@ . w®

Figure 1 4. Schemattc drawmg of (a) an emulszon -type of lzquld membrane (ELM) and (b) a
supported lzquzd membrane (SLM)

The intrinsic advantages of SLMs compared to other (membrane) separation
techniques are summarized below [8-11]. ‘ ’
. ® High fluxes are possible. For not too small species, diffusion coefﬁc1ents in liquids -
*are usually higher than in solid materials. This, combined with the presence of a
' carrier, results in larger fluxes than can be obtained in polymer membranes.

- * High: selectivities can be achieved when the right carrier is chosen and added to
the LM-phase. The selective nature of the carrier provides much better
‘separations than those based solely on.relative differences in solubility and
diffusivity of various components in a polymer matrix. :

o Spec1es, espec1ally 10ns, can be concentrated By means of coupled transport
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“ions can be pumped uphill, i.e. against theii concentration gradient.(chemical
‘potential difference) due to the driving force of other species transported downhill.
- Expensive extractants can be used. Only a small quantity of carrier is necessary

- since the amount of solvent associated with the membrane is small. '

;Despite the,advantages that SLMs have compared to other separation techniques,
;:th.ey are not widely used at an industrial scale nowadays. This is mairly due to
their instability and subsequent short lifetime [6,9,11,12]. With a certain time, the
vzmembrane liquid (either the carrier, the membrane solvent or both) disappears
from the pores of the support. In case only the carrier is lost, the flux will decline in
itlme, but the flux Imght also increase in time when either the solvent or LM—phase
is lost (due to a smaller diffusion path length) When the membrane breaks down
. "jdﬁe to a large loss of membrane liquid, a direct connecting channel in the
" ‘membrane between feed and strip phase will lead to nonselective transport of the
bomponents. Furthermore, feed and strip phase are polluted with the membrane.
. liquid. The reason for the instability is still a point of discussion, but it seems most
likely to be a combination of several effects [11]. This discussion is one of the main

- 1ssues of thls thesis.

;1.3 . Structure of’this thesis

The work described in this thesis is al.med at improving the hfetlme of supported

Ilqmd membranes by applying a thin polymeric toplayer on the macroporous

support This toplayer should prevent loss of LM-phase. In the major part of the

work described in this thesis, the toplayer is applied by means of an interfacial

. polymerization reaction. This technique is well known for the preparation of
- reverse osmosm and nanofiltration membranes but its use to prepare stable

S][Ms isnew.

‘Chapter 1 is.an introduction to membrane technology and, in particular, to liquid
membranes. The two main types of liquid membranes and their drawbacks are
discussed in more detail *

In chapter 2, a state-of-the-art literature review is given on the stability of
supported, liquid membranes. Firstly, several mechanisms responsible for the
degradatlon of SLMs- are discussed in detail. Then, several suggestions for
improving the lifetime of SLMs described in literature are discussed. At the end of
this chapter, several new liquid membrane configurations are described. ‘

The theoretical k;ackgrounds of interfacial polymerization and its use in membrane
technology are discussed in chapter 3. From the literature, a series of monomers
were selected which were known to have a low salt rejection, a necessity to
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stabilize SLMs without" a large flux reduction. By means of an 1nterfac1a1
polymerization reaction, monomers were polymenzed on top of microfiltration

membranes. The coated membranes were used as support for SLMs to remove

nitrate from water and they were tested for their stabilizing effect on SLMs and on
the mtrate flux, respectlvely

. From the screening eXperiments two monomers were choéen whose topIayers

showed the most promising results in increasing the stability of the SLMs without
a reduction, in their flux. Chapter 4 describes a thorough investigation of these
SLMs. A large number of reaction parameters was varied systematically to
optimize the system. Several characterization techniqués were applied to
investigate the toplayer niorphology and chemical composition of the membrane.
In an appendlx to this chapter, some peculiar results on double layered SLMs are
descnbed '

In all chapters, except chapter 5, ﬂat sheet m.1croﬁltrat1on membranes were used
"as support. In chapter 5, the use of hollow fibers as support is discussed. The fibers
were coated by interfacial polymenzatlon with the toplayers shown to increase the
stablhty of flat sheet SLMs. Scanning Electron Microscopy (SEM) was used to"
check the uniformness of the applied toplayer In two dlfferent sétups, the hollow
‘ ﬁber SLMs were tested. »

In chapter 6, the gelation of the liquid membrane phase, containing trioctylmethyl-

"ammonium chloride (TOMA-CI) as a carrier by means of PVC is described. SLMs
with this carrier are usually very instable, and it is tried to improve their lifetime
by homogeneous gelation of the LM-phase and by apphcatlon of (chemlcally)
crosslinked PVC toplayers on the support.

Finally,. in chapter 7 the mechanisms behind SLM degradation are. critically

reviewed. By a theoretical analysis, an attempt is made to calculate whether -

‘emulsion formation can take place in the SLMs as used throughout this thesis.
Furthermore, it will be discussed which other mechanisms might be respon51ble for
- the degradatlon of SLMs :
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THE STABILITY OF SUPPORTED
LIQUID MEMBRAN ES

-State of art review

SUMMARY

This chapter presents a state of art literature review on the stability of supported '
liquid membranes. Firstly, an overview is presented dealing with the background bf-
SLM instability phenomena. Several mechanisms that are proposed in literature
will be treated in detail. Furthermore, suggestions for membmne lifetime
improvement are dzscussed briefly. . .

I ban be concluded that the stability of SLMs is still a severe problem. In literature
. there is no agreement on the mechanism that causes instability. Although new

- membrane configurations seem to be very promising due to their high. stabzhty, ’
modzﬁcatzon of the LM -phase or the support is simpler.




Chapter 2

;2J.A Introduction

Suppoﬁed liquid membranes (SLMs) are a promising alternative to liquid—liquid

. extraction and other (membrane) separation techniques for .the selective removal -

* of ions ‘or neutral molecules from solutions and gases. In most membrane
' processes like e.g. reverse osmosis, ultrafiltration or microfiltration, the solvent
" and vanous solute particles permeate through the membrane while other
! molecules or particles are rejected. To transport the permeate through the
_f mémbrane a certain amount of energy has to be supplied. SLMs are different,
| since in this case only the component to be separated is transported This

j fundamentally different approach for separatlon can be much more energy '
* efficient. o

" SLMs usually consist of an organic solvent; immobilized in the pores of a
" hydrophobic microfiltration membrane. In general, the organic solvent contains a )
. carrier, which binds very selectively one of the components in the feed solution.-
' - Furthermiore, the organic bhasé might contain a modifier, which favors the
extraction of a certain selected species in a synergistic fashion, and improves the
; selectivity of the SLM in this way [1]. Because the transport takes place in a
! liquid, for not too small molecules the fluxes are higher compared to ‘solid’ pelymeric-
- membranes since diffusion coefficients in liquids are in general orders of magnitude
: higher than in solid materials. Another advantage of SLMs is.the high selectivity of
' the process, when a proper selecﬁve complexing. agent is chosen as carrier.
. Furthermore, it is possible to separate and concentrate species at the same time,
i.e. liquid membranes are capable of providing co-current and counter-coupled
‘ transport. Other advantages of SLMs are the- modest cap1ta1 and operating costs,
the low energy consumptlon and the possibility of using expensive extractants
[2,31. - ‘

"Despite the above mentioned advantages, ‘supported liquid membranes are not
" used at a large scale in industry nowadays. The major reason for this is the
. membrane stability or lifetime, which is in general far too low to assure good
' commercial application possibilities. The instability of SLMs is due to the loss of
‘carrier and/or membrane solvent from the membrane phase which has an
influence on both flux and selectivity of the membrane [2,4-6]. The effect of solvent
~and carrier loss on flux is schematically drawn in figure 2.1. In case 1, membrane
" solvent is lost to the adjacent phases. Due to the increase in carrier concentration -
" and the decrease of the actual liquid membrane ‘thickness, the flux increases in
" time until the membrane breaks down. When the carrier molecules are lost (case 2
in figure 2.1), the flux will gradually decrease in time until no components are
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transported anymore at the moment no carrier is left. Finally, the flux might be
nearly constant when both carrier and solvent are lost to such a degree that the
carrier concentration in'th'eliquid membrane phase 'remains almost equal. When -~
all LM-phase is lost, the membrane breaks down and a direct transport between
the two phases adjacent to the liquid membrane takes place with a complete loss
“of selectivity: The time penod after which instability phenomena are observed
varies from less than one hour [5,7] to several months [3,8-10] depending on the
system (carner, solvent, and support used) '

—> time
Figure 2.1. " Degradation of SLMs. and its influence on component flux in time for three
extreme cases. 1) Loss of solvent..2):Loss of carrier. 3) Loss of both solvent and carrier. The dizshed
lines indicate membrane breakdown. The crosses represent the carrier molecules, the czrcles represent

the solvent molecules.

'Throughout th1s the81s a decrease in. component flux is used to dec1de whether &
membrane is stable or not. When the flux is decreased below a certain. percentage
of the initial flux of a newly prepared membrane at a certain moment (e. g. t0.90 %

. of the initial flux), we will consider the liquid membrane to be instable. This
* definition implies however that we might observe an increase in ‘flux’ stability
despite a leakage of membrane solvent as was shown in figure 2.1. The term
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" ‘stable membrane’ is not used in its absolute meaning, but only used relative to
. other systems. This means that a certain liquid membrane can be more or less
' stable than another one for the same transport system, but it is not cIalmed that a
‘stable’ (in absolute terms) SLM is obta.med

. In literature, it is not uniformly stated under what conditions a liquid membrane is
' considered to be (in)stable and in which, way the (in)stability of a membrane is
measured. Most of the authors consider a flux or permeability decrease of the
“transported species to be an indication for membrane instability [e.g. 4,6,9,18] as
" is used also throughout this thesis. However, several other authors claim their
‘membranes to be stable, when a constant flux is obtained by replacing the
' réemoved liquid membrane phase continuously by fresh LM-selution [19-23] or
- simply state their system is reliable without any further details [24]. Sometimes, a

significant -decrease in selectivity is used to measure the instability of a membrane

'[25-271. To determine the stability of liquid membranes, factors like a volume flux

of water through the membrane [5,28-80], a rapid increase in pH [31] or interfacial

i propertles such as the contact angle or a so called ‘progressive wetting time’ [32]
" ' are used. In most literature references, however, no attention at all is paid to the
- stability of the system.

‘This chapter will not presént an overview of all the separations and enrichments

:3 possible ‘with (supperted) liquid membranes. For this, one is referred to several
" excellent review articles and books [6,11-171. This thesis is mainly focussing on
" improving of the stability of SLMs. Therefore, in this chapter a state of the art-
. review will be given on the stability of SLMs. In the following section, the causes of l

'SLM instability will be discussed. We restrict, ourselves to the removal of

components from IlqllldS and do not treat the more specific instability problems for

liquid membranes for gas separation or fized-site carrier membranes. Then, several ‘
‘ways for improving the stability of SLMs, known from literature, are presented in
: section 2.3. Finally, various other configurations for liqguid membranes, from which

the authors claim that they are much more stable than conventional supported
_: liquid membranes, are discussed in detail in section 2.4.

‘2.2  The mechanisms of SLM degradation

" As mentioned before, the reason for a supportéd liquid membrane to become
" instable is the loss of LM-phase out of the pores of the support structure.

' According to previous work on SLM destabilization as described in hterature this

" loss of carrier and/or membrane solvent can be due to

: 1) the pressure difference over the membrane;-
12) the solubﬂlty of carrier and membrane solvent in the adJacent feed and strip
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* solutions;
3) wetting of the support pores by the aqueous phases
"~ 4)  the blockage of the support pores by prec1p1tat10n of the carrier or by Water ‘
. 5) the presence of an osmotic pressure gradlent over the imembrane;
6) emulsion formation of the LM-phase in water induced by lateral shear forces.
These proposed mechamsms of SLM- destabﬂlzatlon will be d.lscussed in more deta_ﬂ
in thls section. :

The pressure difference over the membrane

Due to pumping of the solutions, a pressu.re dlfference might exist over the
_. membrane [3,5]. This pressure effect is of special importance when hollow fibers
are used as support [25]. When the pressure difference exceeds a certain critical
value, the liquid membrane phase is pushed out of the pores of the support. Zha et
- al. defined the critical displacement pressure P, for an SLM as the minimum -
transmembrane pressure required to displace the impregnating phase out of the
largest pore [6,33]. For a cylmdrlcal capillary, P, is glven by the Laplace equatmn
[34]:

2 cosb

PC= T ’

(1) ' ’
where P, is the critical displacement pressure (N m2),  the interfacial tension. _
between strip or feed solution and the liquid membrane phase‘(N_ m-1), 6 the
contact angle between the miembrane pore wall and the impregnating liquid and "
" the pore radius (m). Equation 1 is only valid for cylinidrical capillaries. However,

SLM supports usually are highly irregular in geometry. Zha et al. derived’ an
equation for the estimation of the critical d.isplacement pressure for SLMs in such
‘cases. By estabhsh.mg a so called ‘neck model’ for the membrane pores, their
deviation from cylindrical capillariés was taken in consideration. Comparlson of
their experimental data with their calculated values showed. a good agreement. -
Measured critical displacement pressures for Accurel supports (nominal pore size
0.2 um) were in between 50 and 250 kPa, depending on the system. As long as the -
transmembrane pressure is smaller than the critical pressure, the liquid
-membrane phase will not be replaced by the aqueous feed: or strip solutions.
Pulsations of the feed and strip fluxes, in addition to transmembrane pressure

gradients surely will affect membrane stability: due to the loss of carrier and , v

solvent the flux will decrease. Pressure differences of 0.2 kPa across the membrane -
were shown to be high enough to cause water leakage in flat polytetraﬂuoro-
ethylene (PTFE) supports (pore size 2.0 pm) filled with toluene as Was'
experimentally determined by ‘Takeuchi et al. [5]. To obtain a stable liquid
membrane, transmembrane pressure differences including fluctuations should be
minimized. When pressure differences are avoided, SLMs are still showing
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" instability phenomena which- indicates that pressure differences are ﬁot the main
 cause of SLMs degradation.

The solubility of carrier and membrane solvent
. In case a chemical potential difference Aj between the liquid membrane and the N

 aqueous phases is present for carrier or organic solvent (e.g. when the phases are

'not saturated with the LM-phase), there is a driving force for the LM components

to dissolve in the aqueous phases which is the case in many actual operation
conditions. The solubility greatly influences membrane lifetime when the -

- membrane solvent or carrier have a significant solubility in the adjacent aqueous
‘phases. The higher the partition coefficient towards the aqueous phases, the

. shorter the membrane lifetime [3-5,20,26,30,31,35-37]. Danesi et al. found that

‘the lifetime of SLMs containing “acidic carriers like HDEHP, di-(2-

- ethylhexyl)phosphoric acid, decreased when one of the aqueous solutions had a high

| pH [3]. This is in agreement with the increased solubility of this type of carrier in

‘water with increasing pH. Due to the high solubility of their membrane solvent, 2-

- ethylhexyl alcohol, in water (app. 0.1 wt%), Tanigaki et al: observed a rapid

' decrease in phenol flux [20]. Pre-saturation of the aqueous feed and strip phases

i with the _oi’ganic phase improved membrane lifetime. However, a rather constant

flux for longer time (9 days) could only be obtained when the support was

' continuously reimpregnated with LM-phase in the case the aqueous phases were

'not pre—Satu.t_'ated. The effect of membrane solvent solubility in water and volatility

- on membrane stability was investigated by Lamb et al. [35]. It was observed that

‘the memnbrane stability increased as the boiling point of the solvent increased or

‘water solubility decreased. The same was-found by Deblay et al.: when the
‘solubility of the organic solvent in water was higher than 30 ppm, thé membrane -
‘was instable (lifetime lower than 10 hours) [26].

. Also the solubility of the carrier in the adjacent aqueous phases is of importance,
".as was shown by Chiaﬁzia [81]. Three different, commercially available, long chain
,aliphatic amines (a primary, secondary and tertiary one) were tested as carriers -
for the removal of several ions from synthetic groundwater. The stability decreased -
\in the order tertiary>secondary>primary amine. The solubility of the carrier in
'water decreased in the order primary>secondary>tertiary amine, opposite to the
stability order: the higher the carrier solubility, the lower membrane stability. '
‘Dozol ef al. determined aqueous solubilities and SLM lifetimes for a large number
‘of membrane solvents (‘diluents’) [30]. Membrane lifetimes over 200 hours could be
obtained when solvents with a water solubility lower than 12 g I'1 were applied.
iBloch et al. prepared solvent membranes using PVC as polymer, plasticized with -
pliosphate esters which acted as carrier for metal ions [36]. Dissolution of the
‘plasticizer in the adjacent aqueous solutions and subsequent impermeability of
‘their solvent membranes was considered to be the cause of membrane failure [36].
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Several authors claim an improvement of SLM lifetime when the aqueous phases-
_are pre—saturated with the organic phase [10,20].. Others, however, clalm the
. opposite. Takeuchi et al. did find no or only little effect on SLM lifetime when the
aqueous phases were pre-saturated with the membrane solvent [5]. Neplenbroek
et al. pre-saturated the aqueous phases with decanol, but the amount of LM-
phase removed was independent of the saturation, in agreement with the results of
~ Takeuchi et al. [5]. Both argue that the breakdown of an SLM is not caused by the -
solubility of the LM-phase components. However, in their system probably the
solubility is not the most important mechamsm, but in other systems the :
solubility certamly might be lmportant

The wetting of the support pores by the aqueous phases

- This mechamsm for SLM degradatlon was firstly proposed by Danesi et al. [3] and

worked out in detail by Takeuchi et al. [5,32]. As a result of e.g. the formation of -

metal complexes, contamination of the interface between organic phafse and
aqueous phases or dissociation of the carrier, both the interfacial tension (between
the aqueous phase and the organic phase) and the contact angle (between the
aqueous phase and the porous membrane wall) might decrease in time. When the -
interfacial tension has decreased to below a certain level, the aqueous phases
might enter the membrane pores and replace the orgamc LM- phase, accordmg to
Takeuchi et al. [32] .

To 1nvest1gate this Wettmg phenomenon Takeuchi et al. [32] measured contact
angles.and interfacial tensions of aqueous drops (solutions of metal ions) lying on
macroporous sheets, submerged in organic solutions containing a carrier (see figure
" 2.2). The contact angle 6 as defined by Takeuchi (between aqueous solution and the
membrane) is different from that in equation (1) where we defined it as the angle
between the membrane pore wall and the impregnating liquid. However, the use of
* the change in time of the contact angle, in order to determine the critical mterfa(:lal
" tension at which penetratlon of the aqueous phase in the pores starts, is not
allowed for (highly) porous materials as was pointed out by Franken et al. [38].
The results of Takeuchi et al. ‘are therefore doubtful. Another objection against
" this mechanism is that it is not expressed clearly. Finally, When this wetting
mechanism is valid, the LM-phase lost should have the same chemical composition
as the remaining liquid in the pores. Neplenbroek et al. found by a careful analysis
of the remaining LM-phase that this was not the case: carrier and solvent were
lost to the aqueous phases in different ratios [4]. So, this mechamsm for LM
1nstab111ty is not of major importance.
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organic liquid
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: Figure 2.2. - Schematic drawing showing an aqueous drop on a horizontal porous sheet
* submerged in an organic solution. Adapted from Takeuchi et al. [32]. y= ir;terfacial tension, 0=
" contact angle (aqueous phase [ membrane phase), o = oil, w = aqueous solution, s = porous solid.

. The pore-blocking mechanism

‘Fouling’ and subsequent blocking of the support pores can occur in two ways i.e.

. by carrier precipitation and by water blockage. Precipitation of carrier molecules in -
: the pores was observed by Belfer et al. for palcium—pﬁosphinic acid complexes [39]
. and by Chiarizia for long chain aliphatic amines [31,40]. Nitrate—trﬂéurylamine
- salts were thought to precipitate locally in the membrane pores. The formation of
- solid or gelatinous precipitates in the pores, beyond the saturation limit in the liquid

' membrane phase, slows down the diffusion rate of the permeating species. On the
other hand, according to Chiarizia, this precipitation might enhance SLM stability

" by preventing the formation of emulsions with the aqueous phase and by acting as
" a barrier agairist water bridging in semi-devoid pores [31]. Both water channeling

- and emulsion formation will be discussed later on in this section.

Babcock ef al. observed a gradual copper flux decay in time and subscribed this
, flux decay to blockage of membrane pores by water [41,42]. This mechanism was
- also cited by Baker and Blume, who.called it ‘spontaneous emulsification’ [15]. This
" term is however only applicable for the spontaneoue formation of micro-emulsions
which is impoesible in SLMs due to the relatively high interfacial tension. For the
. spontaneous formation of emulsions without additional energy very small

" ' interfacial tensions (smaller than 0.01 mN m-1) are required [43,44], much lower"
- than interfacial tensions usually encountered in LM-systems. This term is
. therefore used incorrectly. The process according to Baker et al. [15] is
" schematically drawn in figure 2.3. Beforehand, one remark is that the way the -
meniscus is drawn by Baker and Blume is wrong: the LM-phase will never enfer
 the pores spontaneously if the meniscus has this shape since the contact angle
‘ between 1mpreg'r_u3.t1n<r phase and membrane wall here is larger than 90°.
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Intact membrane Pa.rtié]ly degraded ~ Fully degraded
‘ : membrane membrane .
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" of support "' . Increaéingmembrane age.
Figure 2.3. Schematic drawing (from Baker et al. [15]) of S'LM degradatzon by the

. formatzon of an interfacial emulsion.

It was thought thait Watef could enter the organic phase at the surface of the
membrane and replace the organic phase. The ermatidn of micelles by the carrier
. molecules, thereby solubilizing water, might result in the introduction of water in
" the organic phase. Zhu claimed this solubilization of water by micelles to be the
reason for water uptake in their SLMs [45]. They give however no experimental
proof at all.for the existence of these micelles. Furthermore, such micelles are -
small in general and it is therefore doubtful whether sufﬁmently large quantities of
water can be introduced into the organic phase. In contradiction to the results of
Zhu, no water droplets or micelles with solubilized water in decayed SLMs were
detected by Zha by gas chromatography and he rejected therefore the pore—block
mechamsm for his system [6]. The intrusion of water into the organic phase is not
clear for situations where the formation of micelles in the membrane is impossible.
Babcock et al. suggested that the hydrophobic membrane pore wall could bé
wetted by the aqueous phase due to a change in the contact angle 6 bétween
organic phase and water, e.g. when the surface active carrier is lost to the aqueous
phases by solubility effects [41,42]. When the micelles break up or when the
- organic phase pulls away from.the pore walls, organic dropléts are formed. »
Nevertheless, this is very doubtful. It is not explained how the micelles can bi'eak
up spontaneously. Furthermore, there will always be a dmvmg force to. minimize
the surface area, and without the supply of extra energy it is not likely that extra
area is created to form small LM—phase droplets.’
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‘The “fouling’ was believed to propagate from the strip side of the membrane to the
‘feed side, but again the driving force for this process is ambiguous. Furthermore,
the term fouling is somewhat misleading, sincé usually fouling is associated with
" the (ir)reversible deposition of retained particles, macromolecules or salts on orin -
_the membrane [46]. Due to the presence of organic droplets surrounded by the
‘aqueous phase in the support pores, the transport of permeants is hindered. As a ]
result, the flux decreases. Experiments with 5 pieces of membrane, Iaminated
‘together, showed that the flux decay indeed was the largest near the aqueous strip
" 'side. Also the interfacial tensions between LM- and aqueous phases dare so large,
igthat spontaneous emulsion formatlon is not likely to occur [4,37]1. Finally, another
‘objection against this mechanism is that it does not explain why the ratio of carrier
:to organic solvent loss to the adjacent aqueous solutions was different from that in
' :th‘e initial membrane liquid as found in Babcock’s experiments and by Neplenbroek
et al, [4]. ri.‘he correctness of the pore-blocklng mechanism is therefore very
jd&ﬂibtﬁll : ’

fThe osmotic pressure effect

‘The osmotic pressure effect as a mechanism of SLM degradation was developed
independently by Fabiani et al. [29] and Danesi et al. [18]. The effect’ was
‘proposed also by several other authors as one of the causes of SLM instability
[10,13,17 ,26,30,31,47]. Fabiani ef al. measured water flows and salt fluxes
ithrough SLMs separating. two LiCl solutions at different concentrations. There
‘were o hydrostatic pressure gradients applied to the membrane [29]. When the
osmotic pressure difference AIl increased, the water transport .increased.

‘According to- the authors, as a consequence of the volume flux across the
;membrane, the organic phase is dragged ouf; of the pores of the support and the
SLM becomes instable.

‘An impressive piece of work dedling with the ]ertlme of several supported liquid
‘membranes for metal ion transport, and in particular the influence of osmotic
pressure gradients, was published by Danesi ef al. [18]. The relation between
membrane lifetime and several physical properties of the system was investigated.
The stability of the membrane was measured by determining the salt permeation -
and water transport through the membrane as a function of time. The water
transport was measured by means of horizontal, calibrated glass tubes attached
?to the membrane cell. An SLM was considered to be stable when it showed a

‘jconstan"t, flux in time and when there was no water transport..In case the liquid

. membrane phase could dissolve a significant amount of water and additionallyvan ‘
:osmotic pressure difference AII difference was present, water transport was
iobserved and the SLMs were considered to be instable. A mechanism of membrane
failure was proposed, in which the presence of an osmotic pressure gradient could
lead to the displacement of the organic membrane phase from the support pores
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by the movmg water. To maximize SLM lifetime, systems should be used Whlch are

characterized by high organic/water interfacial tensions, a low solubﬂlty of water in

the LM-phase and a low tendency of the support to be wetted by the aqueous’

phases. These characteristics were however not quantlﬁed by Dane51 et al. but.
are just quahtatlve gmdehnes for obtammg stable SLMs. .

In literature, several obJectlons against this osmotic pressure effect can. be found.
Neplenbroek et al. [4,37] state that only in case the LM-phase is removed from
the support pores by another primary mechanism, an osmotic water flow might-
occur. According to Neplenbroek et al., for an osmotic flow of water a continuous
water: path must be present in the LM-phase to create the osmotic pressure
.difference. However, this objection to the osmotic pressure effect is not correct. To
obtain an osmotic pressure gradient, apart from a difference in ionic strength of
both aqueous solutions it is only necessary that the water. has a sufficiently high
solubility in the LM-phase, while the jons have not. In that case the membrane is
semi-permeable to water and an osmotic pressure difference might develop.
Neplenbroek et al. state that a continuous water path_has to be present, but in
that case never an osmotic pressure gradient can develop since both water and’.
jons can be transported. The membrane is no longer semi-permeable and transport

"of water and ions takes place according to the act1v1ty dlfferences of both
components between the two phases..

Nevertheless, Neplenbroek et al, showed clearly that in absence of an osmotic
pressure difference by using equal salt concentrations in feed and strip, their SLMs
still showed a considerable loss of carrier and solvent [4,37]. When an osmotic »
pressure difference across the membrane was created by an 1ncrease in salt
- concentration in the stripping phase, Neplenbroek et al. showed even an increase
in stability of the SLM, which is in contradiction with the proposed theory of the
osmotic pressure effect. Similar results were obtained by Zha for SLMs for phenol
transport [6], who also draw the conclusion that the osmotic pressure mechanism -
was not the cause of SLM degradation in his system. Furthermore, the type of salt
used in the aqueous phases had a remarkable influence on carrier removal [371.
Since the osmotic pressure is a colligative property and depends therefore upon the
number of solute molecules rather than on their kind [34], the osmotic pressure
. .model does not-explain the differences. As a conclusmn, it-appears that an osmotic
- water flow might be an add1t10na1 reason of SLM instability, but this depends on
. the solubility of water in the LM- phase. Not all effects can be explamed when the ‘
osmotic pressure 1s the only cause of SLM instability. ’

Shear-induced emulsion formation

A hypothesis about the instaBility of supported liquid membranes was proposed by'
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Neplenbroek et al.: emulsion formation induced by lateral shear forces [2,37,48].

Zha et al. further developed and extended this hypothesis [6,49]. Neplenbroek et
- al. found a striking similarity between the instability of an SLM and the stability

of emulsions formed by droplets of the Identlcal LM-phase in the same aqueous

. environment with the carrier as the emulsifier. A relation was found between the
, removal of the LM-phase from the membrane pores as a function of the molecular
" structure of the carrier, the type of organic solvent and the formation of oil in.water-
“emulsions. A similar relation was found for the counterions: the stability of SLMs
" increased with an increase in the concentration of counterions while at the same
 time a decrease of emulsion stability was experimentally observed. In their
. system, Neplenbroek et al. used a 4 * 10-3 M NalNOj solution as the feed and a

4 M NaCl solution as the strip. According to their hypothesis, LM- phase should be

1 lost only to the feed solution due to the low salt concentration of the feed. Indeed it’

was observed that no LM-phase was lost when on bpth sides of the membrane the
salt concentration was high, while the loss increased when on hoth sides of the

' membrane the salt concentration was lowered. The stability of emulsions of LM-

phase in the aqueous phases as determined by light transmission measurements’
- showed that the emulsion droplets were more stable in the feed solution than in the
| strip solution. The same relationship was found for the molecular structure of the

; carrier. When trioctylmethylammonium chloride (TOMA) was used as carrier, the

loss of LM-phase Waslmuch‘ higher than when tetraoctylammonium bromide.

(TeOA) was applied under identical test conditions. TOMA is much more surface

‘ active than TeOA, and is therefore emulsified to a much larger extent as was
revealed by light transmission measurements. So, the experimental results of

' Neplenbroek et al. confirmed their emulsion formation hypothesis although the
- emulsion droplets were never observed directly in the feed solution and no droplet
size dlstnbutmns were given.

From a thermodynalﬁical point of view, a system will alwaysaim at a surface area

as small as possible. Emulsions are therefore per definition thermodynamically

. instable. Nevertheless, emulsions can be formed when a sufficiently high amount

. of energy is supplied to enlarge the surface area. The presence of surface active

| species subsequent]ly can stabilize the newly formed surface creating an energy
| barrier again reducing the total surface area of the system. When the hypothesis
- of Neplenbroek et al. is correct, we have to take a closer look at the increase in
. energy of the liquid membrane system. The increase in energy might lead to an
" increasé in surface area for instance by local deformations of the LM-meniscus.

. Neplenbroek et al. assumed that these local deformations of the LM-méniscus-

- could finally lead to the splitting off of emulsion droplets [37]: This is schematically
‘ shown in ﬁgure 2.4. The local deformation of the LM-meniscus can have several .
. origins according to Neplenbroek et al. [37]:
:‘ o Kelvin-Helmholtz instabilities: these instabilities occur when two phases move
| with different velocities parallel to the interface [50,51]. The formation of waves on
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_the water surface due to blowmg of the W1nd also results from Kelvm—Helmholtz
instabilities; :

» vibrations of the membrane: the repeatedly, small deformatmn of the SLM due to
pulsations of the aqueous phases might result in the formation of ripples on the
surface of the LM-phase [51].

Zha [6] and Gopal [52] also mentioned three other hydrodynamic 1nstab1l1t1es

« instabilities caused by the laminar-turbulent flow trans1t10n (Tollm:Len-Schlchtmg
instability); -

« Rayleigh- -Taylor instabilities which occur when the interface is accelerated
perpendicular to its plane and directed from the lighter. into the heavier phase;
& the Bernard instability which is due to density differences. .
Most likely, Kelvin-Helmholtz instabilities and membrane Vlbratlons are the main
causes for deformations of the LM—memscus

Oo .
feed ¢ strip
solution solution
Figure 2 4, Schematic drdwing illustrating the local deformation of the LM-meniscus in the

pores of the support resulting in.the formatzon of emulsion. droplets High salt concentratzon at strip
side, low salt concentratzon at feed szde

. Once the LM-meniscus is deformed and i'ippled; emulsion droplets have to be
formed. One possible mechanism to explain this is based: on the so called
Marangoni effect [37]. Suppose‘the interface is locally curved in such a way that
the concave side is the surfactant side as shown schematically in figure 2.5. This
curved part contains less surfactant molecules per unit area compared to a flat
. interface, and will therefore have a higher interfacial tension. Surfactant molecules
will diffuse towards the most strongly curved interface, together with a flow of liquid |
dragged along, to restore the low interfadcial tension. Interfacial tension gradients
are intrinsically instable [538]. Marangoni effects are important because they can
. ‘have drastic consequences, despite the short time they operate. According to
Neplenbroek et al., this instable situation might cause droplet shedding and -
‘emulsion formation [37]. However, the exact mechanism and influence of the -
hyélrodynamical interfacial effects on emulsion formation is a severe problem still
not understood [51]. Nevertheless; Neplenbroek et al. consider the small size of '
emulsion droplets removed from their SLMs (in between 2 and 140 nm) ..
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, comparable to emulsion dr(;plet sizes in other, Marangoni-effect based systems.
" That Kelvin-Helmholtz instabilities and membrane vibrations playing a role in
emulsion formation might be an explanatlon for the decreased SLM stab111ty

_ (higher carrier losses) when flow velocities are increased as was expemmenta]ly'
- measured, by Neplenbroek et al. [37]. The higher the flow velocity, the more

. meéniscus instabilities and the more probable emulsion formation. Although
emulsification of the LM-phase can explain all observed instability phenomena, it °
. is doubtful whether enough energy can be supplied to the LM-interface to cause

. droplet shredding. This is worked out in more detail in chapter 7 in this thesis.

. Furthermore, the emulsion dropléets are never observed directly in the aqueous feed
. phase.

aqueous phase | aqueous phase

emulsion
droplet
LM-phase ‘ o : - , LM-phase \
. Figure 2.5. Schematic drawing illustrating the influence of Marangoni effects on droplet
. shredding for an SLM. ’

' The emulsion formation hypothesis as main cause of SLM instability also was
investigated by Zha et al. [6,49]. This impressive piece of work is very interesting
_ for our study on the stabilization of SLMs and therefore it will be described
extensively in this chapter. The influence of several parameters, which were shown

. by Neplenbroek et al. to influence membrane instability and emulsion stability -
[37], was investigated for a system for the removal of phenol: The factors included
the effect of stirring speed, aqueous electrolyte concentration and the HLB

: (hjrdrophilic—lip‘ophﬂic balance) of the membrane liquid. The HL.B is an expression
for the relative simultaneous attraction of an emulsifier for water and oil. An
,‘ emulsifier with a high HLB value (8-18) will form a water in oil (W/O) emulsion,

- while emulsifiers with a low HLB (3-8) normally. forms oil in water (O/W) emulsions
_ [54]. It was found that a high stirring speed, low electrolyte concentration and high

.| HLB values produce stable emulsions and instable SLMs. These results are

identical to those of Neplenbroek et al. [37], but again it is doubtful whether a

"' sufficiently high amount of energy can be supplied to the system to produce the

' emulsion droplets By means of an autosizer the size and amount of emulsion
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droplets of LM-phase in several aqueous phases, prepared by an-ultrasonic method
and thus different from the actual situation in SLM processes, were determined. -
According .to Zha, this method is a better way for ‘determining the stability -
behaviour of emulsions than the turb1d1ty measurements of Neplenbroek et al.
[37]. It was found that the emulsion droplet size increased with increasing salt
concentration in the aqueous ‘phase and.that the number of emulsion droplets per

unit volume decreased at the same time. So, the higher the salt concentration, the -

lower the concentration of emulsion droplets but of a larger size. Again the
similarity between emulsion stablhty and SLM instability was striking. Attempts
to detect the emulsion droplets in feed and strip durmg operation of SLMs failed due
to the very small concentratlon of the droplets and the detectlon lnmt of the
autosizer. : ‘

It is worthwhile to analyzé the possibility of emulsion formation in SLMs from a .
-.thermodynamical and hydrodynamical point of view. Zha [6] derived an equation to
calculate the free energy change AG between state I, where the membrane phase
is impregnated in the membrane pores and in contact with the aqueous phase, and
state II where the membrane phase is lost to the aqueous solution due to emulsion
formation. The pressure was assumed to be constant and velume changes were
neglected because of the small volume fraction of membrane phase to the aqueous
phase. Furthermore, the interfacial area in state I of both aqueous and membrane
. phase is thought to be very small compared to state II. Since the “total bulk
-energies in the two phases are ‘constant durmg the process, equation (2) could be
derived [6] .

AG:WOWAI&-YOSA};-TSI&,' S @

. where  yow = oil/water interfacial tension [N-m-1]

o ~ Ap!! = emulsion droplet area [m?2]

Yos = oil/polymeric interfacial tension [N m-1]

Al = total area of capillaries holding the membrane phase [m2]
T = absolute temperature [K] .

So!! = conﬁguratlonal entropy of emulsion dropléets formed [J K11,

After 1ntroducmg the proper relatlons for the different terms in equatmn (2), it
* appeared that the first part of the equation is normally much larger than the last
- two terms in absolute values, unless Yow was extremely small. As a result, AG is -
large and positive: spontaneous emulsification does not take place and a minimum
energy equal to AG has to be supplied to the system. The energy needed for -
emulsion formation, which must be at least equal to AG, is apphed by the aqueous
solutions (e.g. ‘stirring) and results in hydrodynamic instabilities of the interfaces.
Although several interfacial 1nstab111t1es were mentioned (like Kelvin-Helmholtz
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instabilities, Rayleigh-Taylor instabilities and vibrations. of the membrane); a
combination of those mechanisms will be responsible for SLM instability.

" .aqueous  interfacial =~ emulsion

solution instability @ - droplet - .enxlp ty space

7/

interfaces -

new penetration of aqueous re-establish
interface phase into pore -

space
filled up

Figure 2. 6 LM loss. and re-establzshment of the Lm‘erfaces accordmg to.Zha [6]. P or P’ =
: hydraulzc pressure, p = capzllary pressure, a = aqueous phase, o = LM-phase. Adapted from Zha
. [61. ‘ ' ‘

- Once interfacial instabilities have caused emulsion droplets to be splitted off, the’
- LM-meniscus will try to re-establish itself. This was worked out by Zha iri more
detail [6]. According to Zha, under influence of the surface tension the aqueous and

~ organic surfaces will quickly re-establish to form minimum areas, after which the
‘empty space” is filled with the solution exerting the greater force. This is -
schematically drawn in figure 2.6. After making a force balance over the two
" gurfaces in figure, 2.6¢, assuming the membrane phase wets the membrane-
f -completely and the external pressures on both sides of the membrane are equal
" (P =P), the empty space will be filled (partly) with organic liquid rather than by
" aqueous phase. This implicates that the aqueous phase will enter the membrane
. from the other side. That the aqueous phase will replace the organic phase is
chvious. Hawever the whole idea of an ‘empty space’ between the aqueous and the
| organic surface is very doubtful in our opinion. It is completely unclear why, after
| shredding of an emulsion droplet from the LM-phase, two surfaces will develop
since the system will strive for a minimum free energy. Furthermore, it is not clear
" where this ‘empty space’ is composed of: is it a vacuum, or dissolved gas? We reject
. this ‘empty space’. hypothesm but agree on Zha’s point that the lost liquid

~
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membrane phase lost might be replaced by one of the aqueous phases. By carrying -
" out impedance spectroscopy experiments on SLMs for phenol removal, Zha ‘
. confirmed this hypothesis [6,49]. Nevertheless, we believe that part of the LM-

" phase lost also might be filled up by LM-phase from other places in the support
when the support membrane has an interconnected pore structure. This is
promoted by vibrations of the membrane or by small pressure differences over the
membrane. Once the LM-meniscus is in contact with the aqueous phases agam,
loss of. LM—phase by formation of emulsmn droplets mlght continue.

The effect of surface tension gradients (Marangom effects), caused by the mass
transfer process, on emulsion formation is drawn schematlcally in figure 2.7. In a
surface tension negative system (y- system); the interfacial tension decreases as
‘the mass transfer process reaches equilibrium, while in a surface tension positive

system (y+ system) this interfacial tension increases. For a surface tension neutral -

‘system, the interfacial tension does not change. ‘The ‘system’ mentioned includes -
the interface and two bulk phases that extend .hormal to it on both sides. Zha
extended these terms for SLM-systems [6]. When the interfacial tension between
organic and the feed phase is increased when more carrier-solute complex is
. present compared to the interfacial tension of pure water/membrane liquid without .
solute-carrier complex present, ayt system is formed at the feed phase. The -
stripping process, as a consequence, should be a y- system because of the opposite
. direction of mass transfer. ‘

When 'a surface tension gradient Vy is present, interfacial hydrodynamic
- instabilities might be either promoted or damped out,.depending on the direction of
the surface forces. According to Zha, the effect of Vy on SLM stability can be
ascribed to two factors [6]. Firstly, an unstable interface between the LM-phase
and the aqueéous phase is caused by Marangom effects due to inteérfacial
turbulences. This normally occurs in Y+ systems but is sometimes also found for y-
systems. Secondly, emulsion formation might be promoted or suppressed. Suppose
the SLM interface is instable-and an amount of liquid is thrust outward from the -
. bulk of the liquid membrane phase, while a narrow neck is formed (ﬁgure 2.7 ). Due
to the hlgh area to volume ratio of the neck, the neck is rich in solute to be
transported. In the case ofay- system the interfacial tension will be lowered in the

neck compared to the bulk liquid: As a result, this low interfacial tension liquid will - -~

be-taken into the bulk liquid in order to reduce its interfacial tension. Breakage of
the neck is promoted and an emulsion droplet will be formed. So, a - system should
promote the loss of LM-phase by emulsion formation. The oppos1te is the case for
T+ systems: the loss of LM-phase will be more difficult.
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liquid neck breaks up
—_ >
and forms droplet

(a) surface tension negative system

stabilization

~of liquid neck - .

(b) surface tension positive system

Figure 2.7. : Schematic dra-z‘ving of the effect of surface tension gradients on the formation of .
. emulsion droplets. The darker areas represent liquid of higher interfacial tension. The arrows
. indicate the direction of surface movement. Adapted from Zha [6].

: Zha studied the effect of ~surface tension gradients on SLM stability for two

' different systems [6]: nickel extraction by di-(2-ethylhexyl) phosphoric- acid

(D2EHPA) and copper transport by LIX 84. For the nickel system, interfacial

" tension measurements between pure water and membrane 1iqu1& showed that the
mterfamal tension y decreased when the nickel concentration in the organic phase
 increased. The NI-D2EH_PA complex was even more surface active than D2EHPA . -
- itself and the system was 'defined ds being ¥ -. The opposite was found.for copper .
. and LIX 84. The interfacial tension increased when the copper/LIX-65 content in
; the membrane phase increased, indicating that the copper complex was less

- surface active than LIX 84 alone. The copper system is therefore an example ofa

‘vt system. For the nickel system, it was found that in the absence of mass -
- transfer, LM-loss was lower than in the presence of nickel transport, indicating
that the’ transport causes Marangom effects and Vy. due to the mass transfer
- process.

Furthepmore, for this system the effect of adding inorganic electrolyte to the
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aqueous solution was investigated by Zha [6] with the objective to increase the
interfacial tension and suppress interfacial turbulences. However, Zha does not
give any data on the increase of the surface tension as a function of the inorganic
electrolyte concentration. This is necessary since the effect of salt on.interfac'ial
tension is small, as was measured for instance by Neplenbroek et al. for their

" SLM-system [2,4]. Furthermore, addition of salts has not only an effect on

interfacial tension and turbulences, but it changes also factors like the solubility of
the LM-components in the aqueous phases'(saltipg in and salting out). This is not

"taken into consideration by Zha, so his results must be considered with some

caution. Zha found that raising the jonic strength in the feed had a much more
positive effect on SLM stability than the addition of salt to the strip, in accordance

~ with-their hypothesis: at the feed side, the system is a y- system and emulsmn

formatmn will be promoted at low i mmc strengths.

. For the y" copper transport system, no difference in LM-loss was found with and
~ without copper trarsfer. In this case, surface tension gradients had no effect on

SLM stability. At the strip side, the system was y-, but here the salt.concentration
was high enough to suppress Marangoni effects completely according to the
author. Addition of salt to the feed phase reduced LM-loss, in accordance with the
emulsion formation hypothesis and the results of Neplenbroek et al. [37 1.

However, when the addition of salt to the aqueous phases decreases the solubility »

- of the LM-components, their results can also be explained by this effect-as will be

discussed in chapter 7 of this thesis. The results indicated nevertheless that even .
in a yt system loss of LM-phase either by emulsion formatlon or by other

"mechanisms discussed before, i is still a severe problem

. Suinmarizing, we can conclude that several mechanisms for the instebility of

supported liquid membranes are proposed in literature. It is very doubtful whether

“the pore blocking mechanism-is correct. A pressure gradlent over the membrane

might have an influence- on SLM instability, but can not be the major cause since

the LM-liquid lost should have the same composition as the remaining LM-phase in .

the support which is not the case. This objection also helds for the mechanism of
the wetting of the LM-pores by the aqueous phases. The osmotic pressure might

have an effect on the instability of SLMs, but only in case the LM-phase can .

accommodate enough water. Most likely, either the solubility of the LM-
components in the adjacent aqueous phases or an emulsification of the LM-phase
due to lateral shear forces are the main mechanisms of SLM degradation. The

‘work of Zha supports the emulsion formation hypothe51s in several cases, but . -

there are some errors and 0bscur1t1es in hlS Work
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2.3 Improvement of SLM stability

2.3.1 Effect of membrane materials and operating conditionson |
‘membrane stability '

* In the previous section, a number of possible mechanisms for SLM degradation are

! given. The causes for the 'SLM instability are related to both membrane materials -

" and the operating conditions [17]. A proper choice of these factors might improve
. the lifetime of SLM systems. ' '

Considering membrane materials, we can distinguish between the soivent for the

" carrier, theé carrier itself and the support [17]. It is obvious that the organic
! solvent used has a large influence on membrane stability. From Iiterature it can be
concluded that in order to raise lifetimes of SLMs, the organic solvent should have
a low solubility in water [20,26,55], and water a low solubility in the organic solvent
j [18,26,30,35]. The solvent should furthermore have a high interfacial tension

- between the solvent and the water phases [3,5,18 26 32,37] and a hlgh boﬂmg'

 point [35].

The carrier lipophilicity and surface activity, together with its solubility in the
. membrane solvent, are of importance for the stability of the SLM. The more

" surface active the carrier is, the less stable is the membrane [31,37]. By attaching.

' carriers onto a polymer [56,571 or when the carrier was covalently linked onto
. (long-chain) aliphatic chains [35,58], the partition of the carrier towards the
aqueous phases could be decreased. Disadvantages of these techniques are the
- decrease of flux due to the increase in LM-phase viscosity and the limited solubility
of the modified carriers in the membrane solvent. Visser succeeded in binding the
carrier covalently to the membrane solvent and he improved in this way the
compatibility of several carriers with the solvent [17]. Stability experiments with
these solvent-bound carriers were pl‘omIS].ng, although at hlgher carrier
concentratlons the flux was low. :

The type of support used influences SLM-stability in several ways. From the
Laplace equation (equation (1) in this chapter), one can conclude that SLMs using
supports with a lower pore size are in. general more stable than those with a large
pore size. In accordance with this, Danesi et al. advised the use of supports with a
small pore size [18], although the surface porosity should be high enough to obtain

a reasonable flux. Zha et al. recommended the use of supports with a morphology

hawng a less connected network and sharp pore edges [33]. In the case of a
connected network, once LM-loss has started the lmpregnatmg liquid in the
ne1ghbonng branch pores will be dragged out continuously by the aqueous phase

due to viscous forces. This should result in more passages for the aqueous phases.

It is however not clear why the aqueous phase would pass through the bigger
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pores and whether the viscous forces are strong enough. Contrary to Zha’s- adv1ce, '
N eplenbroek et al. found that Accurel supports lead to substantially more stable -
'SLMs than Celgard due to their larger thickness and interconnected pore structure
'[87]. Another important support characteristic is the wettability of the membrane.
Only when the support is wetted sufficiently by the organic phase, imbibition of the
aqueous phase into the SLM can be minimized [5,18]. According:to Takeuchi et al.
the organic LM-phase should have a surface tension smaller than the ‘critical’

surface tension of the support [5]. Although hydrophilic mlcroﬁltratlon membranes o

can be used as support [59,60], poor transport properties are obtained due to a
poor wettability and immobilization of the impregnating liquid. Better results with
vhydrophﬂlc supports were obtained when the LM-phase was impregnated in the
form of an oil-in-water emulsion [59,60], but this seems not logical and the system-
used is not well described. In general, however, hydrophoblc supports are better
from a stability point of view. '

‘Membrane t]ruckness stlrrmg rate or pumpmg velocity, carrler ‘concentration,
~aqueous solute concentration and operating témperature are operating conditions
that influence membrane stability [17]. In general, the higher the membrane ‘
thickness, the more stable the SLM simply because the support contains more
‘LM-phaSe and therefore it will take longer before the SLM breaks down [61]. )
‘However, feed and strip will be polluted with more LM-phase which might. be
unacceptable for several (pharmaceutical) apphcatlons Ch1ar1z1a states
furthermore that a larger thickness makes water bridging between feed and strip .
p_hases through membrane pores lacking some organic phase” practically
impossible [31]. Examples are the higher stability of SLMs with Accurel as
support compared to the thinner Celgard membranes [37] or the improved
stability ‘when hollow fibers are used.as support which have a larger. thickness
than flat sheet supports [31,62]. Teramoto & al. showed that a constant copper
 flux could be maintained for 30 hours when a Teflon® Gor'e—Tex TA-002 hollow fiber-
~ (thickness 400 pm) was used as.support. Under the same conditions a thinner
polypropylene KPF-400 fiber (33 pm) showed already a flux decrease immediately
. after the experlment was started [63]. :

In literature not much data_were found on the influence of stirring 'rate on SLM
stability. However, Neplenbroek et al. observed an increase in both carrier and .
solvent losses for flat sheet SLMs when the pumping velocity was increased [37].
It might be expected that an increase in stirring rate has the same effect on
stability. This was confirmed by Zha et al. [6, 49]. Izatt et al. concluded from their .
measurements on hollow fiber-SLMs the pumping velocity to have the same effect
on flux as the stirring rate in flat sheet liquid membranes [25]. Furthermore,.an .
increase in pumping velocity when hollow fibers are used as support, increases the
pressure drop over the membrane. This may result in a larger loss of LM-phase
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_when AP is larger than the minimum transmembrane pressure required to displace
~ the impregnated phasé out of the most susceptible pore. In case the outside and '
inside hydrauﬁ_e pressures were balanced in a hollow fiber SLM, Danesi et al.
; observed a constant flux over a period longer than two.months [3]. -Takigewa
' designed. a special spiral-type membrane module [59,60]. Strip and feed phases
 were flowing counter-currently through machined channels in two half-cell
faceplates that were in a spiral, mirror-image pattern with respect to each other. _
In this way, the pressure difference between feed and strip could be minimized
when the viscosities of the two phases did not differ much. Consequently, the
‘membrane was much more stable than when other cell configurations were used.

In case the carrier concentration reaches the saturation limit, it might form solid
“‘ or'gelatixious precipitates in the membrane pores as was observed by Chiarizia
[3 1]. Chiarizia thought this precipitation to be a convenient way for enhancing the
stablhty of the membrane by preventing emulsion formation with the aqueous
‘phase and by.acting as a barrier against water bridging in semi-devoid pores. The
‘exact mechanism of this stability 1mprovement by carrier precipitation is not
eluCJLdated however. In case the carrier is surface- active, a higher carrier
concentratmn will decrease the interfacial tension of the orga.mc phase, whlch will
-in general lead to less stable membranes.
] {

. ‘Neplenbroek et al. obs'erved a decrease in SLM lifetime when the solute
‘con'centration in either feed or strip was decreased [4,37,48]. Partition of crown
ethers towards the agueous phases was increased when the pH was lowered to
values below pH 10. This leaching of carrier decreased membrane stability [57]

Finally, the operating temperature might be of importance in determining -
membrane stablhty Saito found the lifetime of SLMs for Zn2* to be 60, 50 and 20
hours when the temperature was 25, 40 and 60 °C, respectlvely [64]. This was
- explained by an increased solubility of both membrane solvent and carrier in the
aqueous phases at higher temperatures. It might also be expected that the water
solubxhty in the membrane phase increases at elevated temperatures. In general
membrane lifetime is usually lower when temperature increases.

_ 232 " Methods of SLM-lifetime enhaﬂcement

o Once an SLM systéi‘n (support, carrier, organic solvent and aqueous phases) is
chosen or fixed by the situation, there are several other methods, which can be
found in literature, to en_ha.nce the stablhty In this section, a number of them will
be discussed in more detall
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2.3.2.1 ' Reimpregnation of the support

One of the methods described in.literature is reimpregnation of the support.
Babcock et al. reloaded both flat sheet and hollow fiber supports after they were
decayed and their results showed a restoration of the flux after reimpregnation
[41]. Several other authors use the regeneration' technique for ‘stabilizing’ SLMs:
[8,20,22,47,65]. Teramoto and Tanimoto regenerated degraded hollow fiber liquid
membranes by simply reimpregnating them with the original LM-phase which was
forced to flow in the lumen side of the membrane: for a few minutes instead of the
aqueous acid solution [63]. Copper flux recovered immediately to the initial value.
An alternative proposed by the authors for preventing the flux decrease was to add |
a small amount of LM-phase to the strip solution. The organic solution will flow :
through the inside of the fiber and refills the vacant pores continuously with fresh

LM-phase. In this way, the pores are always filled with LM-phase and the flux will .

be constant for a long period of time. No experimental data on this alternative
method were presented. This idea was also used by Takahashi and Takeuchi [7]. In"
_a special LM-module with two channels on both sides of the impregnated support, =
the membrane solution was forced to flow with the strip solution to ‘stabilize the

. SLM. By keeping the pressure in the feed ¢hannels higher than in the strip
channel, leakage of membrane solution to the feed was avoided. Dlsadvantages of

these techniques are. the loss of extractant, which is as severe as in ordmary
solvent—solvent extraction, and the necessity of an addltlonal separation step to
remove the membrane solutlon from the strip. - -

To avoid the additional separatiori step, a continuous impregnation of the .
membrane is possible. Such ¢ontinuous impregnation methods are mainly applied
for hollow fiber modules and can be found in different configurations. Nakano et al.
designed a.vertical hollow fiber module containing one single fiber, with a certain
. amount of liquid membrane phase at the bottom. This ‘pool’ of LM-phase was
connected to a device to eliminate pressure differences between the membrane
11qu1d and strip solution. The membrane liquid in the pool was soaked into the pores
of the support and moved upwards through the porous support network by
_ capillary and buoyant forces [19]. The same research group designed also a module
on a larger scale, based on the same idea [21]. Chiarizia et al. also used a vertical
membrane module, but in their case the LM-phase reservoir was placed on top of
the module [65]. By gravitational and capillary forces, the organic phase was,
‘soaked .into the membrane pores. Tanikagi et al. developed a horizontal liquid
membrane module for continuous regeneration [20] in which, by means of a
. pressure difference, the liquid membrane phase was forced to refill the pores. One’
" example of continuous regeneration of flat sheet SLMs is known. Fujinawa et.al.
reported that by laminating nonwoven polypropylene fibers containing membrane
liquid to a Teflon® film, the SLM was recharged continuously [66]. However, the
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reimpregnation only lasted a limited time.

'Continuous regeneration of liquid membranes works well, but still feed and/or strip '
‘solutions are polluted with the membrane liquid. Therefore, according to our
. opinion, these membranes are not ‘stable’. Only the effects of LM-loss are cured,
‘but the problem of instability itself is not tackled. Other disadvantages are the
necessity to fill up the membrane hqu_ld and the complex meodules and procedures
‘required [2].. . - .

}2.3.2.2 Sandwich-SLMs

Zhu etal. reported a great prolongation of SLM: hfetlme when a suitable sandwich-
SLM was used in operation [45]. By interpesing a Celgard SLM between two pieces
iof hydrophilic lens paper, a stagnant aqueous layer was built up in the paper.
‘According to Zhu ef d@l., in this way no micelles of carrier and water were formed at
‘the interface and introduced into the SLM which would decrease the permeability-
iof copper. Experimental results showed a ‘longer membrane lifetime’ at almost

' equal permeabilities, but this lifetime is not Frmentioned. Another objection against
ithelr idea is that the components necessary for micelle or aggregate formation
(water and carrier) are still present. Whether the aggregates are formed or not,
‘depends on the concentration of water and carrier and thermodynamical ability to
form micelles. This has nothing to do with the presence of the lens paper. A similar
system was used by Saito, who sandwiched the SLM between two hydrophilic
:dialysis membranes (15 pm thickness each) to prevent the loss of membrane
:solvent and carrier [64]. The lifetime of the sandwiched SLM was higher than that
jof the ordinary SLM, but still there were stability problems. Permeation velocity -
‘was decreased to one-fifth of the value for a single SLM. Therefore, untll now,
: sandwich SLMs offered no solution to the instability” problems

2.3.2.3 . Gelation of SLMs

‘The idea of using gelled membra:aes was proposed firstly by Bloch ez al. in the late

sixties [36]. Polyvinylchloride, PVC, was plasticized with several phosphate esters ’
‘which could act as extractants for uranium. These so called solvent membranes

‘had a lifetime which was insufficient due to a washout of extractant and
‘subsequent impermeability of the PVC films. SoIvent membranes wﬂl be dlscussed
‘in more detail in chapter 6 of 1 thls thesis.

: -Babcock et al. tried to increase the viscosity of the organic solution with several
‘polymers [42]. In this way, the high viscosity should be able to increase the
‘mechanical strength of the liquid membrane and prevent separation or
'displacement by aqueous droplets (see their pore blocklng mechanism described in
.section 2.2.2). Two polymers were studied: polyisoprene and polyvinylchloride.
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Polyisoprene was added. to the carrier solution, after which the s’upporfS were
impregnated with the polymer/LM-phase mixture. No improvement in membrane -.
lifetime was observed. When PVC was applied as polymer, it was dissolved in THF
" and the carrier, LIX 54, was added. After impregnating the support with this

mixture and subsequent evaporation of THF, a gel was formed. Long term copper - - -

permeation test over a period of 28 days revealed a considerable stability
improvement compared to other membranes without PVC. The’ absolute value of
‘the 1n1tlal flux nevertheless was somewhat lower.

‘Strip Feed

Strip
ARSI
(a) _ B (b) :
Figure 2.8.’ Schematic drawing illustraiing the stabilization of SLMs by gelation. (a)

Homogenous gel netuork in the support pores. (b) Thin dense gel layer af feed side.

Based on their emulsion formation hypothesis for membrane degradation, . .

Neplenbroek et al. used gelation of the LM-phase to stabilize SLMs [9,48]. By

- gelling the membrane liquid, its macroscopic viscosity increases and the resistance

against liquid displacement out of the support will be enhanced By effectively -

preventing the LM-meniscus to deform, emulsion formation is prevented and as a

consequence the SLM will be more stable. The stabilization of the liquid membrane

by gelation with PVC was carried out in two different ways as shown in ﬁgure 2.8.

. Firstly, the whole LM-phase was gelled inside the pores of the support (figure 2.8a).
Mechanical stability was increased as shown by liquid dlsplacement experiments,
while in the meantime LM-loss was less. At higherr PVC concentrations, however,
the initial nitrate flux was decreased. Neplenbroek et al.[9;48] assumed that this
was due to the increase in tortuosity factor when the LM-phase was gelated.
Better results were obtained when a thin PVC layer was applied as a thin layer
(<2 u‘m) on the feed side of the support and cross-linked after preparation (figure

'2.8b). In this way the resistance towards ﬁranspoi‘t was minimized. Furthermore,
emulsion formation could be suppressed more _effectively: the polymer
concentration could be higher, and as a result the deformation of the LM-meniscus.
was prevented more eﬁ'ectlvely Their results were very astonishing and promising.

- The best membranes showed no flux decrease after 80 hours under circumstances

which enhanced s1gn1ﬁcant1y the degradation of the SLM, without a reduction in
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. initial flux compared to SLMs without a gel layer. A membrane lifetime far over
* one year under normal circumstances was predicted by the authors [9,48]. The
" major disadvantage of this technique is the bad reproducibility. Furthermore, the -
© coating of the membrane with the gel layer using their technique i.e. spreading of

" the gel with a tissue as smoothly as possible over the membrane surface, seems

not to be suitable for large scale applications and the coating of hollow fibers.
' Based -on Neplenbroek’s s promising results, Bromberg et al. [67] and Levin et al.
[68] also homogeneously gelated their SLMs. Both authors however, gwe no data
: on liquid membrane stability. ) .

v

24 New 11qu1d membrane conflguratmns

Some authors tned to avoid the instability problems mherent to SLMs by
" developing new liquid membrane configurations. These configurations have all in
. common that they are a combination of supported liquid membranes and bulk
liquid membranes. The membrane phase contains a carrier which binds with one of

" the components in the feed and transports it across the membrane to the receiving

~ phase. In most cases, the authors claimed that these configurations combined the -
“advantages of liquid membranes with an improved stability and avoidance of the
g disadvantages of extraction and absorption. In this section, these new liquid
" membrane configurations will be discussed in more detail.

S F S F

\ hydrophilic
> disc

‘porous _-
support

N

@ AR o)

: Figure | 2.9. Schematic drawing l:llusi’razi‘in;tg,r thé operating principle of two types of film
pertractors (@) Creeping film pertractor. (b) Rotating film pertractor. M = membrane phase S =
strzppmg solutzon, F = feed solution. Adapted from Schlosser [12].
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A In figure 2.9, two types’of film pertractors are drawn. The.creeping film pertractor,
(figure 2.9a) was developed by. Boyadzh1ev [69-71] and further investigated by

Lazarova et al. [72,73]. In contradiction to the SLM process besides feed and - -

strip solutions the organic. LM-phase is also in motion. Feed and strip flow down the’
vertical hydrophlhc porous supports, placed in an-alternating sequence. The whole
pertractor volume is filled with the organic phase which is circulated in a cocurrent
or countercurrent mode. Construction and operation of this pertractor is claimed to -
be simple, inexpensive, flexible and easy to scale up. Another advantage Would be
that the velocities of the three phases could be controlled independently, while the
vertical flow and immiscibility and density differences ensure stable interfaces
[24]. Continuous operation times of more than 3000 hours have been reported by -
Boyadzhlev without any efficiency loss or process deterioration [71]. However,
‘Boyadzhiev did not give data on pollution of the feed and strip phases with the
membrane liquid. Fraser et al. modified the creeping film pertractor to make it
" suitable for use with strongly alkaline stnppmg solutlons [24].

Another variatlon on the film pertractor idea was the rotating film pertractor
(figure 2.9b) developed by Schlosser et al. [12] and also used by Boyadzhiev et al..
[74,75]. Hydrophilic discs were mounted on a horizontal shaft. The lower parts of -
the discs were dipped in compartments, alternately ﬁlled with strip and feed
. solutions. On these parts of the discs, due to rotation, films of water were formed
which were immersed in the membrane phase where extraction and stripping took
place. According to some studies, the rotating film- pertractor offered a stable
operation without side effects under both continuous and batch regimes [74]. No
data on the lifetime were presented, however, and also here feed and strip mlght get
contaminated with the membrane solutlon

Two other variations on the per.tractor, idea are shown in figure 2.10. The flowing

. liquid membrane (FLM) configuration was proposed firstly by Teramoto et al.

[76-78]. In this type of liquid membrane, the LM-phase flows in thin channels

" between two hydrophobic microfiltration membranes. These microfiltration
membranes separate the LM-phase from feed and strip-and, according to the

- authors, form in this way a stable liquid mémbrane. The flowing liquid membrane is
shown schematically in figure 2.10a. Firstly, a spiral-type module was designed for
the recovery of chromium and zinc [76]. Although this type of module was tested

" only for 100 hours, it was claimed to have a high stability. With flat sheet PTFE

. mlcroﬁltratlon membranes as support, the flowing liquid membrane was applied for

the separation of ethylene from ethane and benzene from cyclohexane using silver
nitrate as carrier [77,78]. Comparison of the flowing liquid membrane results with -
those of ordinary SLMs for ethylene/ethane separation revealed a higher stability
for the FLM. The stability of the flowing liquid membrane for benzene transport
was 11 days without a flux decrease, but here no comparison was madevwnzh
supported liquid membranes. Furthermore, in FLMs leakage between aqueous and
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" organic solutions frequently happens [6], which is undesi;;able.

mMacroporous
membranes

() i . )

. Figure 2.10. (a) Flowiné liguid membrane. F = feed channel, S = strip channel. (b) Top view ‘
of a hollow-ﬁbers-m—tube type pertractor. F' = feed solution, S = stripping solﬁtion M= liqﬁid
' membrane phase, 1 = tubular wall (hydrophzlzc polysulphone), 2 = hollow fiber, 3 = glass wall.
Adapted from Teramoto et al. [ 77] and Schlosser etal. [79].

{Z-Schlos,ser and Rothova recenﬂy published results of a new type of hollow-fiber
| pertractor (see figure 2.10b), which is in fact also a flowing liquid membrane since
f all three liquids are in motion and the membrane phase is not flowing through a
. porous support as is the case in creeping film pertractors [79]. The feed is flowing
- through hydrophobic hollow fibers, where it is extracted by the LM-phase. The
stripping reaction takes place at the hydrophilic polysulphone tube. By pulsating:
' the membrane phase, mass transfer is enhanced substantially. No data on

membrane lifetime are given, nor were data given on loss of membrane liquid to the
- aqueous phases. '

' The hollow fiber pértractor of Schlosser and Rothové can also be regarded as a
" variation on the contained liguid membrane. The idea of contained liquid
' membranes (CLMs) was developed in the late eighties by the group of Sirkar

7 23,80-831. In a CLM, two sets of hollow fibers are present which are schematically

drawn in figure 2.11. Throughout the permeator, the hollow fibers are well mixed

. but they are separated at the end. The fibers can be either hydrophilic or

- hydrophobic. The aqueous feed and strip ‘solutions flow through the lumen side of
| the fibers and, depending on the hydrophilicity of the fibers, fill the pores of the fiber

' (in the hydrophilic case) or the fibers are wetted by the organic membrane phase
(when the fibers are hydrophobic). It is also possible to use organic solutions as
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feed and strip phases. In that case an aqueous or polar organic squtmn is apphed

as liquid membrane phase. The membrane phase contains.a selective complexing |
agent which binds at the interface in one set of fibers with one of the components of

the feed solution. Hereafter, the complex diffuses across the (orgamc) liquid

membrane and dissociates in the other set of ﬁbers where the _component

transported is released to the strip solution.

two sets of fibers
closely packed in shell,
separated at ends

/ constant pressure
. . : source
" permeator shell -
LM-
reservoir

®)
Figure 2. 11. ~Schematic drawing of an hollow fiber contained liquid membrane. (a) Side-view

of the permeator. (b) Internal structure and arrangement of the fibers. Adapted from Sengupta et
al. [80 81]. ‘

‘Hollow fiber contained liquid membranes have been used for different applications.
Sengupta et al. transferred phenol or acetic acid with hydrophobic and hydrophilic
hollow fiber CLMs (HFCLMs) [80,81]. Citric acid was successfully separated from
aqueous solutions by Basu et al. [82] Whlle the recovery of pharmaceutical
products by HFCLMs was studled by the same authors [23]. In all cases, an
elimination of stability problems as encountered in supported liquid membranes is
" claimed. Stabilities up to 60 days are reported [82]. Nevertheless these long term
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" experiments are e somewhat misleading, since no explicit attention i is paid to the fact
-that the contained liquid membranes all use a membrane reservoir to refill the
- permeator with fresh LM-liquid which was lost to the feed and strlp phases. -

‘This loss of LM-phase is also a problem for the flowing liquid membranes and the
'film: pertractors. Sometimes even the use of an aqueous-organic separator is
" required [84]. Moreover, the processes are more complicated than SLMs, while the
‘total resistance to permeation of solute from feed to strip is increased. Finally,
.these membrane configurations in general need a much larger amount of LM-
'phase than supported liquid membranes, which might be disadvantageous When
‘expensive extractants are used. : '

A relatively new variation on liquid membranes is the so called electrostatic pseudo

; liguid membrane (ESPLIM) developed in China by Gu et al. [28,85]. The processis .
- a combination of an electrostatic technique with the principle of a liquid membrane.
‘The porous membrane in SLMs is replaced by a baffle which separates-feed and-
‘stripping cell. When an alternating current (ac) high-voltage electrostatic field is
app]ied simultaneously to both cells, the feed and strip solutions are dispersed into
nu.merous droplets in the continuous organic phase containing the carrier. The
complex formed in the extraction cell, diffuses through the baffle plate into the
strlppmg cell where the product is released. In general, fluxes are in the order of
110-7-10-8 mol cm2 s°1, two magmtudes of order higher than in most SLMs. The
authors claim the technique to be more stable than supported liquid membranes
[28], but do not show any data on long term stability. Another dlsadvantage again,
is the complex operation of the process

IEM - . . - IEM

_ IEM -
aqueous équebus E aqueous
feed feed & strip
solution solution g solution
-]
]
7
:
@ | ®
j‘;E"igu.re 2.12.  Theuse of ton-exchange membranes in extraction processe.s- in a two chamber (a)

" ‘or a three chamber cell (b). IEM = ion exchange membrane.

:Finally, Kedem and Bromberg describe the use of ion exchaﬁge_mgmbranes in
extraction processes-[86]. Ion exchange membranes were used to separate
. aqueous feed solution from the organic extraction phase as is schematically shown
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in figure 2.12. Three different techniques were used: a two chamber cell in which
feed and extractant solution were separated by the ion exchange membrane
(2.12a), a three chamber cell with an extra ion exchange membrane and a ‘strip’
solution (2 12b) and a variation on the first technique in which aqueous feed and
. organic extractant solution were flowing parallel to the membrane. In the case of
' copper transport, a cation exchange membrane separated the different solutions,
and the removal of acid was conducted using anion exchange membranes.
. According to the authors, the ion exchange membranes could prevent the loss of
extractant to the aqueous solutions with a solute flux similar to that of ordinary
supported liquid membranes. However, this technique is new and still much
research is needed on the transport mechanism and stability. .. .

2.5 Conclusions

In this chapter a state of the art literature review was given on the stability of
supported liquid membranes. Firstly, different possible causes of SLM instability
were discussed. Only two mechanisms for SLM 1nstab111ty seem to be important
and can explain the loss of membrane solvent and carrier in different ratios: the
solubility of the LM-components in the adjacent feed or strip solutlons and an
emulsification of the LM-phase due to lateral shear forces. Secondly, a review is
given on methods for SLM lifetime improvements. A careful choice of membrane
conditions and materials is important and may enhance membrane stability. Once .
the system is fixed, several suggestions for lifetime'improvement can be found in
.hterature Especially gelation of the LM-phase to prevent loss by emu131ﬁcat10n is
" very promlsmg _ o . . '
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STABILIZATION OF SUPPORTED
LIQUID MEMBRANES BY
INTERFACTAL POLYMERIZATION

Part I: Screemng of the monomers

",SUMlV[ARY '

The ﬁrst part of this chapter descnbes the backgrounds of interfacial
polymerzzatzon and the use of this techmque in membrane separation processes is
discussed briefly. Using literature data, a series of monomers were selected which
were known to have a low salt reJectzon and nght therefore be of use to stabilize

" supported lzquzd membranes . »

" In the second part, interfacial polymerization reactions of a series of monomers on
» the surface of microfiltration membranes is described. The modified supports were
used for the preparation of supported 'liqdid membranes and tested.for selective
nitrate transport and stability. These screening experzments revealed that most
applied toplayers did not hmder the transport of nitrate ions. However, only a few
toplayers were able to improve the stability of the liquid membranes. Best results
~ were obtained when piperazine and trimesoyl chloride were used as monomers.
SEM showed the particular surface texture of layers prepared with these monomers.
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Chapter 3

81 Introduction

* As has been pomted out in chapter 2, the major problem concermng supported.
- liquid membranes is their instability.due to the loss of carrier and membrane
* solvent to adjacent feed and strip phases. The loss of carrier is larger than might be
. expected on the basis of its concentration in the LM-phase. It is obvious that this
loss should be reduced as much as possible in order to increase the lifetime of
- supported liquid membranes and to assure their commercial application in future.
- One way to deal with this problem was discussed in chapter 2. In order to minimize
" the loss of liquid membrane phase by emulsion formation, N eplenbroek et al.
" applied thin, crosslinked PVC gels on the feed side of their membranes [1,2]. These
" toplayers were very effective in stabilizing supported liguid membranes for nitrate
‘removal from water without a measurable influence on the flux. However, this
‘technique has several disadvantages. Because the gel layers were applied by
i spreading them on the membrane surface by means of a tissue, reproducibility of
‘the results was poor. Furthermore, this method is only suitable for coating flat
'membranes and cannot be applied at the lumen sidé of hollow fibers. The industrial
_ apphcabﬂlty of this stabﬂlzatmn techmque is therefore doubtful. )

This thesis is mainly focussed on applying thin layers on top-of porous membranes
fby means of the interfacial polymenzatlon technique. The thin Iayer should
prevent loss of LM-phase just like occurred with the gel layers of Neplenbroek et
‘al. [1,2]. In the ideal case, transport of nitrate ions across the layer is not hindered
‘to retain a high nitrate flux. On the other hand, the layer should be impermeable for
the LM-components to prevent loss by dissclution in the adjacent phases.

- An interfacial polymerization reaction is chosen for the application of the toplayer
since the technique is expected to be better reproducible and easy to scaled up to
an industrial scale. By means of an interfacial polymerization reaction, it is also
possible to coat the lumen side of hollow fibers.

In this chapter, the basics of interfacial polymerization will be discussed briefly.
‘Furthermore, a number of monomers is polymerized on the surface of
microfiltration membranes in order to obtain suitable candidates for the
- stabilization of supported liguid membranes. The results of these experlments are
_g1ven m this chapter. : :
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Stabilization of supported liquid membranes by interfacial polymerization. Part I

" 32  Interfacial polymerization
3.2.1 Polymer chemistry

Interfacial polymerization is the formation of a condensation polymer at the
interface of two non- or slightly miscible phases each containing one of.the
monomers [3]. The chemistry behind this technique is-very simple and a typical .
example is shown in figure 8.1. A solution of sebacoyl chloride in a water-immiscible
solvent (e.g. CC14 or hexane) is brought into contact with an aqueous solution of
hexamethylenediamine in water. The polycondensation reaction takes place at the -
interface of the two solutions and a film of polymer is formed which is strong
enough to be removed from the interface as a collapsed sheet or tube. Therefore, -
this reaction is also known as the nylon rope trick. While the polymer is removed,
the reaction continues and more polymer is formed. This can be continued over a
period of many hours [4]. The byproduct HCl is neutralized by reacting with an acid
receptor like N aOH. When no acid receptor is added, the HCl will react with the
- —NH,, group of the diamine to form diamine hydrochlorides (-NHg*Cl-). The
reaction cannot proceed further with all amine groups protonated since 1t is
' beheved that the reaction mechamsm is of the SN2 type [5].

0 0

1l N 1l o . . '
Cl—C—(CHy)s—C—Cl1 (ﬁ
sebacoyl chloride NaOH TNH— (CH2)6 N H—C (CHZ)S_C
A (:111::;{;;55 _ 6-10 polya.mlde
hexamethylenediamine ' ‘ or diamine hydrochlorides
Figure 8.1. The formation of nyion-6;10'by an.inferfacial polymerization reaction.

Morgan et al. were the first to describe the principlés -and backgrounds of
interfacial polymerization [5-7]. Their proposed mechanism will be reviewed briefly.

We restrict ourselves however to unstirred polyamidation systems After the two.
phases conta.lmng the monomers are brought into contact with each other, both
reactants and solvents will have a tendency to be transferred to the opposing
phase. Usually, the acid chloride is hardly soluble in the water phase. The diamine,
however, shows a clear partition towards the-organic phase. Measured partition
coefficients for diamines in suitable organic phases wére in the range 400 to less
than. one (cH20/Corganic) [5]- The first diamine transferred to the organic phase will
meet a high concentration of acid chlorides and react almost immediately to form
acid chloride terminated oligomers. The transport of following diamine will be -

-47-



Chapter 3

" hindered by a layer of these oligomers. The oligomers will be coupled by the -
diamine, and in this way they grow in leng’ch Finally, the concentration and size of V
ﬂ ohgomers will increase until a layer of high My, polymer is formed which will
. precipitate depending on the polymer-solvent interaction. Once the polymer has
precipitated, the rate of polymenzatlon is decreased drastically because of the low
mobﬂlty of the polymer chains and the decrease in dlfﬁlswlty of the intermediates.

The polycondensation reaction takes place where both reactants meet each other.’
This might be exactly at the interface, or either in the organic or in the aqueous .
! layer. However, in general it is assumed that most polymers in interfacial
" polymerization form and grow at the organic solvent side of the interface [5,6]. This
was shown for instance by the introduction of insoluble, coloured powders on the
- polymer interface at the aqueous side of the polymeric interface during the
| polymerization process. No polymer was formed at the aqueous side since all
' coloured powder remained clearly on top of the film. Also changes in polymerization
. . conditions could be explained best when it was assumed that the reaction took
. place at the organic solvent side of the interface. Some authors however claim to
' have reasons to believe that reactions might also occur at the aquecus side, for

. instance when one of the reactants is not a monomer but.an oligomer like .

, polyethylenimine' PEI [8,9]. MacRitchie concludes that the location .of the
~ polymerization is in a mixed menolayer of the adsorbed monomers [101.

' As already mentioned before, one of the possible side reactions during interfacial
: polymerization is the formation of diamine hydrochlorides. However, the most
| “important side reaction is the hydrolysis of diacid chlorides. In the hydrolysis
- 'reaction, the acid chloride group is replaced by a carboxylic acid group, either by a
' reaction with water or by a reaction with hydroxyl ions [5,6]. Not only the
: 'polymerization rate, but also the molecular weight of the polymer is decreased by
. hydrolysis since the diacid chioride is converted into monofunctional reactant. The
- hydrolysis reaction almost exclusively takes place in the aqueous phase [6,11].
This means that the hydrolysis rate is dependent on the system investigated: short
chain aliphatic diacid chlorides have a higher water solubility than other diacid -
chlorides, and are therefore more sensitive to hydrolysis. For polyamidations, in

. general the polymerization rate is twe orders of magnitude higher than the

. hydrolysis rate and therefore hydrolysis might be neglected in some cases [12,13].

- However, no general rules can be given when hydrolysis can be neglected. This will -
- depend on e.g. the monomers, solvents and reaction conditions. - :

The properties of the 1nterfa01a11y synthesmed polymer will depend on several
< variables [5,6], including: .

o the chemical reaction rate

s partition coefficients of reactants

e concentration ratio of phases
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Stabilization of supported liquid membranes by interfacial polymerization. Part I

. hydrolys1s of acid chlorides
* ® presence and transfer rate of addltlves (salts amd receptors surfactants)
* polarity of solvents
e stirring . -
* impurities in reactants and solvents
- All these factors influence, in. then' own way, the final molecular we1ght of the
" obtained polymer. For a detailed descnptmn of the above ment1oned variables one .
is referred to Morga.n etal. [5,6]. )

3.2 2 Interfacial polymerization in membrane technelog‘y

Interfacial polymerization is a techniqne which also can be applied for the
preparation of membranes In 11terature one can dlstmgulsh between three
different methods. | '

Firstly, interfacial polymerlzatlon can be used to synthes1ze polymers After
dissolving the synthesized polymer in a suitable solvent, a membrane can be
-obtained by a phase inversion process induced by solvent evaporation or
_ immersion precipitation. In this way, Credali et al. [14-16] synthesized a number
of polypiperazineamides with the general formula given in figure 3.2. These
polymers were used to prepare dense and homogeneous films for reverse osmosis
applications. Joshi et al. [17] synthesized six different polyureas by an interfacial
polymerlzatlon reaction. The polymers were dissolved in concentrated sulphurlc'
acid together with some additives. Membranes were prepared according to the --
phasé inversion method by solvent evaporation and polymer precipitation in a
nonsolvent medium. The obtained membranes were tested for their performance in
reverse osmosis and ultraﬁltratlon :

R

e e
0
R"

Figure 3.2. General formula of substituted polypiperazineomides as prepared by Credali et
‘al. [15]. ' - :

The second way interfacial polymerization is used in membrane technology is in -
the direct synthesis of polymeric membranes. Enkelmann and Wegner [18-21]
placed solutions of sebacoyl chloride in chloroform and hexamethylenediamine in
water on top of each other. After'the polymerization process is stopped by adding
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- HCI to the water phase, the organic phase was removed carefully, the membrane

. isolated, washed with acetone and water and kept in distilled water to prevent
* irreversible shrinkage and change of structure. By adding a trifunctional acid

) chloride to the organic phase, they were able to synthesize chemically and
" mechanically stable membranes for dialysis, ion -exchange and reverse osmosis

- applications. The method. is not commercialized since only membranes with a
- small area could be prepared. Chern ef al. [22,23] prepared aromatic polyimide
' films out of two different diamines and 1,2,4,5-benzenetetra acyl chloride to
" investigate the effects of heat treatment and reaction conditions on temperature
“and organic solvent resistances. Chai ef al. [24] developed a light-reflectometry
- measurement technique and a pendant-drop techmque to elucidate the interfacial
. polymerization proécess for the monomers m-phenylenediamine. and trimesoyl
. cliloride. These unsupportedpolyamide films were also investigated by scanning
- electron microscopy. The authors claimed that the above mentioned techniques -
! are very useful techniques for studying the very fast interfacial polymenzatlon
technique, although their results are not always that clear.

 The preparation. of microcapsules by interfacial polymerization is also an
interesting application. Microcapsules are small particles, liquid droplets or gas
- bubbles surrounded by a coating and with a size between 1 and 1000 pm [25}. They

. are used. for controlled release and transfer of drugs, inks, proteins, pesticides etc.

By either stirﬁ.ug both reaction mixtures [26,27] or injecting small droplets of one

' solution with a needle i in the second solution [25,28], a polymeric wall is formed

~around the droplets Since the walls of the microcapsules show selective

" permeability for certain molecules, one can consider microcapsules as membranes. *

Thirdly, and most important, interfacial polymerization is used in the preparation
.of thin film composite membranes. This type of membranes is characterized by a
‘thin separating layer, preferentially 0.5 um .or thinner, supported on an
asymmetric porous substrate made out of a different material. The substrate is

. sometimes bound to a nonwoven to give the actual separating membrane the
. required mechanical strength. In between the actual separating layer and the
‘substrate, other polymeric layers might be present as a result of the preparation -

: imethod e.g. a layer of unreacted polymeric or monomeric material [29] ora gel
; Iayer of water-insoluble polymer [30] -

Schematmally, the deposﬂ;mn of the thin toplayer on a porous support is shown in
.. figure 3.3. The process starts W’lth the immersion of the support in a solution of
‘reactdnt A in liquid 1. Usually, the supporting material is a microfiltration or
'ultrafiltration membrane. Depending on the hydrophilicity of the ‘support, it is
immersed in either the squeous or the organic solution of the reactant A. After the
support is impregnated, it is immersed in a solution of the second reactant. At the
interface of the two phases -at the support surface- the interfacial polymerization
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takes place forming a dense ponmeric layer. Sometimes a heat treatment is
applied afterwards to complete the reaction or crosslink the prepolymer or the

) Water-soluble monomers. Because the reaction is self- mh1b1t1ng since the already
formed polymeric layer limits the supply of reactants, extrémely thm layers down
to 50 nm thlckness can be obtained.

liquid 1+ liquid 2 +
reactant A reactant B

porous a ifnpfegnation . immersion composite

UF/MF n ‘ ' and reaction membrane

support : ’ : _
Figure-3.3. Schematzc drawzng tllustrating the preparatzon of thin film composzte .

membranes by mterfaczal polymerzzatzon ‘The two monomers, reactant A and reactant B, are
dzssolved in liguid 1 and 2, respectively.

There are numerous recipes for the preparation of thin-film composite membranes
by an interfacial polymerization method in literature. One of the first commercial
reverse osmosis membranes made this way at the North Star Research Inst1tute, :
‘based on Cadotte’s work, is the NS-100 membrane [31,32,36]. The NS-100
‘membrane is based on an interfacially polymenzed toplayer of polyethylenelmlne
(PEI) and toluenedusocya.nate (TDD), on top of a polysulfone microporous support.
This membrane was crosslinked by heat-curing at 110 °C. In a later version of this
membrane designated NS-101, the TDI was replaced by isophtaloylchloride
(IPhCl), thereby generating a polyamide [31]. By replacmg the PEI in the NS-101
membrane by a polyetheramine, Riley et al. developed the PA-300 membrane
[33]. This membrane was superior to the NS- 100 since higher membrane fluxes
were possible at equ.lvalent salt re_]ectlons

Unfortunately, the NS 100, NS-101 and PA- 300 membranes were not resistant to
low levels of chlorine in reverse osmosis feed water. In order to improve chlorine
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’ resmtance, the NS-300 and FT—30 membranes were developed at North Star and
" FilmTec Corporation, respectively [8,34-37]1. These membranes are based on work
* by Credali et al. [14-16] and Parrini [38], who demonstrated that polypiperazine-
' amides show a better chlorine resistance due to the absence of hydrogen at the
- amide bond. The NS-300 membrane is prepared by the interfacial
* polycondensation reaction of piperazine (PIPA) and a mixture of trimesoyl chloride
- (TMCI) and IPhCI on a polysulfone support. In order to obtain reproducible results
" and high salt rejections, the addition of acid receptors and surfactants to the amine
- solution is necessary..Compared to the ‘NS’ series of membranes, the FT-30 thin-
- film composite membrane is superior in resistance towards high and low values of
pH, temperature and the presence of chlorine in the feed phase. The FT-30
- membrane is prepared by using aromatic amines and aromatic acid halides, in
i contradiction to the ‘NS’ series where only aliphatic amines were applied. The best

' results are obtained using trimesoyl chloride TMCI alone as acid halide, and 1,3-

benzenediamine as aromatic amine. A heat-cure is not necessary, neither is the
. "addition of surfactant and acid receptor. Due to a partly hydrolysis of the acid
" halide groups, the polyamide toplayer is mildly anionic in charge, and thus
. susceptible to binding and fouling by cationic surfactants. For a complete overview
- of thin-film composite membranes for reverse osmosis membranes, one is referred
. to Petersen [29]..

~ Interfacial polymerization is not only applied in membrane technology to prepare
* thin-film composite reverse osmosis membranes. By choosing the right monomers
" and reaction conditions, different types of membranes can be prepared. FilmTec
. prepared composite membranes in which the barrier layer consisted of a fully
" aromatic crosslinked polyamide (the actual composition has never been disclosed).

- These membranes, the NF-50 and NF-70, are used for nanofiltration applications.

' Chern et al. [39] used an interfacial polymerization reaction between 4, 4’-
. methylenedianiline or ethylenedlamme and 1,2,4,5 -benzenetetraacylchloride to
- apply a polymeric toplayer on a porous PSt support After a heat treatment at
135 °C in a Ny atmosphere to imidize the polyamide, the membranes were suitable .
- for gas separation applications. Ultrathin films containing oxygen-complexing
~ functional groups (e.g. Schiff bases and metallophtalocyanines) were synthesized
. by means of an interfacial polymerization on a microperous polypropylene support

' by Lonsdale at Bend Research [40]. The materials could be used as selective
- membranes or as seléctive sorbents. Another patent of Lonsdzale et al. descmbes

* the preparation of ultrathin (20 to 2000 nm thick) films that contain functional
groups [41]. These groups were capable of electron transfer, of chelation or
~ complexation, of enzymatic activity, of photochemical activity or of biological
. activity. Various applications were enclosed, like membrane electrodes, selective
. mernbranes and sorbents and targeted drug delivery.

. For thé application of a toplayer on SLMs in order to stabilize them, the third
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method (directly on top of the support) seems the most suitable one. The method is
relatively simple and easy to.apply at larger (industrial) scale. The question now is
~ which monomers to use for the 1nterfac1al polymenzatmn reaction. This wﬂl be
discussed in the next section. -

3.2.3 Choice of reagents for SLM toplayersk

It is important to make a proper choice of the monomers and soh.rents‘ to be used in
the interfacial polymerization for the application of the protective toplayer on the
macroporous liquid membrane support. There is an enormous amount of suitable
monomers and solvents available, each combination resulting in a specific polymer
with certain properties. It is therefore important to specify the properties the
‘polymeric toplayer should have and to translate these propert1es in the proper
chemicals.

"Firstly, the polymeric toplayer should prevent the loss of carrier molecules and
liquid membrane solvent immobilized inside the pores of the support This means
that the layer should be dense enough to prevent dissolution of both components in
the aqueous phases. When the solubility.of carrier and solvent in water is very low,
the layer might be somewhat opener, but should at least prevent the loss of -
membrane phase by emulsion formation, as already explained in chapter 2.
Secondly, however, if the toplayer is too dense or too thick the transport of ions
through the layer is hmdered and the overall flux will decrease This means that the
layer should be thin and 9oose’. Furt;hermore, a negatlvely charged toplayer also
might hinder the transport of nitrate ions. Therefore, it is preferred to have an

‘uncharged or pos1t1vely charged toplayer ' o

"In the last paragraph it became clear that interfacial polymerizatioh is mainly
"used to prepare thin-film composite reverse osmosis membranes. In reverse
osmosis, the membrane should have a high water flux and a high salt retention. ‘
Such membranes are not suitable for our purpoeses, since a high salt retentlon A
decreases the ion flux too much. It must be stated here that reverse osmosis
‘operating conditions are quite: different from those during liquid membrane
operation;, but at least an idea of the salt permeability can be obtained. Therefore,

- literature was checked on low salt rejection RO membranes. We restricted
- ourselves to polyamide membranes since this class of polymers is most Wldely
applied. Care must be taken when da’ca from different references are compared,
since test conditions (feed pressure, feed’ composition) or membrane preparation
(type and properties of support interfacial polymerization reaction cond1t1ons

membrane thlckness) might be qu1te dlﬁ'erent

Enkelmann and Wegner used s'e'bacoyl chloride and flexamethylenediamine. as
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monomers for the direct synthesis of nylon-6,10 membranes [19,21]. Since the
' objective of their research was to investigate the mechanism of interfacial

polycondensation, no RO membranes were prepared and no salt rejection data
were given. From salt diffusion experiments however, diffusion coefficients were
calculated. Using a 0.2 M NaCl solution on one side and distilled water on the other
' side, a diffusion coefficient of 4.0 * 10-10 cm?2 s'1 was found. It was observed that
- the direction of transport was important. The surface of the membrane exposed to
the water phase during synthesis contained only amino endgroups, while the
opposite surface was rich in carboxyl endgroups. Due to these weakly basic and
. acidic endgroups, the material exhibited mn-exchange properties which were a
- function of the pH. In between the two niemErane surfaces, both density and sign
. of the fixed chérge changed continuously from anion exchange to cation exchange
. properties, like in a bipolar membrane. Current-voltage characteristics were found
' to be asymmetric. In a review article by Blais [42], nylon-6 and nylon-6,10 were
' considered to be not suitable as salt barrier materials due to their low ratio
. between water and salt permeablhtles Linear- polyamldes (nylons) therefore are
'~ possibly a suitable candidate for our stabilizing toplayers. -

| Credali et al. [15] mvestlgated the salt rejection propertles of a class of
: polypl]perazmeamldes. All these membranes were obtained by phase inversion and
. not supported by a nonwoven or a porous UF membrane. Water permeabilities and
salt rejections are given in table 3.1. It can be concluded from their data that,
- depending on the monomers used, some membra.nes posses a low salt retention.

. Téble 8.1. Reverse osmosis projzerties of pdlypiperazineamide membranes. Pressure: 50-50
) f atm. Feed 0.5 % w [v NaCl. Film thickness 20-40 ym. Adapted from references 15 and 38.

Pwater/P NaCI

" monemer 1% monomer 2° Pyater salt rejection
: Tug cm1s1] [g cm3] (%]
PIPA "IPhCI . 0.35-0.51 1600-2000 98-99
MPIPA - FMCI 2.2-2.3 50-100 80-85
 dMPIPA FMC1 1.0-1.4 280-330 9195
dMPIPA McCl 14 100-120 81-85
. dMPIPA APCL 0.5 120 81
.dMPIPA IPhCI 0.49 25-40 65
dMPIPA TPhCL 0.50 500-600. 9495

. *PIPA: piperazine, MPIPA: 2-methylpiperazine, dMPIPA: trans-2,5-dimethylpiperazine, IPhCI:
‘: isophthaloyl chloride, FMCI: fumaryl dichloride, MCCL: mesaconyl dichloride, APCL adipoyl
; chloride, TPhCE: terephthaloyl chloride.

- As méntiohed before in paragraph 3.2.2, Cadotte and coWorkers investigated
;3 composite membranes consisting of polyamide toplayers on polysulphone supports
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for their reverse osmosis properties [8,34,36,43]. Low salt rejections were observed
when terephthaloyl chloride was polymerized with several diamines like 1,3-
propanediamine, 1,6-hexanediamine, 1,3-diaminobenzene and 1,4-diaminobenzene.
‘Since their objective was to obtain-a high salt retention membrane, piperazine‘an&
. polyethyleneimine were examined in more detail. By changing the ratio trimesoyl
~ chloride (TMC]) to isophthaloylchloride (IPhCl), the salt rejection for synthetic
seawater could be varied. The lowest salt rejection of 64 % was observed for a ratio .
TMCLIPKCI of 75:25, while the highest salt rejection of 98 % was obtained at a
ratio of 0:100. By changing the amount and type of acid receptor, salt rejection
_could be varied between 88 % and 28 % for the piperazine/trimesoyl chloride
system in the order no acid receptor > Na2003 > NaOH. The oppesite order was
found when the TMCI was replaced by IPhCL From the above it can be concluded
that the combination of piperazines with aromatlc ac1d halides offers interesting
possibilities due to their low salt retention. : '

In mici‘ogancapsulation technology, bermeability of the capsule Walls‘towards_ their - .
contents (e.g: salts, pesticides, herbicides, pharmaceuticals or dyes for carbonless
‘copying) is very important. One way of preparing microcapsules is by interfacial
polymerization. Both polyamides and polyurethanes are used as polymeric
materials for encapsulation [44]. Acid chlorides employed include sebacoyl chloride,
terephthaloyl chloride and trimesoyl chloride because of their low hydrolysis rate.
The polyurethanes are usually based on p; p’—diphenylmethaneisocyanate,
toluenediisocyanate (TDI) or hexamethylenediisocyanate (HMDI) as isocyanates.
Amines such ‘as ethylenediamine (EDA), hexamethylened1amme (HMDA) or

trlethyltetramlne (TETA) are most w1de1y applied to produce polyamldes Ishizaka o

et al. compared permeability coefficients of different hydroxides in poly(1,4-
" terephthaloylpiperazine) and poly(1,6-hexamethylenesebacamide) microcapsules
" [45]. The first one showed 50 to 350 times"higher permeability coefficients for the
‘hydroxides than the latter one. According to the authors, this was due the water

structure in and around the microcapsules which determined the resistance

towards transport of ions. Mathiowitz and Cohen investigated a series of

microcapsules made from several multifunctional (i.e. with two, three or four

primary or secondary amine groups) linear amines and terephthaloyl chloride or .

trimesoyi chloride [46]. The higher the porosity. of the polymeric material, the
" faster the core solvent was released from the capsules. The results showed that
crosslinked membranes W'ere much less permeable than the other capsules tested.
The same conclusion was -drawn by Janssen et al. who studied the influence of the
addition of diamines to aqueous phase of d1ethy1enetr1am1ne (DETA) during
encapsulatmn with terephthaloyl chloride [25,47]. The higher the ratio of diamine
- to triamine; the less crosshnkmg took place and the h1gher was the permeablhty for
DETA.

The literature discussed above clearly shows that it is-possible to prepare
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‘ mterfamally polymenzed layers or ‘walls’ which are permeable towards salt or
. other molecules. Therefore, a selection: of the above mentioned monomers were
: tested on their suitability as stabilizing and permeable toplayer. The attention was
. focussed on the polyamides, since the necessary reactants are 1ess toxic than‘
those for the preparahon of polyurethanes.

Table 3.2. Physical prozferties of some potential ’brganic ;olverits suited for interfacial
: polymerization. Data taken from reference 49, unless indicated otherwise.

solvent - . boiling vapor pressure* solubility in squBility of H2O
o point . Hy0 in solvent
[clr . [mmHgl [%w/w] [%wiw]
chloroform - 61.2 | 1948 0.815 : 0.072
1,2-dichloroethane | 83.5 " 83.35(20°C). | 0.81 0.15
carbon tetrachloride | 76.8 115.2 ’ 0.077 . 0.010
cyclohexane - | - 80.7 97.6 “ ] 0.010 0.0055
n-hexane . . - 68.7 151.8 ] ~ 0.00095 0.0111 -
n-octane . 125.7 14.0 . 6.6 * 1075 0.0095
n-decsne - | 1741. i3 - 15106 T 0.0072"
n-dodecane . | - 216.3 012 .37%107 71 0.0065
m-xylene | 139.0 8.3 0.0196 ~ 0.0402
benzene - - 80.1 95.2 1 0.1780 0.063
dimethylphthalate™ | 283.7 3.07103 | 0427 | 1.6
-dibutylphthalate | 840.0 - 1.09 * 109 1T | - <0.01 0.46
dioctylphthalate™ 384.0 7.22 * 10-8 41106 - .

* vapor pressure at 25 °C. **: data from references 50 (boiling peints, calculated vapor
© . pressures), and 51 (solubilities). t: data from reference 51, error (for n-decane)
¢ +£05% 10~6 %wrw. 11 calculated from reference 50. - = unknown.

: Apart from the reacténts, anothér factor influencing polymér properties is the
* orgapic solvent used. The organic solvent influences the partition coefficient for the .
reactant dissolved in the aqueous phase and its solubility. Consequently, the final
! molecular weight of the polymer produced is affected. The higher the solubility of
! the polymer in a solvent, the thicker and less porous the membrane is expected to-
i be, other parameters being equal [48]. In general, aliphatic hydrocarbons like n-
" hexane and cyclohexane or halogenated hydrocarbons such as -chloroform,

. dichloroethane and carbon tetrachloride are used [5,6]. Other solvents applied
{ include for instance xylene [5,48,52,53], benzene [52,53] and phthalates like
dimethylphthalate or dibutylphtalate [25,47]. However,.most of these solvents are -
‘relatively volatile and evaporate too fast from the pores of the hydrophobic
supports used in this work. Since the reaction usually takes place in the organic
phase, this means that there is no reaction medium left for the polymerization
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.process to continue. Therefore, other ergaﬁie SOlvenfs with ahlow vapor pressure :
had to be chosen. Additional requirements are a sufficient solubility for the acid
chlorldes 1nvest1gated and low or no solubility of the organic solvent in water and

vice versa. In table 3.2, several solvents and their properties are given. Apart. from L

. their bigh vapoer pressure it was decided to avoid the use of halogenated solvents

from an environmental point of view. After some preliminary experiments,"

. dodecane was chosen as organic solvent for most of the polymerizations described”

throughout this thesis. Despite their lower volatility, dioctylphthalate (DOP) and

- dibutylphthalate (DBP) were not used primarily because of their higher viscosity

~ (16.63 cP and 55.41 cP respectively) compared to dodecane (1.41 cP) which might '
‘slow down the transfer of the amines to the organic phase [50]. -

3.3 Experimental -
. 331 ‘Materials and membranes
Support

Two hydrophoblc microfiltration membranes were used as supports for the
polymer preparation experiments: Accurel 1E-PP and Celgard 2500. These two
supports are both flat sheet membranes, and made from polypropylene. Accurel i is |
prépared by means of a thermally induced phase separatlon process, while Celgard

. membranes are made by stretching a ‘homogeneous polypropylene film in one
direction. The Accurel membranes have an interconnected pore structure while the
'Celgard membranes have not. Furthermore, the Celgard supports have slit-shaped
pores, Accurel has round pores at its surface.. Some characteristics of these
membranes as obtained from the manufacturers are given 1n table 3.3.

Table 3.3. Characteristics of the supports as pbtainezi from the manufacturers.
trade name supplier pore diameter . thickness | overall porosity
: i [um] [um] [%]
Accurel 1E-PP Akzo 0.2 (nominal) - 95 69
Celgard 2500 Hoechst- . | 0.075x025(WxL) | 25 45

Interfacial polymerization

Interfacial pol_ymerizatioh reactions were carried out using multifunctional amines -
and acid chlorides or-amines and isocyanates. Piperazine (PIPA), 1,6-hexa-
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' methylenediamine (HMDA) and diethylenetriamine (DETA) were obtained from
- Fluka. Tfans—2,5—dimethylpipera_zine (DMPIPA) and 1,12-diaminododecane (DAD)
“ from Janssen Chimica were used. Polyethyleneimine (Aldrich), abbreviated as PEI,
' is a polymer containing primary, secondary and tertiary amine groups. PEI is
‘: delivered as a 50 wt% solution in water with an average molecular weight of -
: - 50,000-60,000 g mol-1. All amines were used without further purification.

Hexamethylenedusocyanate (HEMDI) and toluyene-2,4-diisocyanate (TDI) were

 obtained from Fluka. Multifunctional acid chlorides used are sebacoyl chloride SBCI

 (Janssen Chimica), terephthaloyl chloride TPhClL (FIuka) and trimesoyl chloride
TMCI Due to several supply problems, TMCI from three different sources was
S used (Fluka Aldrich and Janssen Chimica), but these three all had the same
product specifications. TMCI was placed in an oven (50 °C) to liquify it just before
preparatmn of the solutions. After the oven treatment, the TMCI (melting point
1 34.5-36 °C) remamed in the liquid state, poss1bly due to impurities present.
Nevertheless, all monomers were used as received. '

Generally, as organic solvent dodecane (J anssen Ch1m1ca) was applied. TPhCI did
i not dissolve in dodecane, so dibutylphthalate (Janssen Chimica) was used. The
multlfunctmnal amines were dissolved in either demineralized water or in Milli-Q
. water (Milli-Q water is demineralized water purified by means of a Milli-Q Plus
Water Purification System from Millipore®). Diaminododecane was not soluble in
Water, so a nonaqueous solvent known from literature [6], ethyleneglycol (Merck)
~was used, although the solubility of DAD in this solvent was also limited. As acid
"' receptor, sometimes sodiumhydroxide (Merck) was added. All the orgamc solvents :
and additives were used without further punﬁcatlon ‘ ‘

‘ Camer and solvent

As liquid membrane solvent, o-mtrophenyloctylether (o NPOE) was taken
because of its low solubility in water [1]. o-NPOE was obtained from Fluka and
‘used without further purification. The carriers used were both long chain
‘quaternary ammonium salts. Most experiments were carried out with tricctyl-
‘methylammoniumchloride, abbreviated to TOMA. The other carrier was tetra-
‘octylammoniumbromide (TeOA). Both carriers were obtained from Fluka (purity
‘'TOMA and TeOA ~ 97 % and > 98 %, respectlvely) and used without further
purl.ﬁcauon In all cases, a carrier concentration of 0.2 M in 0-NPOE was applied
Whlch is the same as apphed by Neplenbroek ef al. [1,2,54-56]. The
0-NPOE/TOMA mixture was warmed slightly which was necessary to dissolve all
the carner The carrier solutions were stored under nitrogen to prevent degradation
of the 0o-NPOE. Since the colour of the carrier solution did not change in time, it
‘was assumed that the o-NPOE did not deg:radate in tmle
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" 3.3.2  Membrane preparation and cha.raeiieri:zation,

Interfacial polynierization

A circular piece of glass, having the size of the liquid membrane module, was used -
to cut a round part of support material out of a flat membrane sheet by means of a -
scalpel. For scanning electron microscopic characterization, a smaller piec'e was
used. Care was taken not to touch its surface, and the polymerization always was
performed on the same side of the support. Especially for Accurel the latter was
important, since the two sides of the membrane were hot identical as was revealed
by scanning electron microscopy.’ Polymerization was always carried out on the
‘shiny’ side of the membrane. The membranes were impregnated with the acid

" chloride or diisociyanate solution (concentration usually 0.2 M). The. acid chloride . .

solutions were prepared just before use and care was taken to seal the bottles
carefully in order to prevent as much as posmble hydrolysis of acid chlorides.
Excess solution was wiped off the surface of the membrane with a paper tissue.
Immediately hereafter, the membrane was placed on top of a 0.2 M amiine solution
in ‘water (PEI was dissolved in water in a concentration of 2.5 wt%), usually

without acid receptor unless mentioned differently. After 15 minutes, the
. meémbrane was removed from the amine solution and washed with water and )

ethanol to remove unreacted matenals and solvent from the composite membrane.
Finally, the support with the toplayer was dried in air at room temperature. In all
cases, to av01d damaging of the toplayer care was taken as much as possible not to

’ touch the compos1te membrane.

It is questionable Whether ‘the relétively large pores of the underlying micro-
filtration membranes can be covered in one step without any large defects in the
toplayer. Therefore, to obtain- an indication of the presence of large defects and to

-get an impression of the thickness of the toplayer, part of the composites Were

examined with scanning electron microscopy (SEM). Cross section’ samples were

. prepared by eryogenic breaklng, i.e. the sample was immersed for 5 minutes in a )
Water/ethanol mixture and subsequently broken in liquid nitrogen. Flat samples™

were ‘glued’ on the sample holder using conducting carbon. After sputtering the .
samples with gold (Balzer Union SCD 040 sputtering apparatus, 3 minutes,
15 mA), they were examined with a Jeol JSM T 220A scanning . electron

‘ mlcroscope (at 20 kV).

.Gas permeation experiments were carried out t0o to get an impression whether the

toplayer contained large defects.- Circular pieces of the composites were placed in a

_ gas permeation cell, after which gas fluxes were measured with pure Ogand Ng at™ ~

a pressure of 1 bar using soap film capillaries. All tests were performed at room
temperature

' .59-



 Chapter 3 . i ‘ _ ' o

- Pore size analysis of uncoated membranes was carried out on a Coulter® Poro-
meter IT (ASTM F316-80, 1980; B.S. 6410-1980). As pore wetting hqlnd Coulter®.
 Porofil was used. The diameter of the sample holder was 25 mm.

3.3.3 Permeability measurements
+ SLM preparation

'A small amount of carrier solution (either 0.2 M. TOMA or 0.2 M TeOA in

0-NPOE) was spread on the bottom of a petri-dish. The -SLMs, either with or
1 without, toplayer, were prepared by scaking them in this solutmn for at least
' 15 minutes. When a toplayer was present on the support this toplayer was -
. directed upwards. Supports with a toplayer needed a longer impregnation time, up
to at least one hour, since the enclosed air in the pores could not escape so easily.
 When the SLM was completely transparent, it was removed from the petri-dish.
- Attached liquid was removed from the surface of the membrane by wiping it very
carefully with a tissue. The amount of soaked LM-liquid was calculated by
determmmg the mass of the membrane before and after impregnation.

; Flux determination
‘SLM
. % M
out . Border ’ o/ i ] \W
a
c -
<—>
- in» ) '
| \Ji{{l_
a=48 mm
b=74mm
c= 18 mm
]an"mre 34. Dimensions of the membrane module. Adapted from references 1 and 54.

. After 1mpregnat10n the liguid membrane, w1th the toplayer to the feed s1de, was
" clamped between two cell halves as shown in figure 3.4. The membrane module
~ was placed in one of the experimental set-ups drawn in figure 3.5. Buffer vessels,
pulsation damping vessels and the membrane module were all made of glass and
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connected to each _other by silicone rubber tubes. Initially, experiments were
-carried out using set-up (a) in figure 3.5. which did not contain pulsation dampers
and was placed in a thermostated room of 25-26 °C. The feed volume was always
100 ml, the strip volume 90 ml. Later on, set-up (b) was used for the experiments.
This set-up contained thermostated buffer vessels keeping feed and strip (both -
130 ml) at a constant temperature of 25 °C. Furthermore, pulsation damping
vessels made out of extra thick glass to reduce heat effects were present which -
minimized pulsations caused by the peristaltic pumps. - C '

() o ®

‘Figure 8.5. . Schematic: representatioﬂ “of the- expem"mental set-up for nitrate flux
" measurements. (a) set-up, placed in a thermostated room, (b) set-up with thermostated buffer
vessels and pulsation buffers (1 = = pump, 2 = membrane module, 3 = buffer vessel, 4 = thermostated ‘

’ buffer vessel, 5 accumulator)

After the membrane module was placed in the set-up, the system was filled with
the aqueous feed and strip solutions. The feed consisted of a 4 * 10-3 M NaN03
solution (Merck), while a 4 M aqueous solution of NaCl (Merck) was apphed as strip
- phase. By means of Masterﬂex® peristaltic pumps feed and stnp were circulated
around with a constant water flow velocity of 5.5 ml s"1. Aqueous boundary layer -
resistances were minimal at this velocity [1,54]. In the membrane module, the
aqueous phases were flowing parallel to the membrane. Periodically, samples of
about 1 ml were taken.from the feed buffer vessel. Nitrate and chloride
concentrations in these samples were measured by HPLC (Waters IC-PAK™
anion column using a Millehnium™ data station) By assuming a constant feed -
. volume the nitrate flux J through the hqmd membrane can be calculated by
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__dNGsly ‘ o 4 ,
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' where J is the nitrate flux in mol em2 s-1, d[NOg-1/dt the lifiear decrease of the
" nitrate feed concentration in time, V the feed volume (in ml) and A the membrane
~ area in contact with the aqueous phase (18.1 cm?).

g 3.3.4 Stability measurements

. To simulate long term experiments, the following procedure was followed. After
' determination of the initial flux, the feed solution was replaced by a 10+ M aqueous
- nitrate. solution. Application of the SLM to a feed solution with a low salt
. concentration increases the instability of the membrane, as explained in chapter 2.
“ After 20 to 21 hours of ‘destabilization’, both feed and strip were replaced by fresh.
" 4*10-3 M NOj3- and 4 M CI- solutions, réspectively. The flux was determined again
- as described before in section 3.3.3. As will be shown later, in this way an uncoated
. membrane using TOMA as carrier lost all its flux within 1 day, so a fast check on

i stability mprovement is possible. To obtain an indication of loss of LM-phase from

. the support, the masses of the SLMs before and after the flux measurements were
" determined. The d‘lfferenee‘ between the two masses is defined as the the LMfloss

34 Results and discussion
‘ 3;4.1 Uncoated membranes

;1 Su’pport chardcterization

Intable 3 4 results of the pore size determmatlon test of the supports as obtamed
. by Coulter® porometry are given. .

Q

: Table 3.4. Pore sizes as determined by Coulter® porometry.
membrane . - min. pore size max. pore size MrPT pore size given
) - . ' ’ by supplier
‘ [pm] [um] [um] [m)
| Acourel o017 S o025 0.247 0.2
|| Celgard 2500 " .0.063 0.083 . o 0.077 .. 0.25 x 0.075

i T: mean flow pore size

; For the Accurel mémbrgne, agreenient with the manufacturer’s data is :qéther well.
In the calculation of the pore sizes from the measurements, it is assumed that the

-
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pores have a cylindrical shape. Because pores of the 'CeIgarvdtmembrane are slit-
shaped, care must be taken with the interprefation of the Coulter results. The
obtained pore sizes for this membrane are the smallest dimensions of the pores in
this case the W1dth of the pore These agree w1th the suppher’s data

- Nitrate ﬂuxés and LM-loss _

The results for uncoated SLMs using Accurel or. Celgard as support are ‘
' summarized in table 3.5. Initial fluxes of TeOA and TOMA SLMs are in the order of

©16-20 * 10-10 mol em2 s-1, which is in reasonable agreement with data presented

by Neplenbroek et al. [1,54,55,57]. Small differences between our measurements
and those of Neplenbroek et al. are due to the fact that the different batches of .
support film used. have shghﬂy different properties. It is known that because
"TOMA-CI is ‘much more surface active than TeQA-Br, SLMs with the first carrier
 are much less stable than the latter ones. Indeed this is shown by the data in table
3.5. SLMs containing TOMA as carrier, have zero flux after one day, in contra-
‘diction to TeOA membranes which show only a very small decrease in flux. So, by
using TOMA as carrier and applying ‘destabilization’ conditions in between two flux
measurements, stability experiments can be carried out in a fast way. In general,
_ the data in table 3.5 show a gdod reproducibility within 10 % accuracy.

Table 3.5. Nitrate fluxes and stability of uncoated SLMs.

support . carrier initial flux | flux after 1 day. LM-loss
' [10°10 mol em2 5717 | [10-10 mol em2 s°1 [wt%)]
Accurel pone | . 0. T | sa
none .0 ‘ 0 - . 34
Accurel © TeOA . 20.4 1. 186 . nd.
: 199 - | | 185 e nd. -
204 18.4 ] 5.9
222 : 17.9 41
Accwrel | ToMA | 192 . .| 16 - |° . 55
‘ 17.1 . ~0 69
18.9 0 5.9
1| Celgara - ToMA | . 182 . 14 . nd

n.d. = not determined
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" When no carrier was present the LM-loss or the loss of o-NPOE' after 1 day of

" degradation was in the order of 10-15mg (3.4 wt%). This is remarkably high

| considering its very low solubility [1]. Other effects might be important. LM-phase
: might be pressed out of the support ‘due to the way the two cell halves are squeezed
" together. In almost all cases, a slightly yellow substance’ was observed at the .

.+ outside of the cell. Since the LM-phase used is always yellow of colour, this might
i indicate that this substance is coming from the pores of the support..
. Consequently, the observed mass decrease is not only due to loss of LM-phase into
. the aqueous feed or strip phases. Care must therefore be taken in the
interpretation of LM-loss data throughout the rest of this thesis. LM-losses of the
j‘ carrier containing membranes were all i in the order of 6 Wt% shghtly higher than
“that of SLMs containing solely o-NPOE.

342 ° Influence of support modification on mtrate flux and membrane
stabnhty ‘ :

This section covers the characterization of a number of SLMs with different

" | toplayers at the feed side. Initial nitrate fluxes through these modified SLMs are
! determined, as are their stabilities. The objective was to find candidates for the
i stabilization of SLMs. . ' . '

Initial nitrate fluxes

' In table 8.6, results of SLMs with a toplayer are summarized. From a comparison
- of these data with those in table 3.5, it can be seen that the majority of the applied
'toplayers do not seriously affect the initial nitrate flux. In most cases, the nitrate
| flux is equal or only slightly lower than the flux for an uncoated SLM. This indicates
‘that most of the transport of anions is not hindered by most of the investigated
“toplayers. This might be due to a sufficient large mesh- or pore size as a result of
‘the swelling of the toplayers in the aqueous feed phase to such an extent that the
, ions can pass easily. Only nylon-6,10 toplayers prepared with HMDA and SBCI as
‘monomers clearly show an initially lower flux. This seems contradictory to the
“conclusion of Blais that nylon-6,10 is not a suitable material for reverse 0smosis
. membrane because of its low salt retention [42]. However, our results show that in
those cases where the toplayer is not suitable for RO applications, the resistance
to transpor{: in liquid membranes might still be too high. The lower flux might
“indicate e1ther an increaseé in toplayer thickness compared to the other materials,
. or a more compact layer, which both result in a decrease of salt permeability. As
~will be shown in section 3.4.3, the thickness of »nylon-(:},lO toplayers is not
' significantly different from the other composites, so a denser structure seems more
i logical. Lower permeabilities for nylon-6,10 microcapsules, compared to
- PIPA/TPhCI ones, were observed by Ishizaka et al. [45]. They contributed this to
‘a difference in the water structure in and around the microcapsules. The nylon-
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6, 10 membranes were con81dered to be more. dense and therefore the effect of
- water structure is more important. The polymer chains of nylon-6,10 capsules .
were thought to be more entangled, restricting swelling of the membrane and thus - .
" lowering the permeability for ions. "

. Table 3.6. Nztrate ﬂuxes and stabilities of coated SLMs: polymer selectzon LM, phase
0.2 M TOMA in o- J\WOE Support: Accurel. o

toplayer ' ~acid initial flux . '~ flug after lday - | .LM-loss °

receptor” [1(_)‘10 mol em2 5”1 [10-10 mol em=2 571 [wt%]
HMDA/SBCL - | NaOH | 83 | w | se
NaOH 6.9 - 16 - 1 101
- 113 ‘ 16 _ 7
- o 124 1T 13.8
. I o ’
DAD/SBCIT! - o 127 " nd 7.2
N , - - 163 : 0. 9.3
DETA/TPhCIL - . 198 | 18 7.9
- . 198 13 9.0
PEVIMCZ - |- - 23.0 C13 ¢ 73
PEI/TMCI2:3 - 197 124 | . 53
' 215 , S | 70
PIPA/TMCL NaOH" 14.8 27 12:2
NaOH . 189 , .21 9.7
- , 157 . 12.2. ‘ 14.3
- 15.3 : 13.5 : 12.1
DMPIPA/TMCI - o1t . L1 | 128
mvMpDAEMDIL | - 154 16 5.6
- 132 0 o 13.9
EDA/TDIL - 162 18 | 58

*: concentration 0:4 M. T: DAD 0.15°M in ethyleneglycol, SBCI 0.3 M in dodecane. 1: organic
solvent: DBP. 2: PEI 2.5 wt% in water. 3: crosslinked 1 hour, 80 °C. n.d. = not determined.

The adciition of an acid receptor to the aqueous amine ‘solution reduces’ salt
permeability as is shown clearly by the HMDA/SBCI data. The effect of acid
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' acceptors on salt rejection was also observed in reverse osmosis membranes, e.g.
' for the system PIPA/TMCI, by Cadotte et al., who subscribed the effect of acid

. acceptors to an increase in acid chloride hydrolysis [8]. This would lead to a lower -
* salt rejection. Nevertheless, no clear evidence of an increase in hydrolysis was

presented, The effect of acid receptors on propert1es of the toplayer, is treated in

. more detall in chapter 4.

: Remarkable results were obtained for the system polyethyleneimine and trimesoyl
“ chloride. Initial nitrate fluxes for both membranes weré significantly higher than
! those for uncoated membranes (see table 3.5). The heat-cured membrane showed
' a somewhat lower nitrate flux than the other PEI/TMCI membrane due to internal
~ crosslinking of the polymer chains. The observed flux increase with respect to
© uncoated supports is contradictory to our expectations. Both PEI and TMC! have
! the capability of crosslinking, either because of their functionality larger than two
' or by a post-treatment by heat-curing. It is believed that the higher the
"3 crosslinking density, the more effective the membrane is in solute rejection [30].
" However, it is not expected that the nitrate flux is Aigher than that of an uncoated
f 'membra.ne, when the resistance towards transport is fully determined by the
! diffusion of the carrier through the membrane, as assumed by Neplenbroek ef al.
' [1,54]. The presence of an extra resistance, such as-a toplayer, consequently can
_ only result in a flux decrease. This indicates that the overall resistance is not only »
' determined by a diffusional resistance in the liquid membrane. The presence of a
. toplayer on the feed side might influence the reaction between carrier and nitrate,.
| or influence the supply of nitrate ions. As will be shown later, mterfamally
f ‘polymerized toplayers have a certain surface roughness. If the carrier has the
. possibility to penetrate into this layer, the effective membrane area increases
. which might, in some cases, result in a flux increase. It is however not clear why .
' this effect is not observed for other toplayers. )

- Stability

°

- Fortunately, most supported liquid membranes with a toplayer show a good nitrate
. flux. However, in almost all cases the nitrate flux, measured after one day with a
. fresh feed solution was nil. The heat-cured PEI/TMCI toplayer has still a
: f reasonable flux after 1 day of degradation, although the flux loss is already at least
"~ 87 %. Best results, however, were obtained when a toplayer of piperazine and

 trimesoyl chloride was applied on the support and no acid receptor was added to the

" diamine solution. After one day, flux decreased only with approxmlately 17 %.
" Toplayers of PIPA and TMCI, prepared under these conditions, have the right

! properties to retain the'carrier inside the liquid membrane and suppress the

formation of emulsion droplets Therefore, it was decided to investigate this system

. in more detail. The results are descnbed in chapter 4
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- Theorehcally, every applled toplayer should be able to prevent emulsmn formatmn '
. since the deformation of the liquid membrane meniscus is decreased and loss of

- . LM-phase by emulsion formation hindered. The fact that nearly all investigated

materials do not show any stability improvement, might be explained in several
. -ways. Firstly, the toplayers might be too open to prevent completely the
~ deformation of the LM—memscus, so loss of carrier still takes place. Neplenbroek
et al. showed already that the stabilizing effect of PVC toplayers is dependent on
the mesh size of the PVC [1,2]. The smaller this mesh size (the less open’ the PVC
gel), the better the stabilization. Secondly, the systems with TOMA as carrier
might be too instable. If there is a stabilizing effect by application of a toplayer, it
might not be seen at all when all the carrier is still lost after 1 day of degradation -
- and- thus also no flux ¢an be detected. Milder degradation cond1t1ons or ﬂux
measurements after a shorter pemod might give a dec1s1ve answer.

Thirdly, loss of membrane liquid might not only occur by means of emulsion
formation. As mentioned in chapter 2, carrier molecules can be lost from the
' -membrane phase by simply dissolving into the aqueous feed or. strip phases
Neplenbroek et al. found the solubility of the quaternary ammonium carriers
applied to be sufficiently low [1]. For TOMA-C], literature values for the solubility
in the range 102 - 10-3 M are reported by Okahata et al., although the purity of
their TOMA-CI and the exact method of the solubility determination were not given
[58]. Taking the low absolute amount of carrier present in the LM-phase at the -
beginning of the expenment in’ consideration (5.6 * 10-5 mol for an Accurel
membrane and a 0.2 M carrier solution), together with the feed and str1p volume,
this is far below the maximum solublhty in water. Although nothing is known about
distribution coefficients of the carrier between o-NPOE and water, the effect of
carrier dissolving in the water phase might not be neglected When the LM-phase
or the carrier alone can penetrate into the polymeric toplayer this layer might not
prevent the loss of carrier by dissolution. A reconsideration of the LM-degradation

. mechanism is presented later on in this thesis in chapter 7.

The effect of acid receptor addition to the PIPA solution on stability “mprovement’
is astonishing. By adding 0.4 M NaOH to the aqueous amine solution during the
. preparation of the toplayer the flux is comnpletely lost after 1 day. As mentioned
before, it is known that the presence of acid receptors’ during polymerization
influences the properties of reverse osmosis-membranes. In chapter 4 this effect is -
studied in more detail. ‘ '

It should be pointed out that it is not likely that PIPA and TMCI is the only
monomer pair which improves the stability of SLMs in our nitrate removal
system. Interfacial polymenzatmn of other monomers might result in an increased
. stability, but maybe at other conditions than investigated during the polymer
screening described here. The organic solvent, the concentration ratio between the -
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reactants, the addition of phase transfer catalysts or the absclute monomer
' concentrations are for instance factors which can be varied. From literature it is
- known that such vaﬁables influence polymer properties as the inherent viscosity
. (thus the molecular weight) and the polymer yield [5,6].

' Reproducibility

» ' Comparing the reproducibility of coated and uncoated SLMs (tables 3.5 and 3.6), it
;‘is clear that the data of coated membranes are more difficult to reproduce.
Especially the LM-losses are widely scattered for one and the same system. It

- lasted longer before the SLMs obtained a stable weight after the flux
determination. This is due to the more hydrophilic character of the toplayer, which

_ absorbs water which will not be released immediately after the experiment is
stopped. It is however not certain whether one measures only the mass of modified
f support and LM-phase or whether also residual water is included. The same is valid
 for the determination of the mass of the support before impregnation with LM-
;'p'hase: residual organic or aqueous phase might still be present after the
polymerization. This all indicates that the determination of LM-loss by simply
' weighing is much more inaccurate in the case of coated supports. Therefore, the
' LM-losses are not discussed into detail. It is only mentioned here that there is a.
. tendency for coated SLMs to have a larger LM-loss than uncoated membranes.

3.4.3 Characterization
" Gas permeability -

j Table 3.7. Oa(;ygen and nitrogen fluxes and selectivity c.of several interfacially polymerfzed.

‘3 supports. Support: Accurel. Thickness of the composites 96-105 um.

. Og flux

toplayer N’z flux « (09/Ng) '
[em3 em2 51 bar‘1] . [cm3 cmf2 g1 bar'lj
none . n.d. 8.4 [69] -
PIPA/TPhCl 2.6 a7 0.96
| prearmyct 0.0083 0.0093 0.89
-l PIPA/SBCL 0.12 0.13 0.92

. n.d. = not determined.

' Results of some gas permeation measurement using PIPA as amine are given in
| table 3.7. These data show that the prepared toplayers do not show gas separation
" properties due to the presence of defects and/or pores. The fluxes were the lowest
" when PIPA and TMCI were used as monomers, possibly due to their ability of
! crosslinking. The crosslinking reduces the possibilities of polymer chains to allow
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the passage of gas molecules. The ratio of oxygen to nitrogen fluxes is almost the
‘same as the Knudsen selectivity (0.94 for Og/Ny). Not too many conclusions can
be drawn from these measurements. The actual situation as protecting barrier in
.an SLM is quite different from the gas permeation conditions. It is not our goal to
prepare dense gas separahon membranes since the layers should allow the
transport of ions. ‘ :

SEM characterization

Figure 3.6. SEM photograph of Accurel 1E-PP. Uncoated, ‘shining éide’ (5,000x).

(b)

Figure 3.7. SEM photographs of Accurel + PIPA/ TMCl toplayer (no acid receptor) a)
Surface view (5, 000x) b) Cross section (15,000x). i

Scanning electron microscdpy (SEM) was used to'observe toplayer morphology,
thickness of the toplayer and the presence of large defects. In figure 3.6, a surface
view of the: support membrane is shown. The dark parts are the pores, the hghter
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S

‘. parts the membrane material, polypropylene. The high sﬁrface porosity can be
-seen which is necessary for SLMs to obtain a hlgh area where ions and carrier can
get in contact.

‘J In figure 3.7, scanning electron microseopy photographs of a toplayer of piperazine
'and trimesoyl chloride are given. The membrane surface texture is quite particular
‘with, its folds and waves. Such structures are also observed by Cadotte et al. [8]
for PIPA/TMCI reverse osmosis membranes and for Toray’s UTC-70 RO

membranes [30]: It is believed that this membrane surface texture is a result of
| swelling phenomena during polymerization. This swelling results in an expansion of
‘the membrane in the plane of its formation. When the polymerization continues

‘within the swollen membrane, this structure is permanent, also after drying for '

'SEM preparation. This structure was also observed when PIPA and TMCl were

po]lymenzed on Celgard as support. From figure 3.7b it can be seen that the
thlckness (of the dned toplayer) is 3 to 5 pm.

(b)

anure 3.8. SEM photographs of Accurel + toplayer a) Nylon-6,10, polymerized with 0.4 M . A
NaOH as acid receptor (10,000x). b) PEI + TMCI-heat-cured 1 hour at 80 °C (5, OOOx) ’

When different monomers were used for the interfacial polymerizaﬁon in general
different surface morphologies were observed with SEM. This is illustrated in .
figure 3.8 for nylon-6,10 and heat—cured PEITMCI. Although nylon-6,10. toplayers
show surface roughuness, it is clear that the typical ‘hill and valley’ structure, as
obser_ve& with PTPA/TMCI layers, is not present. SEM reveals many holes or spots -
“in the toplayer, from which one might not conclude however that the toplayer
contains large defécts since nothing is known about the polymeric layer directly
iunder the surface. Figure 3.8b shows even an almost flat toplayer containing a
defect, possibly due to the heat treatment. In general, toplayer thicknesses were
all in the range of 2 to 5 pm. An exception were the PEI toplayers with thicknesses
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- below 1 um. It is difficult for PEI to pass the 1mt1a11y formed polymeric 1ayer to
react with the other monomer since PEI is a polymer Therefore, at equal -
polymerization times, less polymer is formed and the thickness will be lower when
dens1t1es of the polyamides do not differ too much

-

3.5 . Conclusions

_ A number of toplayers was successfully applied on top of Accurel microfiltration
membranes by means of the interfacial polymerization technique. Although the
pores of the underlying silpport were significantly larger than usual in the
synthesis of reverse osmosis membranes, all pores were covered by the polymeric
layer. SEM could not reveal any large defects, although gas permeatlon
measurements showed the presence of a pore structure

_The modified supports were used for the preparatlon of supported 11qu1d
membranes for nitrate transport. Most of the toplayers did not hinder the
transport of nitrate and chloride ions, since ‘their fluxes were almost equal to those
of uncoated SLMs. Howeirer, only a few toplayers could increase the stability of the
investigat'ed liquid membranes. Toplayers of piperazine and trimesoyl chloride gave -

" the most promising results and will be investigated in more detail in the following

chapters.’ ‘ .
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Appendzx to chapter 3

Structural formu.las of the apphed monomers

- H2N—(CH2)2_NH2. ‘ H2N (CH2)6 NH2
A ethyle\nediémine‘.(EDA)v. : hexamethylenedlamme (HMDA)
H,N—(CH,);—NH, H,N—(CHy),—NH—(CH,),—NH,
diaminododecane (DAD) ' - diethylenetriamine (DETA)
o NE. ‘ H3C‘/. NH
HN/__/ - T Ty
piperazine (PIPA) trans-2,5-dhnefhylpiPeraziue (DMPIPA)

. O=C=N—(CHy)yN=C=0

hexaméthylenediisocya.nab_e (HMDI)- ' toluyene-2,4-diisocyanate (TDI)
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Cl—C

QU

PR , v c—cl
o’ ¢l o
trimesoyl chloride (TMGI)_ . terephthaloyl chloride (TPhCI)

( 01—%'—401&2)8—%—01
o) - o :
sebacoyl chloride (SBCl)
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| STABILIZATICN OF SUPPORTED
LIQUID MEMBRANES BY
INTERFACIAL POLYMERIZATION

Part II: Invest1gat10n of piperazine / trlmesoyl- :
_chloride toplayers o

SUlVIlVIARY

In thzs chapter the influence of piperazine/ tnmesoyl chloride (PIPA/TMCI) -
toplayers on nitrate flux and SLM stability is investigated. A number of reaction
parameters is varied systematically to optimize the system. Furthermore, several
techniques (SEM, ATR-FTIR, XPS) are used to characterize the modified supports

The long term experiments were véry promising. For Accurel supports with a
PIPA/TMCZ toplayer, the best.results did not show any flux decrease after 350
" hours, whereas an uncoated membrane lost its flux completely within 1 day. Coated

. teflon membranes still had & reasonable flux after 650 hours. Other toplayers,

prepared with piperazine-like monomers and TMCI, also showed stability

. improvements. The low initial nitrate fluxes without any improvement of the
membrane stability when an acid acceptor was added to the amine solution durmg ‘
the Lnterfaczal polymerzzatzon reaction, could not be explazned
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41 - ]Intr@duction,

It was demonstrated that mterfamaﬂy polymemzed layers of p1perazme (PIPA) and

" trimesoyl chloride (TMCI) are able to improve the stability of supported liquid

membranes (SLMS) for the removal of nitrate from water [1]. A few preliminary -
! experiments showed a very low flux decrease after 1 day of operation, while

. uncoated membranes had no flux at all after the same period. However, no lorig

- term experiments were carried out. Furthiermore, the polymerization reaction for

- PIPA/TMCI might be o;itimized. Other monomer pairs, in chemical structure

. almost identical to PIPA or TMCI, might be found which alsoc might improve the

' stability of SLMs for nitrate removal.

It is known that the properties of an interfacially synthesized polymer depend on a
" large number of factors, including [2,3] . .
: ® chemical reaction rate
s polymerization time
e partition coefficients of reactants -
® ghsolute concentration levels of reactants
o concentration ratio of reactants
e hydrolysis of acid chlorides -
.o ]polanty and type of solvent used during the reaction
- o presence and transfer rate of additives (acid acceptors, surfactants)

© " Each.of these factors influences in its own way the final molecular weight of the -

| polymer and the optimal reaction conditions. The effect of all these variables i is
. deseribed by Morga.n et al. [2,3].

 In this chapter, a systematic investigation is presented of some of the above
- meritioned variables in order to optimize the PIPA/TMCI system and investigate
. their influence on long term stability. Furthermore, these monomers are varied
' systematically to investigate the influence of small variations in monomer
i structure on the stabilization of SLMs. Supports with a toplayer are chemically

" ' analyzed by means of infrared spectroscopy and X-ray photoelectron scattering .

- (XPS). The thickness and surface texture of the toplayers are investigated using

- 'scanning electron microscopy (SEM) and high resolution-SEM (HR-SEM). Finally,

' the support material is varied to elucidate its influence on nitrate flux and stability.
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42 Experlmental

421 Materials_ and meimbranes
-,Suj)port

In table 4.1, for the complete set of supports that are used in this investigation, the

- properties as obtained from the manufacturer are given. Most experiments were -

carried out with Accurel 1E-PP as support. The Z2D1 and Z2E1 membranes were

: kindly supplied by the Dutch State Mines (DSM) and are not commercially

available. Pore sizes and pore size dlstrlbutlons of these supports were measured

on a Coulter® Porometer II (ASTM F316- 80, 1980; B.S. 6410 1980), using
Coulter® Poroﬁl as pore wethng liquid.

Table 4.1. Ouer_view of the supports used. Pore sizes, porosities and thicknesses as obtained

from the manufacturer.

trade name ’ supplier material pore size porosity _ thickness .
. , [um] %] - [um]

Accurel 1E-PP Akzo - PP 020 - 69 - g5
Durapore GVHP Millipore | PVDF |  0.22 75 125
Durapore HVEIP | . Millipore | PVDF | =~ 045 75 125

| sm 11807 Sartorius | PTFE' | = 02 . ; S 65
zZoDi - . DSM PE. | =xo05. - -
Z2E1 " psM | PE <<05 - .

- -:not given by the supplier. ‘ ‘ ‘

Interfacial polymerization .

Throughout this chapter, interfacial polymerlzatlon reactions were carried out
using several diamines and multifunctional acid chlorides. Piperazine (PIPA) and
1-(2- amlnoethyl)plperazme (AEPIPA) were obtained from Fluka. 2-Methyl- '
piperazine (MPIPA) and trans-2,5-dimethylpiperazine (DMPIPA) from Janssen
Chimica were used: 4-(Aminomethyl)piperidine (AMPIP) was obtained from
Aldrich. Isophthaloyl chloridé IPhCl (J anssen Chimica) and trimesoy;l chloride
TMCI were used as acid chlorides. TMC]I from three different suppliers was used .
(Fluka, Aldnch and Janssen Chimica) due to several supply problems They all had .
the same product specifications. TMCL was heated in an oven (50 °C) to liquefy it
for a better handling; The different piperazines and ac1d chlorides apphed are glven
in ﬁgure 41. .
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HN
piperazine -methylplperazme : .trans-2.5-'d.imethylpiperazine
/_/NCHZCHZNHZ J 2NH2

1—(2-ammoethy1)p1peraz'mé 4-(aminomethyl)piperidine

COCL

isophthaloyl chloride | . trimesoyl chloride -

‘ ]Figuré 41.  Structure of the piperazine, - derivatives and acid chlprides as used in this
| chapter. ’ ) :

- Usually, dodecane (Janssen Chimica) was used as solvent for IPhCl and TMCI .
unless mentioned differently. To investigate the influence of the organic solvent on
the properties of the toplayers, experiments were carried out using decane,
© tetradecane, dimethylphthalate (DMP), dibutylphthalate (DOP) and
dloctylphthalate (DOP), all obtained from Janssen Chimica, as organic solvents for
. the interfacial polymerization. The diamines were dissolved in demineralized water
- or in Milli-Q water (Milli-Q water is demineralized water purified with a Milli-Q Plus
 Water Purification System from M]Hlpore®) All solvents were used without further

! purification.

- Several polyméﬁzatioﬁs were carried out in the presence of acid acceptors or other
- additives. Acid acceptors used were K2003 and-NaOH (both Merck). In a few -
: caseé, hydrochloric acid (Merck, 37%) was added to the aqueous amine solution.
Carrier and solvent

As orgsnic solvent for the carrier, o;nitrophenyloctylether (0-NPOE) was taken
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. because of its low solubility in water [4]. Part of the experiments were carried out
. with o-NPOE obtained from Fluka which was used without further purification.
Later on 0-NPOE was not available anymore on the commercial market.
Therefore, it was synthesized in our laboratories according to the recipe given in
appendix A. The synthesized o-NPOE was a yellow, viscous liquid with a purity of -
99.8 % (as determined by gas chromatography with a capillary column type Z5)
~ and yielded equal nitrate fluxes as the ‘Fluka’ o-NPOE SLMs. . :

The carriers used were all quaternary ammonium salts. Both trioctylmethyl-
ammoniumchloride (TOMA) and ’ceﬁraoctylamnioniumbromide (TeOA). were
" obtained from Fluka and were used as received. Both carriers were solids and had
purities of ~ 97 % (TOMA) and'> 98 % (TeOA) A ‘carrier concentration of 0.2 M in
0-NPOE was used throughout the experiments described in this chapter. Carners
and organic solvent are identical to those- apphed by Neplenbroek etal in thelr

studles [4-9].

422 Interfacial polymerization

The majority of the interfacial polymerlzatlons were carried out in the, same way
as described before [1]. A circular part of the support material (diameter 74 mm)
was impregnated with the organic acid chloride solution (in general, a concentration -
of 0.2 M was used). Excess solution was wiped off the surface of the impregnated ~
support with a paper tissue. Immediately. thereafter, the support was placed on ’
top of the diamine solution. Unless indicategl differently, a diamine concentration of
0.2 M was-used. For Accurel membranes, care was taken that the polymerization
took place at the ‘shiny’ side of the membrane, since the two sides were not
identical. Scanning electron microscopic investigations showed this shiny side to
be completely flat while the ‘dull’ side was more lumpy. It was expected that the
polymerization reaction was more reproduc1b1e when carried out on the ‘shiny’ side.
After a certain polymemzatlon time, typically 15 minutes unless mentioned
dlfferently, the membrane was removed from the d1am1ne solution. After washing ‘
the membrane one time with ethanol and water to remove unreacted species, the -
compos1te membrane usually was dried in air overnight. To investigate ‘the
influence of drying, several experiments were carried out where the supports were
dried in a vacuum oven (30 °C) after polymenzatlon The mass of the toplayer on
.the support was determined by Welghmg the support under dry conchtlons before_
and after polymenzatlon

When the above mentioned polymerization method was used, it was observed that
the membranes had the tendency to curl up during polymerization, espec1ally at -
higher monomer concentrations or when the support was relatlvely thin. This
made further characterization rather difficult and resulted in an unequal thickness

~
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of the prepared toplayer. Furthermore, reproducibility of the SLM flux
' measurements might become problematic. Therefore, a mould was designed to
. clamp the membrane (See figure 4.2). It consisted of an open glass cylinder with a
' tube to withdraw the reactants. The application of the toplayer was as follows.
| Firstly, the support membrane was washed with ethanol and ether to remove dust -
: particles and dirt, and subsequently dried. Thereafter, the support was

; impregné.ted with the organic monomer solution, excess Solution was wiped away

: by means of a tissue and the support was clamped in between the flat, clean g]ass‘
i plate and the cylinder. Next, 40 ml Milli-Q Water was introduced carefully into the

' mould. Under stmang (ca. 60 rpm), in one minute 10.00 ml PIPA solution (1 M) was
introduced in the mould after which the reaction took place for another 14 minutes

C (still stirring with 60 rpm). Then the amine solution was reinoved from the mould

via the tube. By rinsing the composite in the mould with approximately 0.5 1 Milli-Q

' ' water, remaining amines were removed from the surface. Finally, the membrane -

' was taken out of the mould and placed in a petri-dish containing ethanol to remove

" iresidual reactant and organic solution from the pores of the support. The

‘membrane was stored in ethanol until further use to prevent drying effects: The
-mould was only used in those cases when stated explicitly.

' d a=0.5cm

c b=6.5cm
c=80cm

Figure 4.2.  Mould used for the preparation of composite membranes by interfacial
polymerization. Left side: top view. Right side: side view (I = glass plate, 2 = membrane, 3 = glass-
Twall, 4 = outlet for reactants, 5 = stirrer).

4.2.3 Characterization

“The supports with a toplayer were characterized by different means to elucidate
toplayer thickness, surface texture and chemical composition. By placing the
‘membranes in an ethanol/water bath for about 5 minutes and breaking them in
liquid nitrogen, cross section samples for scanning electron microscopy (SEM)
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‘ 1nvest1gat1on were prepared Flat samples were simply fixed to the sample holder'
using conducting carbon. After sputtering the samples with gold (Balzer Union °
SCD 040 sputtering apparatus, 3 minutes, 0.1 mbar, 15 mA) they were examined
with a Jeol JSM T 220A scanning electron microscope (accelerating voltage
20 kV). To obtain higher resolution images at lower accelerating voltages, field
emission SEM (FE-SEM), or high resolution SEM (HR-SEM), was used. Cross -
section samples were freeze-dried, broken and glued on the sample holder by means
of conductive carbon. Before examination on a Hitachi S800 HR-SEM, the
samples were sputtered with Au-Pd. in a sputtercoater. During sputter'mg, the
samples were cooled to obtain a very fine dlstrlbutlon of the gold. Acceleratmg o
Voltages Were usually between 4-6 kV. :

. To obtain information on the chemical composition of the toplayers, X:.ray
Photoelectron Scattering (XPS) and Attenuated Total Reflectance-FTIR (ATR-
FTIR) were used. The XPS measurements were done on a Kratos DS800 (Mg-Ka.
X-ray source). ATR-FTIR was carrled out on a Bio-Rad FTS 60 FTIR spectroscope
usmg a KRS-5 crystal

'4.2.4~ ' SLM preparatlon

A small amount of carrier solutlon, elther TeOA or TOMA in o-NPOE
(concentration 0.2 M), was spread on the bottom of a petri-dish. A dry support
.- membrane was placed in the carrier solution. When a toplayer was present, it was
kept upwards.. For uncoated membranes an impregnation time of about
15 minutes was uSed For supports with a toplayer longer impregnation times (up
to one hour or even more) were necessary. When the support was fully .
transparent, it was assumed to be fully 1mpregnated and it was removed from the
petri-dish. Residual LM-phase was wiped away very carefully with a tissue. The
amount of soaked liquid membrane phase was determined by weighing the _
. membrane before and after impregnation.

: In case the composite supports were kept in the wet state (the polymerizations -
'using the mould), a somewhat different impregnatiorr method was applied. The
. composite membrane was removed from the ethanol bath and placed in éther,
which replaced the ethanol in the pores. The support with ether was placed in a :
petri-dish containing the carrier solution. The ether evaporated and, as a result, the
carrier solution was forced into the pores of the support. Because the support was
~always kept in the wet state, the absolute amount of LM-phase could not be
determined since the mass of the empty compos1te support was not known.

In some cases, double layer SLMs were tested. Th_ese were prepared by
impregnating two coated supports with the LM-phase. Subsequently, the two
SLMs were laminated together using a droplet of LM-phase to ‘glue’ them. These
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resilts are give_la in appendix B of this chapter.
425 Pérmeabi]itsr énd stability measurémenta
Flux determination »

After impregnation, the SLM (with the toplayer to the feed side) was clamped

. between the two cell halves as drawn in figure 4.3a. The membrane cell was placed

X in the expenmental set-up (figure 4.3b), after which the system was filled with
' 130 ml 4 * 10-3 M NaNOg (feed) and 130 ml 4 M NaCl (strip) solutions. Peristaltic
pumps circulated feed and strip solutions with a constant flow velocity of

© 5.5 ml 571, high enough to minimize the resistance of the aqueous boundary layers
[4,6]. By means of the thermostated buffer vessels, feed and strip were kept at a

. temperature of 25 °C. Periodically, samples (about 1 ml) were taken from the feed

. solution and analyzed by HPLC (Waters IC-PAK™ anion column) on nitrate and

- chloride concentrations. From the linear decrease of the nitrate concentration in

. tlme assummg a constant feed volume, the nitrate flux was calculated

@@  ®

‘ Fimé 4.3. - (a) Membrane cell as used for the flux measurements. The SLM is clamped

between the two glass cell halves. (b). Schematic representation of the experimental set- up for flux - .

measurements (1 =pump, 2 accumulator, 3 = thermostated buffer vessels, 4 = membrane cell)
‘ Stability measurements

. Long term p_eﬁneabﬂity experiménts were simulated by exposing the feed side of
. the SLM to an aqueous solution with a low salt content in between two flux
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measurements This enhances degradatmn of SLMs with TOMA or TeOA as

" carrier [4,8,10]. After a flux measurement the membrane cell was emptied by the

‘pump and the feed was replaced by a 10-4 M NaNO3 solution. To measure the

nitrate flux again, both feed and strip solutions were repleced by fresh
4 *10-3 M NaNOj and 4 M NaCl solutions, respectively. Usually, the SLMs were

tested for 1 day (‘flux after 1 day’), but also simulated long term experiments up to

1 month were carried out. In order to obtain an impressioxi on LM-loss, in-a number

of cases the masses of the SLMs before and after flux measurements ‘were
determined by weighing the SLM on an analytlcal balance The LM—loss is the
difference between the two masses.

43 Results and dlscussmn

In the followmg section, only the results of coated SLMs are dlscussed The
uncoated SLMs with TOMA as carrier and Accurel as support, all showed initial
' nitrate fluxes in the order of 16-19 * 10-10 mol em2 51, and after 1 day the flux

was smaller than 1 * 10-10 mol cm2 s, The exact data are given in table 8.5.

431  PIPATMCI toplayers

In this section, the results of flux and stability measurements on SLMs with a
toplayer of piperazine and trimesoyl chloride are discussed. Several reaction
parameters were Var1ed and their influence on flux and SLM stability are -
eluc1dated

Inﬂuence‘of polymerization time on yield

- Usually, a standard polymerization time of 15 minutes was used in the
experiments described in chapter 3. However, after the initial fast fermation of the
toplayer at the moment the reactants meet each other at the interface, a barrier
will be formed. This means that mass transfer of the diamine through the toplayer

~will become the rate controlling step in the polymerization process [3] and the
increase in weight of the membrane with time will decrease. This was supported -
experimentally by Enkelmann et al. {11,12]. Who showed that the membrane Wlll
reach a final thlckness after a certain time.

In this study, these ideas are Wo_rked out further. Several experiments were carried
out using the polymerizetion time and TMCI concentration as variables. The *
results are shown in figure 4.4, in which the relative mass increase of the ‘Accurel
supports after polymerization is given. TMCI concentration and reaction time were .
both varied. All composites were dried in a vacuum oven at 30 °C over night to -
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obtain a constant weight. -

35—
_ T O 15minutes
@ 307 B 30 minutes
g 41 . B 60 minutes
g o5 M. > 60 minutes
A
‘ éf:‘?- 20
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!-q')' -
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_—.—.—)
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L 1,

0.05 02 . 04
’ TMC1 concentratlon M}~
. Figure 4.4. Relative mass increases of Accurel supports as a functwn of polymerization time )

' and TMCI concentration (0.05 M, > 60 min not measured). Support: Accurel + PIPA |TMCI layer
PIPA concentraizon 0 2M. LM phase 0.2M TOMA in o-NPOE.

= Figure 4. 4 clearly shows the mﬂuence of polymerlzatlon time and TMCI
-concentration on the mass of the toplayer For a TMCI concentration of 0.05 M,
after 15 minutes no further mass increase can be observed, indicating that either

"' the maximum amount of polymer is reached, or that the toplayer completely

" hinders the transport of both reactants to reach each other. This is not the case for
" 0.20 and 0.40 M TMCL. Polymerization times exceeding one hour are necéssary to
. complete the interfacial polycondensation. SEM observations revealed an increase
.. in toplayer thickness with increased TMC1 concentration, confirming the
.. hypothesis of Enkelmann et al. [11,12]. For O°20.M, the observed maximum
~ weight increase is about 16 %, for 0.40 M TMCI this value is-30 %. From the
. porosity and thickness of Accurel, from the surface area as used for the
. polymerization, from the concentration TMCI and from the molecular weights of
i PIPA and TMCI, one can calculate the maximum amount of polymer to be formed,

" . assuming all three acid chloride groups participate in the reaction. For 0.05 M

. TMCI one finds a maximum weight increase of approximately 4 mg, for 0.20 M
TMCI 16 mg and for 0.40 M 32 mg. The values in figure 4.4 agree rather well with
the calculated ones. So, we can reach the maximum yield and therefore the
- circumstances used during polymerization are ideal. When nitrate fluxes are low or
instable membranes are obtained, it is therefere not due fo our polymemzatmn
method ‘
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In figure 4.4, the PIPA concentration was kept constant. Nevertheless, the
amount of polymer increased when the TMCI concentration is increased. So, at this
PIPA concentration the absolute amount of TMCI is the limiting factor. This was -
expected since only'a small amount of acid chloride can be present in the support,
in contradiction to the much higher absolute amount of PIPA in the petri-dish
" Later on in this chapter, experlments Wlth Varymg PIPA concentratmn are
described.-

Inﬂuei;ce of the drying method
Table 4.2. Influence of drying 6f the -coniposite su-pports after preparation on nitrate flux

' and stability. Drying conditions: yes = 1 night a a vacuum oven at 30 °C, no6 = in air-at room
temperature. Support: Accurel + PIPA/ TMCI. LM-phase: 0.2 M TOMA in o-NPOE. )

polym. time |  dried initial flux flux after 1day = | LM-loss
fmin] | [yes/no] 10010mol em?2 51} | [1010molem2sl] | [
15 | no . 171 ’ 12.6 185
no 157 : . 184 14.3
- yes 137 9.6 - 11.7
1. yes ~ 149 . . 104 " 11.0

30 no 155 . 180 . | 88
| ome | . ms . 89 1 1

yes - 109 . - 8.0 78
60 ~ no ‘ 81 62 | 120
" m | 110 5.8 13.6°
ves : 9.2 1. 70 81
‘yes . : 10.6 -'5.2 56

After the ,interfaciéi polymerization reaction had taken place and reactants and -
" solvents were removed, the composites were dried in air at room temperature.
" However, to determine the amount of polymer deposited on top of the support, the
composites had to be dried in a vacuum oven at 30 °C to obtain a stable and

realistic weight (based on the maximum amount of polymer that could be formed).
' To investigate whether this drying of the composite supports had an influence on
nitrate flux and stability of SLMs, experiments were carried out using ‘dried’ and
_ ‘undried’ composites. These composites all were prepared using PIPA and TMCl

- concentrations of 0.20 M. The ‘undried’ supports were kept one night in a closed
E bottle, the ‘dried’ supports one night in a vacuum oven at 30 °C. Results are glven
in table 4.2. From this table, it can be concluded that drying of the membranes in a
vacuum oven results in lower nitrate fluxes, espec1a11y for polymerization times of
.15 and 30 minutes. The lower fluxes might be due to an irreversible densification of
. the toplayer'during' drying in the oven, which increases the transport resistance
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and therefore lowers the flux. Longer polymeriéation times result in' a higher.
 amount of polymer formed, as was shown in figure 4.4, and thls gives SLMs with
lower nntlal ﬂuxes asis reported in table 4.2.

; .The stablhtles of the SLMs all mcreased con51derab1y due to the application ¢ ofa
~ PIPA/TMC1 toplayer For undried SLMs (polymemzatlon time 15 minutes) the

- initial nitrate flux is almost equal to that of an uncoated SLM.: In chapter 3 it was

demonstrated that an uncoated SLM lost all its flux within 1 day (table 8.5), while
' in table 4.2 all SLMs still show an appreciable flux after 1 day. Considering the
absolute values of the nitrate fluxes, a polymerization time of 15 minutes and
i drying the membranes in air seems optimal. Higher polymerization times or drying
© in an oven all result in lower fluxes. Surprisingly, LM-losses for oven dried and
' membranes polymerized during longer times are considerably lower. It was already
' mentioned in section 3.4.2 that the determination of LM-loss by simply weighing is
not reproducible enough for an accurate and correct determination, especially when
. a toplayer is present on the support. Furthermore, when the membranes are not
" washed well enough and dried after polymerization, still reactants or solvents can
... be present in the toplayer. These might be washed out duriﬁg flux determination,
giving a LM-loss which is in fact too high. Some of the membranes in table 4.2
. -indeed showed toplayer masses which were much too high when the amount of
' reactants and the accuracy of the weight determination (+ 1 mg) was taken in
conmderatlon, ‘ :

. Influence of piperazine concentration

Generally, it is assumed that the interfacial polycondensation ‘procesis takes place
" in the organic phase [3]. This means that the amine has to transfer from the
! agueous phase to the organic phase and that facto‘rsvhk'e the transfer rate of the
- amine and the partition coefficient are of importance for the final properties of the
polymer. Increasing the amine concentration will increase the amount of amine

present in the organic phase when the driving force for the.amine to migrate to the
- organic phase is constant. Therefore the amount of amine available for
polymerization with the other monomer is also higher, resulting in a higher mass of
the toplayer. When the toplayer mass increases, it is expected that the resistance
towards nitrate transport also increases. Consequently, the nitrate ﬂux through
the SLM should decrease with increasing PIPA concentration.
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Al
Table 4.3. Influence of PIPA concentration on toplayer mass, nitrate flux and stability.
. Support Accurel + PIPA/ TMCl TMCI concentratzon 02Min dodecane LM-, phase 0.2 M TOMA
in o~NPOE '

PIPA-conc. | mass toplayer " initial flux flux after 1 day LM-loss
I CTmgl [10-10 mo] cm2 511 | [20-10 mol cm2 g1 %]
0.20 5.6 1Y o 136 - - 11.0
S 5.8 165 . 166 | o2
0.30 6.3 . 167 © 194 91

70 w0, | . 220 0 | 162

10.40 5.9 149 146 9.2
. ’ 6.2 182 . 195 10.2 .
0.50 7.9 181 208 96
| 7.0 - - 202 236 - 106

060 - 8.1 . L2 T 18.1 . 93
82" 18.3 208 10.1 .

08 | = 82 . 183 . 218 8.3
' 9.7 7.7 .. 20.6 15.3

The influence of piperazine concentration in the aqueous phase on nitrate flux and
stability is listed in table 4.3. As e'x_pected, the mass of the toplayer increases when .
the PIPA concentration increases (see figure 4.5), although this effect is small.
From table 4.3, however, no clear trend can be observed for the initial .nitraté fluxes
contrary to-our expectations. Despite the higher toplayer mass, initial fluxes are
almost identical to those of uncoated membranes.. Only at higher PIPA
_concentrations a shght increase of the initial flux is found, at least compared to the
‘standard’ concentration of 0:2 M. Assuming a constant density of the polyamide
toplayer, a higher PIPA concentration would resiult i in an increase of the toplayer
thickness. From this point of view, the slight flux increase is somewhat sui‘br'ising
Possibly, properties like porosity and swelling of the toplayer also change. The
application of the toplayer results in a stable SLM after one day. Fluxes after 1
day are slightly higher than the initial ones; an effect encountered more clearly in
long term experiments and thérefore not discussed here. However, no definite
.conclusions can be drawn from these results because of the standard erroi' of
approximately 10 % in each flux measurement and + 1 mg in the toplayer mass
determination. The same applies for the LM- losses. Also in thls case the values
~ scatter too much to draw explicit conclusmns
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. Figure 4.5. - Toplayer mass as a function of PIPA éoncentrqtion‘ data from table 4.3.
Influence of trimesoyl chloride concentration

In figare 4.4 it was shown that the TMCL concentration during polymerization had
- a large influence on the amount of polymeric toplayer formed. Therefore, it might
i be expected that nitrate flux-and stability also change when the TMCI
. concentration is varied. Experimental results are given in table 4.4 for the
' standard procedure (drying in air overnight). )

| From the results in table 4.4 it can be concluded that the application of the -
- toplayer results in SLMs with an improved stability without a reduction in initial

* ' flux compared to uncoated membranes. It is difficult to more draw conclusions

. from the data in table 4.4. The 0.05 M TMCI data seem to be an exception, since
. the flux after one day is higher than the initial flux. This mlght be due to a loss of
* LM-phase, resulting in a decrease of the liquid membrane thicknéss. For long term
" experiments (section 4.3.2.1) this effect is more profiounced. All the other data do
. not differ that much from each other and show only a small flux decrease after.one
! day. Experiments over.a lenger peried of time show more differences as shown in
- section 4.3.2. Such experiments will be discussed later on. Fluxes are all about the
' same as the initial flux of an uncoated SLM. Taking into account the inaccurate
- determinations of the amount of LM-phase present in the membrane, the losses ‘

are in the same order of magnitude as for uncoated membranes.

-90-



 Stabilization of supported liquid membranes by interfacial polymerization. Part II

Table 4.4. . * Influénce bf TMCI concentration on nitrate flux and stability. Sdppoﬁ: Accurel +
' PIPA | TMCI. PIPA concentration: 0.2 M in water. LM-phase: 0.2 M TOMA in o-NPOE.

TMCI conc. initial flux | flux after 1 day’ -~ LM-loss
™Ml | 110-10 mol em2 51 [10‘10.m01 em2 571 ’ [95]
0.05 | -] 199 - | 9
. S 1.6 198 11 .
0.10 153 143 B )

. 184 : 158 12

" 0.20 157 o 12.2 .14
‘ 153 . 185 12

. 17.4 ' . 165 15
040 176 15.6 . 18
172 - 152 o 14

Influence of organic solvent fof ™Cl in the polymerization reaction

Varying the organic solvent used for preparation of the acid chioride solution will
change the driving force for migration of the amine, the interaction between
polymer -and organic solvent (precipitation rate of polymer) and the mutual
solubilities of water and organic solvent. Therefore, two series of solvents were
tested: decane, dodecane and tetradecane in one series and dimethylphthalate
(DMP), dibutylphthalate (DBP) and dioctylphthalate (DOP) in another. All these
solvents have-a ‘sufficient low vapor pressure. Apart from DMP, the mutual
solubility of water and these solvents is low in order to prevent mixing of the
reactants and penetratlon of the organic phase by water, which would increase
hydrolysis of the acid chloride. The exact properties of these solvents are listed in
table 3.2. All other variables were kept constant The permeation results are
shown i in ﬁgure 4.6.

For decane and tetradecane as solvent, similar ﬂux and stability results were

‘ expected as presented before for dodecane since these solvents are very similar in

" structure and physical propertles The phthalate series have a larger viscosity
* than dodecane (see section 3.2.3). Migration of the reactants to the reaction site .

- will be more difficult due to the larger resistance towards transpoi‘t. Formation of a
" toplayer will be more difficult, and the stabilizing effect of these membranes is -
expected to be less than that of the alkanes series. '

‘As can be seen in figure 4.6, the-réproducibility of the membrangs prepared with.
" DBP or DOP as organic solvents is rather poor. Nevertheless, initial fluxes for DBP
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and DMP are comparable te those of the alkanes. Contrary to the expectations,

the DOP membrane has a low initial flux, but shows such an increase of flux after - -

1 day. It might be possible that the more hydrophobic DOP is not well enough-

. removed from the toplayer or the pores after polymerization (because of its high
viscosity) and thus hinders the transport. After a while during the flux
. measurements, all remaining DOP is removed by the flowing feed phase and
: therefore the flux increases agam : :

30
. A O initial flux, SLM-1
. B flux after 1 day, SLM-1
= 257 [0 initial flux, SLM-2
. o i E  flux after 1 day, SLM-2
= § 20 -
= 3 h
g g ]
48 15—
P i
I:l' -
10 AR BGHE SBOOE BOGIIE D S IR
5
ol : ;=HE F=HR I:
C10 Ci2 Ci4 DMP DBP DOP
solvent
- Figure 4.6. - Inﬂuence of the organic solvent for TMCI used during interfacial polymerization

' on nitrate flux and stability. C10 = decane, C12 = dodecane, C14 = tetradecane. Support: Accurel
. PIPA/TMCI. LM-phase: 0.2 M TOMA in o-NPOE. For each solvent, two membranes were
j measured (SLM- 1 and SLM- 2)

~ The alkane series gives a better reproducibility. There is not much difference
between the different alkanes when the initial fluxes are considered. After one day,
the ‘regular’ solvent, dodecane, gives the best results since the decrease in flux is
" the smallest. Therefore, as organic solvent for TMCI, dodecane will be used. - ’

- Influence of acid acceptors

. In table 3.6 it was seen that the presence of an acid receptor in the aqueous: amine
. solution reduced the permeability for nitrate ions. For the system PIPA/TMCI,
-addition of an acid receptor resulted in instable SLMs, in contradiction to situations

' where no acid acceptor was present. Acid acceptors might be added to the aqueous

- amine sclution during interfacial polymerization to remove HCI, formed in the

" reaction and transferred to the aqueous phase after elimination. The hydrochloric

- acid is also able to react with the amine, which is a weak base. Once reacted with
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HC, the mult1funct10nal amine hydrochlorlde is not acylatable -anymore [2 3] and v
asa result less amine is available for polymenzatlon '

°
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Figure 4.7.' " Nitrate flux and stability as a function of ihe concentration acid acceptof‘ (a)

K9COg. (b) NaOH. Support Accurel + PIPA/ TMCI toplayer LM- phase 0.2 M TOMA in
o-NPOE,

In the preparahon of reverse osmosis membranes the addition of an acid acceptor -
is quite normal [13,15]. To investigate the effect of acid acceptors-on flux and
stability of our SLMs more thoroughly, experiments were carried out using KoCOg,
a weak base, and NaOH, a strong base, as additives to the aqueous amine phase in
different concentrations. The results are plotted in figure 4.7. : ‘
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" Considering the results when no acid receptor is used,.one would expect a gradual
~ decrease from stable; high nitrate flux membranes towards membranes with lower
' initial nitrate fluxes and low stability, when the acid acceptor concentration
. increases from zero to higher values. This is indeed observed when KyCOg is
* applied as acid acceptor. There is a tendency towards a decrease in initial flux when

. the concentration of KoCOg increases. Fluxes after 1 day are all in the same, low

. range of 2. 5-4%10-10 mol cm-2 s-1, even at low concentrations which are

. somewhat lower than the initial values. So, when the flux decrease is taken in
consideration, these membranes are not so bad but the absolute flux valués are

- somewhat low cc»mpared to PIPA/TMCI layers polymerized in absence of acid
i acceptors . -

' The membranes prepared using NaOH as acceptor show a minimum in the initial-
! flux at a sodium hydroxide concentration of approximately 0.10 M. Above this
" concentration, initial fluxes increase -again, but for all NaOH concentrations
. investigated, no stable membranes are obtained. Going towards lower
. concentrations (0.050 M), a marginal increase of the stability is observed
" compared to higher NaOH concentrations, although the nitrate ﬂuxes are 2-3
times lower then when no acid acceptor is used.

. For th_e minimum in initialﬂux no explanation has been found yet. The increase in
" initial flux beyond 0.1 M NaOH could be an indication for a less tight toplayer
- structure or a smaller toplayer thickness. It is known that the addition of salts and
" bases influences the driving force for migration of the diamine and the transfer rate .
. of dlamme to the organic phase. Salts shift the partition of diamine toward the
; orgamc phase [2,3]. A change in these variables will also alter the polymerlzatmn
' rate and thus the final molecular weight and amount of polymer formed. However,
. the influence of NaOH is not known for this system, and care must be taken in
- interpreting such data from other systems.

In figure 4.8 the masses of the toplayers -from the membifanes used in figure 4.7 -
i are plotted. The 0.05 M NaOH membranes show a large mass increase compared
- to the increase of other membranes. This might indicate the presence of residual
' reactants of indicating a thick or dense toplayer hindering nitrate transport as was
" indeed observed in figure 4.7b. Nevertheless, the 0.1 M data are in contradiction to
" the flux measurements: as the toplayer mass is low, a high flux should be expected.
: which is not the case. Possibly, the 0.1 M data are somehow an exception and the
" experiment should be repeated. The other data show a gradual decrease in mass
" with increasing NaOH concentration, in agreement with the gradual increase in
- flux observed. The KyCOg data in figure 4.8 are almost constant, while the flux
 showed first a decrease with increasing KoCOg concentration and later on an
" almost constant flux. The decrease in flux indicates, for some reason, a higher .
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resistance to hjtrate transport. It is however not understood why the higher
resistance towards nitrate transport does not result in an increased stability of the
SLM. ’ : : B
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- Figure 4.8. Mass increase of the support due to the application of the toplayer as a function

of the concentration acid acceptor used. Data for the membranes used in figure 4.7.

The most striking effect of the addition of acid acéeptdi' during polymerization is
the disappearance of the stabilizing effect of PIPA/TMCI toplayers and the
decrease in initial flux. The influence of acid acceptors on membrane performance
was also observed by Cadotte et al. [14,15]. PIPA and TMCI or IPhCI, in the
presence of NaOH or NagCOg were applied on top of polysulfone supports by an
interfacial polymerization reaction to obtain reverse osmosis membranes. For
trimesoyl chloride, the salt rejection decreased in the order: .none>Na2CO3>NaOH
(88 %, 54 % and 28 %, reépectively), while the reversed order was observed for’
isophthaloyl chloride under identical conditions. Although the system is quite
dlfferent from ours, it might be clear that the addition of acid acceptors during
polymenzatlon has a large influence on the. reverse osmosis properties of the

~membranes. Cadotte ef al. explained this phenomenon assuming the acid
acceptors to promote the hydrolysis side reaction on TMCI, leading to a less tight
membrane and thus to a lower salt rejection [14,15]. However, no experimental
evidence for this hypothesis was presented and the reversed order found for TPhCl
was not explamed :

For TMCI, the hydrolysis; react@ori is shown in figure 4.9. The hydrolysis reaction. -
. takes place almost completely in the aqueous phase by a reaction with water or by
. the faster reaction with hydroxyl ions [3,16-18]. This means that the solubility of
the acid chloride in the aqueous phase is the main factor determining the
hydrolyzatlon of acid chlorides. No data on reaction rates for the hydrolysis of
- TMCI are known. However, for terephtaloy! chloride (TPhCI, the structure is g_lven.‘
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in appendlx A of chapter 3), which is very similar in structure to TMCI hydrolysis
' rates in microcapsules were measured. The hydrolysis rate of encapsulated TPhCl
“by HpO was 0.15 * 10-2 mol m2 s°1, while with a 1 M NaOH solution the rate of
hydrolysis was 3.87 * 102 mol m2 S'l [17,18]. After hydrolysis part of the reactive
ac1d chloride groups is not avaﬂable anymore for polymenzauon

. Figure 4;9.. Hydrolysis‘reactian of trifneso&l chloride by water (upper) or by hydroxyl ions
: (fower). ' ‘

' The hydrolysis reaction is the most important side reaction during interfacial
! polymerization. Chern et al. [19,20] investigated the hydrolysis reaction in
'interfacially polymerized films of 1,2,4,5-benzenetetraacyl chloride and
ethylenedlam_me with and without addition of a phase transfer catalyst (a
quaternary ammomum salt) or an acid acceptor (NagCOg). The amount of
~carboxyl groups was determined by ATR-FTIR. According to the authors the
~ hydrolysis reaction is promoted by the presence of HCl which is produced during
‘the interfacial polymerization. When the hydrochloric acid is not removed by a’
reactlon with an acid acceptor more hydrolysis will take place than in the presence
‘of an acid acceptor This was confirmed experimentally by the ATR spectra, where .
- the intensity of the peak at 1720 cm! (acid, C=0) was lower when NagCOg was
present, This is contrary to the idea of Cadotte et al. mentioned before. Another
' difference is that Chern and Chen assume the hydrolysis reaction to take place
partly in the organic phase a.nd not, as generally assumed, fully in the: aqueous
phase

Suppose in our system (PIPA/TMCD hydroly31s of TMCI takes place This might .
' change the properties of the polymeric toplayer (e.g. the degree of crosslinking or
. the tightness of the layer). When the toplayer has a more open structure, the loss
of LM-phase might be higher. A second effect is that carboxylic acid groups formed
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by the hydrolysis reactmn can be 1omzed thereby 1ntroduc1ng negative charge in
the toplayer. The transport of negative ions will be hindered somewhat more, and
the flux of nitrate and- chloride ions will decrease. However, since the
_ polymerization reaction is much faster than the hydrolysis reaction, it is'expected
that the amount of hydrolyzed groups is very small. The drastic effect of acid
acceptor addition on nitrate flux and membrane stability is difficult to expla.ln by
assuming that hydrolysis plays an 1mportant role. : :

To 1nvest1gate the effect of partly hydrolyzed TMCI on toplayer properties, the
following expemment was carried out. Several solutions of TMCI in dodecane 02M)
and aliquots of demineralized water were stirred for cértain time periods in between
45 minutes and 3 hours. In this way, the TMCl was hydrolyzed. After separation of"
the two phases and filtrating the white prec1p1tate the concentration of hydrolyzed-
groups was determined by a titration of the aqueous phase with NaOH (1.000 M)
and bromothymolblue as indicator to determine the am_olint of HCI formed. The
precipitate consisted of fully hydrolyzed TMC], as revealed by analysis of the
precipitate by FTIR. The partly hydrolyzed TMCI was used to prepare toplayers
with PIPA on Accurel, after which the composites were used as support for SLMs.
The nitrate fluxes and SLM stabilities are given in table 4.5. Thicknesses of the
‘toplayers, .as revealed by SEM, were in the order of 1-2 um, somewhat smaller
than the ordmary PIPA/TMCI toplayers (3-5 pm), while the surface morphology '
was the same.

Table 4.5. Nitrate ﬂuxes and flux stabilities of Accurel SLMs coated with a PIPA [ partly..
hydrolyzed TMCI toplayer. LM- phase 0 2 M TOMA in o-NPOE

percent. hyarolysis " initial flux - . flux after 1 day - LM-loss

. 91" [10-10 mol em2 511 | [10-10 mol em2 571] . [%]
421 151 - 139 |- 118
C ' 16.0 133 | 119
100.5 _ 174 19.7 ) 121
' i LA S S X ¢ 104
170.9 156 149 | - 18
‘ : 1200 . ' 203 . 134

*.100 % = all TMCI has onié acid chloride group fully hydrolyzed.

From the data in table 4.5 it is clear that the hydrolyzed TMCI does not show lower
initial fluxes. Furthermore, in contrast with the data given in figure 4.7 the flux
stability is improved and resembles the data obtained for. SLMs with a PIPA/TMCI
toplayer polymerized in the absence of acid acceptors. This is an indication that
“ hydrolysis of TMCI is not responsible for the low fluxes and instable membranes
, prepared in the presence of acid acceptors and that hydroly51s only takes place
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" when no base is present. ATR-FTIR measurements, presented later on in this
~ chapter, support this hypothesm. This means still no explanation for the strange
phenomena in ﬁgure 4.7 has been found.

. Copolymers with IPKCI

- Isophthaloyichloride (IPhCI) is a bifunctional dcid chloride and is therefore unable -

,; to érosslink the polymer chemically. In this way the influence of crosslinking on

- stability and flux of PIPA/TMCIL toplayers could be investigated.In table 4.6, results
of copolymerization reactions of PIPA with mixtures of TMCIl and IPhCl are given.

Table 4.6. - Nitrate fluxes and stabilities of -Accurel SLMs coated with a PIPA[TMCI +
. IPAhCI copalymeric toplayer. LM-phase:. 0.2 M TOMA in o-NPOE. )

flux after 1 day

IPhCI/TMCI cone. ™ * initial flux LM-loss
M] 100 mel em2 51 | (1010 mol em? 51 [%]
0.10/0.10 "85 6.7 10.5
' . 8.9 ‘. 54 10.6
0.05/0.15 8.8 10.3 84
' 11.9 9.1 7.2

; *. total concentration of acid chloride 0.2 M

' The substitution of a part of trifunctional TMCI by bifunctional IPhCI reduces the

. initial nitrate flux when the data in table 4.6 are compared to those in table 4.3 or
4.4 SEM showed the layers to have a thickness between 1 and 3 pm. Apparently,

" IPhCl substitution results i in denser layers. Since it xmght be assumed that the

‘ IPhCl contalmng polymer is less stiff than chains containing only-the crosslinked
i TMCI, possibly the packing density of the latter is lower and a somewhat opener
. structure is the result.. The nitrate flux is higher in that case. The less IPhCl is
. present, and consequently the more the toplayer resembles the PTIPA/TMCI layer,
. the more stable is the membrane. : :

* . Other additives

 When HCI is added to the.aqueous amine solution part of the piperazine is
converted into the hydrochloride salt which is believed to be less reactive [19]or -~
 even not reactive at all [2,3]. In table 4. 7 results are given for interfacial
| polymerization reactions of PIPA with TMCI, with certain amounts of HCI added to
' the aqueous amine solution. Since less PIPA is available for the polymerization
~ reaction, it is expected that the amount of polymer on the support is lower and the
' stabilizing effect less compared to the HCl-free case. Indeed this was observed for
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higher hydrochloric acid concentrations. For the lower concentrétlons there was
not much difference in stability. Possibly, the layer is thick or dense enough to
retain the carrier in the membrane and ‘open enough for a high flux, despite the -
presence of HCl during the polymenzatmn As was expected on forehand for the
lughest HCL concentratlon used the flux stability was the lowest

Table 4.7, Nitrate flux and SLM stability of coated SLMs. Polymerizations in the ﬁresence
of HCL in the aqueous PIPA solution. Support: Accurel + PIPA /TMCl toplayer LM-phase: 0:2 M
TOMA in o- NPOE : .

HCI concentration mass toplayer . ) initial flux flux after 1 day .
] fmgl | [1010molem2s1] | [10-10 mol em2 571
0 : 49 173 - © 108
0012 - 5.3 S 154 122
o 1 s8 o187 ’ 141
0121 Y | 141 - - 126
. Bl . 15.1. 114
0.242 . 7 151 ) 29
25 ' 18.7 o<1

~ 432 PIPA/TMCL layers: long fenn experiments . .~

In all previous experiments, nnly short term stabilities over a period of one day
were presented. More important however is the behaviour of the coated supported . .
" liquid membranes when they are used for longer periods. The results of optimizing
the polymerization process are easier to judge when the degradation times are
longer In this section these long term experiments will be discussed. The
degradatmn time mentloned in the figures is the time the SLM is exposed to an .
aqueous feed with a low salt concentration’ to enhance the degradatlon of the
membrane :

4.3.2.1 TOMA as carrier =~ = o . 5

The stablhty of coated SLMS as a function of TMC] concentration is shown in -
figure 4.10. It is clear from this ﬁgure that the application of a toplayer of PIPA
and TMCI does not hinder the transport of nitrate- and chloride ions, since the
. 1n1t1‘a1<ﬂuxes of all coated membranes are the same as that of the uncoated
- membrane. In all cases, initial fluxes are in the order of 19- 20 * 10-10 mol cm-2 s-1.
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. . ----@---- uncoated
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——> degradation time [hours]

. Fig?l.re 4.10. Long term stability of SLMs with toplayers made with different TMCI
_ concentrations. Support: Accurel + PIPA[TMCI toplayer. PIPA conceniration: 0.2 M. LM-phase:
. 0.2 M TOMA in 0-NPOE. The displayed points are mean values of various measurements.

. For uncoated membranes, no flux can be detected anymore after 1 day of
* degradation. It is clear that the application of a toplayer results in much more
- stable membranes. Especially when the TMCI concentration is higher than 0.2 M,
after 4 days still a reasonable flux is present. Up to 3 days.of degradation, the
'membrane with a toplayer prepared with 0.2 M TMCI gives the best results.
- However, after 4 days the best membrane seems to be the one polymerized with -
" the highest concentration of TMCL ' -

‘_ After polymenzatmn, the composites are usually washed Wlth water and ethanol to
| remove residual reactants. It is not quite sure whether one smgle, washing step is
enough to remove all unreacted monomers and solvents. Therefore, several
."experiments were carried out using composites which were washed eight times in
 fresh Milli-Q water and three times in ethanol after polymerization. As reference,
. at the same time composites were prepared which were washed according to the
7 ordjhary procedure mentioned before. The results are given in figure 4.11. There
" seems to be a tendency for the 'normal' membranes to have a lower nitrate flux
" over the whole range, but in this case the reproducibility of the flux measurement
- is better in comparison with the situation where washing of the membranes was’
. performed. This might be an indication that irreproducibilities are not only a result
. of remaining reactants, but that other factors also play a role e.g. the introeduction
of defects by the drying procedure or the damage of the toplayer by less careful
- handling of the compbsite Of course, the more washing steps are carried out, the
" higher is the chance that the toplayer is damaged resulting in a poor
! reproduabl]lty

_]_() Q-



Stabilization of'supuorted lLiquid membmnesb interfacial polymerizziion. F

| 3]
o

-1 L3 ----0---- uncoated
: —e— normal
——&— washed

2]
S

nitrate flux
) [10'10 mol cm -2 s'l]
o
o

-% degradatmn time [hours]

Figure 4,11, Inﬂuence washmg step on long term stabzlzty of SLMs Support Accurel +
PIPA|TMCI toplayer (PIPA and TMCI concentrations 0.2 M) LM-phase: 0.2 M TOMA in 0-NPOE.
The. 'riormal’ membranes are washed after polymerization according.to the usual procedure (see
section 4.2.2), the ‘washed’ ones are washed eight times in fresh Milli- Q water and three times in

_ethanol. The fluxes are mean values with the error bars mdzcatmg the mznzmum and maximum
values

4.3.2.2 "TeO.A as carrier

All previous experiments were carried out with TOMA as carrier, resulting in a
relatively instable system. Neplenbroek et al. [4,9] found very stable membranes.
using TeOA as carrier when a PVC gel layer was applied at the feed side. In order
to compare the interfacially polymenzed layers with the gel layers, experiments -
were carried with- TeOA as carrier. The results are given in figure 4.12. .

An uncoated membrane shows a flux reduction in time. The initial fluxes of coated
and uncoated membranes, show that for the coated membranes these are
somewhat lower. Nevertheless, in the long run the first series of eicperiments with
coated membranes (PIPA/TMCI-1 in figure 4.12) show an almost constant nitrate
flux for more than 150 hours when degradation conditions are used. The results of

Neplenbroek et al. were stopped after 70 hours [4,9], so a good comparison with
their results is not possible. .
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‘ Figufe 4,12, Nitrate flux and stability of TeOA-SLMs. Support: Accurel + PIPA/ TMCZ
topla.yer LM -phase: 0.2 M TeOA i in 6~ -NPOE. Error bars indicate maxzmum and minimum values
for a series of experiments. The lines are just to guide the eye. -

ﬁ In order to check the reproducibility~ of the measurements, a second set of
membranes was polymerized in exactly the same way. Stability measurements in
‘this case' however, resulted in membranes which were less stable in time (after
apprommately 130 hours) than uncoated SLMs. This again makes clear that there
‘are problems in reproducing the results. More experiments should be carried out to
‘investigate the backgrounds of these irreproducibility problems. One of the ideas is
‘that the use of 2 mould during-application of the toplayer might solve (part of) the -
‘problem. Experiments using the mould are described in section 4.3.4. o

'43.3  Other piperazines

In the previous sections it was shown that toplayers of piperazine and trimesoyl -
chlonde were very effective in stabilizing SLMs for the removal of nitrate ions from
Water Especially the lifetime improvement of relatively instable SLMs with ,
o ‘"TOMA as carrier is remarkable. Credali e al. [21] and Parrini [22] already showed
that large differences in salt rejection and flux were obtained when a specific acid
chloride monomer was polymerized with a series of piperazines with small side
-group variations. Therefore, four more p1perazme-11ke monomers, (see figure 4.1),
Were polymerized with TMCI on Accurel, after which the medified supports were
mpregnated with the LM-phase and tested on nitrate flux and SLM stability. The
.results are given in table 4.8. .
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Table 4.8. inﬂuence of the type of piperazine on nitrate flux, and SLM stability Support: -
Accurel + amine/ TMCZ toplayer Amine concentratwn 0.2 M in water. LM-phase: 0.2 M TOJWA in
0-NPOE.

amine® initial lux. | fluxafter 1day - LM-loss
' [10-10 mol em2 5717 | [10-10 mol em2 s11 » [%]
MPIPA . - 240 15.8 82
' 23.0 S DR X © 100
264 214 |. 6.7

DMPIPA C o 11 11 123,
138 . . 24 . 110
AEPIPA - ‘ 202 251 11.0
’ 19.8 ‘ ‘ 255 13.2
20.1 : 261 ‘ 106

20.6 23.7 92
AMPIP o9 | 185 40
14.5 16.5 . 12.7

# : MPIPA = 2-methylpiperazine, DMPIPA 2,5- dlmethylplperazme AEPIPA = 1-(2- ammo-
ethyl)p1perazme, AMPIP 4- (ammomethyl)plpendme (see ﬁgure 41). - '

Table 4.8 shows that a piperazine with one methyl group also raises the stability of .
" the membrane and even shows an increase of the- initial flux cbnipared to an
uncoated support (from 16 - 19 * 10-10 mol cm-2 s-1 for an uncoated membrane to
23 - 24 * 10-10 mol cm-2 -1 for MPIPA). The same effect is observed for AEPIPA.
This rather striking iricrease is not fully understood yet. A number of explanations
~can be given. Firstly, both monomers have more hydrophoblc groups (a methyl or
ethyl group) compared to PIPA. Possibly, the toplayers therefore.are somewhat’
more hydrophobic¢ and the LM-phase might penetrate into these toplayers to a
larger extent. A second explanation might be that the effective surface -area was
larger since SEM-observations revealed the typical rippled surface texture '
mentloned already in chapter 3. ThlS results in an increased flux: :

Nevertheless it is difﬁcult to explain why the incorporation of an extra resistance  '
i.e. by the toplayer results in fluxes higher than those of an uncoated SLM. The
flux increase for the AEPTPA membrane after 1 day might also be explained by a -
decrease in actual membrane thickness due to a loss of LM-phase exceedmg the
carrier loss. Attaching two methyl groups to the piperazine ring results in instable
membranes. Compared to PIPA, DMPIPA is more hydrophobic.and bulkier. This.
will change the driving force of migration of the diamine to the organic phase. It is
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- not understood exactly Why this results in instable membranes, and also not why

. - the difference between one (MPIPA) and two methyl groups (DMPIPA) is so large. ‘

i At least, one might conclude from table 4.8 that not only the combination
PIPA/TMCI resulté in stability improvement, but the polymerization of TMCI with -
' several other monomers also gives the same effect or'even membranes With better -
propertles (higher fluxes). Some of these MOoNomers are mvestlgated in more detail
in the fo]lovwng sectmn.

434  The use of amould

| Previously, some problems with reproducing the measurements were encountered.

' The reason for this is difficult to trace since many factors during polymenzatmn

‘and flux measurements infiuence the final stabilizing properties of the toplayer.
'The layers might be damaged after polymerization by the drying method,
incautious handling or by the method the fluxes are measured. When feed or strip

1 are réplaced this causes the membrane to vibrate. and subsequently the layer

; might be damaged or LM-phase might be pressed out of the support. To carry out

‘at least ‘the polymerization in a more reproducible way without the curling of the
'support a mould was used as described in section 4.2.2.

'The use of a mould improved thie reproducibility of the measurements, as well as
“the lifetime of the SLMs. However, still the test results for several
'polymerizations, with exactly identical supports and reactants, could be quite
different. This is illustrated by figure 4.13. All these membranes were prepared
using the mould with the same reactants and support, but the stabilizing effect for
‘the three coated membranes is different. While one of the membranes is very
i stable for the first 300 hours of the degradation test, the other two then already
‘lost most of their flux. This could be an indication that part of the observed
finstability might be inherent to the flux measurement procedure (the emptying of
‘the membrane cell by the pumps). This was also observed by measurements on
: hollow fibers as described in chapter 5 of this thesis. Looking back, it might have
‘been better to modify the experimental set-up or flux measurement procedures to
‘minimize their effect on SLM stability. Nevertheless, all the flux and stability
‘experiments described are carried out in the identical way as.described in the .
.experimental section. :
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Figure 4.18. Reproduczbllzty problems for coated membranes. Support Accurel +

PIPA/ TMCL. Composztes prepared using a mould. LM- phase 0.2 M TOMA in o-NPOE,
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Figure 4.14. Nitrate flux and long term stabzhty for coated membranes. Support Aecurel +

toplayer. Composztes were prepared using a mould. LM-phase: 0.2 M TOMA in o-NPOE.

In figure 4.14, the most pfomising results obtained for Accurel are given for
polymerizations carried out with the mould. For PIPA/TMCI coated supports itis"
clear that the initial flux is equal to that of an uncoated standard membrane.-
However the uncoated SLM already shows a very low mtrate flux after 1'day of
degradation. The SLMs with a. PIPA/TMCL toplayer, on the other hand, show no
flux decrease for a period of about 350 hours (about two Weeks) Although these
PIPA/TMCI results are the best ones measured, they are very promising.
‘Therefore in the followmg section PIPA/TMCI toplayers are -used for the
stablhzatlon of SLMs with various other support membranes. The AEPIPA/TMCI
toplayer has a higher initial flux, which increases in time. This was already
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observed in short term éxperinients (éee table 4.8). The experiments were s‘fopped

. after almost 100 hours due to expenmental problems, but the results are of course

. very pmn:usmg for further mvestlgatmns

; 4.3.5 : Other supports -

. Previously, it was shown that api)lying a toplayer obtained by the pdlyIn'erization

- ! of PIPA (or several similar monomers) and TMCI on an Accurel support membrane

enhanced the quality of SLMs for nitrate removal’ from water. It i is questlonable
' whether these systems also work when other supports are used. In this section
- several other supports are tested and optimized. The properties of these
membranes were giveh in table 4.1, while the pore size characteristics as
measured by Coulter Porometry are shown in table 4.9. One must bear in mind
" that these pore sizes are calculated assuming a spherical shape of tﬁe pores, and
_* this is not the case for the DSM and Sartorius membranes which are stretched and
therefore have sllt-shaped pores

.Table 4.9. - Pore sizes of different suppérts as determined by Coulter® Porometry.
support min. pore size max. pore size - MFP% pore size™
‘ [um] . Cfum] fpml - | - [um]
Durapore GVHP | 0259 | 0469 . 038 | 022
Durapore HVHP | 0.666 1.030 0.849 . 0.45
DSM Z2D1 -0.171 ’ 0324 0.262 ) +0.5
DSM Z2E1 0.064 0.100 '0.087 << 0.5
Sartorius SM 11807 0.292 . -0.447 : - 0.372 0.2

*: mean flow pore size. **. as obtéined. from the supplier
' PVDF and PE supports

; The results of the flux measurements are summarized in table 4.10. It is clear that
’ toplayérs of piperazine or methylpiperazine and trimesoyl chloride also are able to
- improve the stability of SLMs when Durapore is used as support. Using Durapore
~ supports, initial fluxes are lower compared to the Accurel membranes (compare

* data in table 4.10 with those in section 4.3.1). This is due to the larger thickness of

. the Durapore membrane (125 pm against 95 um) and a difference in internal pore
: structure causing differences in tortuosity. Also for Durapore membranes with a
" PIPA/TMCI toplayer, no influence of this toplayer on the initial flux was found
- compared to uncoated membranes. After one day, the flux decrease was very low,
in contrast to the uncoated Durapore SLMs. For toplayers out of MPIPA and
. TMCI, an initial flux increase comparéd to uncoated supports was measured, as

' observed before for Accurel with a MPIPA/TMCI layer (see table 4.8).
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When Z2D1 was coated Wlth PIPA and TMC], large defects were present (as
revealed by SEM). This is due to the large pores (> 1 pm) present and the surface
. roughness which makes it difficult to prepare a ‘smooth’ thin defect free layer on
top of the Z2D1 membrane. Therefore, the Z2D1 membrane could not be used as
_support. The meadsurements on Durapore membranes werequité reproducible.
'This, however, was not the case with the DSM membrane. SEM 'photographé ‘
showed a very irregular toplayer, due to the surface roughness of.the uncoated
membrane. This makes it difficult to obtain a defect free toplayer with reliable -
properties. These supports were also difficult to handel due to their small thickness
(apprommately 30 um as measured with a digital Mitutoyo mlcrometer) and
limpness (resulting in an enormous curling during the polymenzatlon reaction).
Therefore, no additional experiments were carrled out w1th DSM Z2E1 as support .
'membrane :

Table ;1’.10‘ R Inﬂuence of support and coating on mtrate flux and stability. LM-phase:
02M TOMA in o-NPOE. Amme and acid chlorzde concentratzons 0 2 M in water and dodecane,
respectively.

support’ - tdplayer*- initial flux flux after 1 day LM- -loss |
) (1010 mol em2 s1) | (1010 mol em2s°1] [ - [9] .
Dirapore GVHP | none | 9.6 1. 53" a7
o 9.9 3.1 : 5.3
PIPATMCI | - 112 15 - 71+
98 91 - |78
MPIPA/TMCL 116.1 o R S 121
C 163 19.4 ' 13.0
Durapore HVHP ' ‘none . 139 . 27 - 39 -
- 185 Y- | 50!
PIPA/TMCI | = 158 1 .. 139 9.4
159 150 12.0
7261 - |~ nome . 19.6 85 26.3 .
| PpreaTMCl -18.8 T 14 : 30.9
I - 198 <1 30.1

* PIPA = piperazine, MPIPA = 2-meéthylpiperazine, TMCI = trimesoyl chloride.
§ - . ] .

Polytetraﬂitorbgth&lene (PTFE)

The impregnation of this support with the liquid membrane phase caused some
problems. Due to the low surface energy of PTFE, the liquid did not enter the pores
of the support and remained as droplets on top. Therefore, another way of .
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impregnation of the membranes had to be found. A suitable method was the
- following: firstly, the' liquid membrane phase was diluted with ether. Next, an

. uncoated support was placed in the dﬂuted liquid membrane solution. The ether =

;" evaporated and meanwhile the liquid membrane phase filled the pores of the

; support. In this way, the teflon membranes were mpregnated with ca. 290-300 mg

' of liqguid membrane phase which is about the same as the maximum amount in

Accurel membranes. The toated supports were prepared with the mould. When the
' membrane was stored in ethanol after preparation, the ethanol Wwas replaced by

; ether and the ether by the LM-phase. When the coated supports were dried after
polymenzaﬁon,o the impregnation method was ldentlcal to ‘that of an uncoated
. teflon support

30 : "
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—— dried

P ﬁ\i - —@— undried -
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; Figure 4.15. ' Long term experiments with teflon membranes. Support: Sartorius SM 11807 + -
PIPA |TMCI toplayer. LM-phase: 0.2 M TOMA in o-NPOE. The composites were prepared using
* the. mould described in section 42.2. Dried membranes were dried in air after polymerization.
' Undried membranes were kept in ethanol after polymerization until use. Error bars indicate

. maximum and minimum values obtairied in a series of experiments.

_ In figure 4.15 the results of flux measurements are drawn. Without a toplayer, the
" nitrate flux is reduced to almost zero within one day. Coated membranes, however,
- show a large increase in stability due to the presence of the toplayer. When a dried
V - eomposite membrane is taken as support, no flux can be detected just after a
. period of 325 hours. Very promising results are obtained when the composites are
' not dried after preparation, but stored in ethanol in which way the toplayer.
remains in the wet state. In- this way, the membrane does not have the
- opportunity t{) ‘curl after polymerization or te induce defects in the toplayer
' because of the drying. After 825 hours of degradation, the flux is still the same as
: ‘the initial flux of an uncoated SLM. After 650 hours (almost 1 month) the
- experiment was stopped. At this point, the flux was still about half the initial flux.
: The differences between dried and undried composite supports might indicate that
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drymg is a very critical pomt in the preparatmn, ‘and that drylng is one of the
- causes of the: reprodumblhty problems. It must be mentioned however that the
undried results in figure 4.15 are mean values of the best results. Also here,
different SLMs prepared exactly the same way, could show stabilities which differ
by a factor two or more. This again indicated that the problems in reproducibility
not only result from the interfacial polymerization itself. Other factors like
replacing feed and strip for a flux measurement or small pressure differences
across the SLM can 1ntroduce defects i in the toplayer or press LM-phase out of the
support .

44  Characterization
44.1 Scanning electron microscopy

In figure 4.16, SEM photdgraphs of PIPA/TMC] troplayers on Accurel ére, shown.
This typical, rippled and folded surface structure (figure 4.16a) was always found
with these monomers on Accurel. Similar structures were also observed by
Cadotte et al. for PIPA/TMCI reverse osmosis membranes [15] and for Toray’s’
UTC-70 RO membranes [23]. Cadotte et al. believed that this structure was the
result of swelling phenomena during polymerization. When the polymerization
continued within the swollen membrane, the structure could be permanent, even if
the membrane is dried for SEM observation. The drying itself might also mduce
‘this rippling by a partly collapse of the swollen toplayer. In figure 4. 16b one can see
that the toplayer has a thickness of several microns (3-5 um). The toplayer
‘thickness is higher when the TMCI concentratlon increases. Although there are
minor differences, the toplayers prepared with the mould have about the same
surface morphology as the ones prepared in petri-dishes.

, (a) I ' (b)
Figure4.16. SEM photographs of Accurel + PIPA [TMCI toplayers (a) Surface view (5,000x).
) Cross section (15,000x):

-109-



" Chapter 4

‘ FE-SEM photographs of PIPA/TMCl.Iayers on Accurel given in figure 4.17 . The

o photographs are taken under an angle of 45 degrees to obtain information on

- differences in height in the toplayer. These differences are clearly visible. With

. magnifications of 70,000 no ‘pores’ or defects could be detected in the toplayer with

. FE-SEM. No differences between freeze-dried and normal dried samples could be

. detected. This might be an indication that the rippled structure is a permanent one,
- as already assumed by Cadotte et al. [15]. However, when the ﬁ'eeiefdrying was
carried out too slowly the swollen structure might get lost and no differences
- between dried and freeze-dried samples can be seen. ' - :

@ N )

. Figui'e 4.17. Surface view FESEM images of Accurel + PIPA[TMCI toplayer. (o)
| magnification 20,000x, angle 45 °. (b) magnification. 70,000x, angle 45 °

The influence of the support on toplayer morphology of PIPA/TMCI layers can be
seen in figure 4.18. When Durapore is used as sﬁpport,-no folded structure is
* observed, but a much less smooth structure is observed compared to the situation
- with Accurél (see figures 4.16 and 4.18a). This might be due to differences in pore
- structure and membrane material (PVDF instead of PP). In figure 4.18b, the
;- surface roughness and its impact on toplayer texture is clearly visible. The support

. material itself (DSM Z2E1) is biaxially stretched and has a rough surface.

_ Although no large defects in the toplayer could be detected with SEM, it is clear -
* that this surface roughness might cause defects in the toplayer, and as a result,
- problems in reproducing flux and stability measurements are encountered.
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. (a)

_ Figure 4.18. SEM pzctures of PIPA/TMClL layers on two other supports (a) Durapore GVHP
(5,000%). (b) DSM Z2E1(1, 000x). '

) (2 . B ) .
Figure 4.19. SEM photographs of Accurel + a toplayer.of PIPA and TMCI /IPhCl (0.1/0. 1)
(@) Surface view (3,500x), (b) Cross section (10,000x).

Figure 4, 19 shows SEM plctures of the copolymemc PIPA/TMCI+IPhCl toplayers |

Despite the replacement of a part of the TMCI by IPhCI, the surface morphology o

-+ (figure 4.19a) is the same as for PIPA/TMCl The toplayer thickness seems to be
somewhat lower, although it is difficult to see how far the toplayer has penetrated
into the porous support

The surface texture does not change much when PIPA is replaced by other, similar ‘
amines as can be concluded from figure 4.20. In all cases the rippled and folded
structure is found. For MPIPA/TMCI, a somewhat finer structure was observed
than for DMPIPA/TMCI and AMPIP/TMCI (compare figure 4.20a with 4.20b and
c), while the thickness of the toplayer was again in the order of 3-4 um (4.20b). The -
very similar surface morphologies found for other amines, might be an indication
that polymerizations with TMCI always result i in these typical toplayer structures
"and that the reason for this can be found in the propertles of TMCl like the ablhty
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to hydrolyse as i)roposed by Cadotte et al. [15].

* Figure 4.20. SEM "photos of toplayers of TMCL and>seveml amines on Accurel. (a)
. MPIPA|TMCI, surface (5,000x). (b) MPIPA[TMCI, cross section (3 500x)..(c) DMPIPA | TMCZ
surface (10,000x). (d) AMPIP | TMCI, surface (10 ,000x).

=
‘o

\ 4.4.2 Infrared measurements

In order to elumdate the chemical composrtmn of the toplayers Attenuated Total
~ Reflectance-FTIR (ATR-FTIR) was used to characterize the composﬂ:e supports.

:I By means of this technique it was tried to detect chemical differences between
| PIPA/TMCI coated supports which were prepared with and without the addition of
~ an acid acceptor to the aquecus amine solution. As observed before (figure'4.7),
this addition has a large influence on the final nitrate flux and stability of coated -

-~ SLMs. The most 1mportant spectra are given in figure 4.21. i
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Figure 4.21. ATR-FTIR spectra of toplayers of PIPA and TMCI on Accurel. (a) No acid
acceptor added. (b) 0.10 M. NaOH as acid acceptor dyring. polymerization. (c) 0.20 M NaOH as
acid acceptor during polymerization. ’ ’ :

'
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CIn the dlscussmn of the ATR spectra, we restrict ourselves to a qualitative
‘ descmptmn of a small number of peaks. For wavenumbers smaller than 1500 cm-1
* the number of peaks is too large to compare the different spectra. The broad band
| at 8250-3600 cm-! (1) can be subscribed either to the N-H stretch band or to an

* O-H stretch band. When it is due to the N-H stretch band, this might indicate the

presence of amine endgroups. Since the composnte is placed against the crystal
* with the side which has been in contact with ‘the piperazine solution, this is very
' well possible. This is an experimental confirmation of the ideas of Enkelmann and
* Wegner: the surface of a nylon-6,10 interfacially polymerized membrane which has
. been in contact with the water phase consists of amino endgroups (12,241

" The peaks between 2970 and 2750 cm-! (2) are the characteristic' C-H stretch
- vibration bands. The origin of this may be the polypropylene support or the C-H

. band of the polyamide. The probmg depth for the KRS-5 crystal used is in the order
" of 1-3 um, depending on the angular settmg of the crystal [25], while the toplayer
* thickness is in the order of 2-5 pm. Probably, the band is due to both materials.

- The two interesting peaks are those at 1715 cm-1 (8) and 1627 cm-1 (4). The first

. peak at 1715 cm-L is the C=0 stretch band, which is most likely associated with a

- carboxylic acid. The band at 1627 cm-1, the most intensive one, is also the

- characteristic C=0 stretch vibration band, but in this case it is the C=0 stretch

" band from the -amide bond, and as a result much more clearly present. The

" carboxylic acid band was also observed by other authors for several interfacially

polymerized membranes. Bartels investigated the FT-30 membrane, a

' commercially available RO membrane (see chapter 3-of this thesis) prepared with

TMCI as one of the monomers, and found a band at 1710 cin-1 which was

. subscribed to carboxylic acid [25]. Indeed, the FT-30 membrane is believed to be

. mildly anionicin charge due to a partly hydrolysis of the acid ‘chlomde groups. Chern

" et al. [19,20] also subscribed the observed band at 1720 cm-! to the C=0 stretch

 band from an acid group for membranes prepared out of 1,2,4,5-benzenetetraacyl
. chloride and 4,4-methylenedianiline or ethylenedismine.

. The peak at 1720 cml (3) is interesting since. it disappears when the NaOH
~ concentration during polymerization is higher than 0.20 M. When the band is
. indeed due to carboxylic acid groups, which are the result from the hydmlysus of
- acid chloride groups, this would mean that the presence of (high enough
- concentrations of) acid acceptors decreases the amount of hydrolysed groups. This
jj is in agreement with the results from Chern et al. [19,20], who found for their
' system the intensity of the 1720 cm1 band to be less in the presence of an acid
"' acceptor than without one. Cadotte ef al., nevertheless, claimed the opposite for

' the system PIPA/TMCI: the stronger the acid acceptor, the more severe the

hydrolysis of acid chloride groups [15]. No experimental proof was given for this
- hypothesis, however. The ATR results support the idea that hydrolysis is not the
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reason for the loss in flux and stability of coated SLMs which were prepared in the n
presence of an acid acceptor; as the results in table 4.5 already 1ndlcated Stlll no
‘explanation is found for these phenomena. - - - \ ‘

Chern et al. also determined quantitatively, i.e. in the percents, the hydrolysed
groups for their interfacially polymerized films by using the optical density of the
FTIR spectra for their calculation [20]. We tried to compare the different spectra
by measuring the peak intensities from the base line to the lowest point in the IR
spectrum. A calculation of the peak surface was not possible with the software
" present. However, problems were encountered in the tightening of the membrane .
_sample to the crystal, which is known to be a problem for the reproduclb1l1ty in
ATR measurements [26]. The stronger the membrane-sample is pressed onto the
crystal, the more déformed the toplayer is, which causes differences in penetration
depth of the IR-beam. Furthermore, the place of the membrane on the crystal is of ,
importance, since the intensity of the beam is lower after several refléctions in the
crystal. Even when care was taken to keep these factors constarit no reproducibl‘e
quantitative data were obtained. This means no data on absolute or relatlve
amounts of carboxyl groups will be presented here.

4438 . X-ray Photoelectron Spectroscopy (XPS) measurements

Title: S4T203 0.2H PIPA/ O.2M THCL :
FuniJAOO: Reygt 4 (WIDE ) Scanm: £ Bese Cter €9 Max Cps: 156183

40008 4 . : L
' . HIZLO SBKV/10mA Mg

20000 4

23000

Iatenaity (counts}

40000 J

Taee - a0 €0 am 200 T8
.. Binding Energy V)

Figure 4.22. Wide range XPS spectrum of a toplayer of PIPA and TMCZ on Accureél. No aczd ‘
acceptor used durmg polymerization. N
Another method for obtaining'informationvon the chemical compogsition of surfaces:
is XPS. An example of an XPS spectrum as recorded for a toplayer of PIPA and
TMCI on Accurel is shown in figure 4.22. All the expected peaks were observed. At
a binding energy of 287 €V, the Cls peak is found. The peak at 401 eV is caused by
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. Nis, Whﬂe QO1s has its peak at 533 €V. Also the Auger bands of oxygen (730 eV)
. and carbon (950 eV) are present. From the areas under the peaks in the spectra,
- the atom-percentages of the different elements can be calculated. The results are
' given in table 4.11. Also the theoretical values are listed, for the cases of no
“' hydroly31s and one hydrolysed group for éach TMCI molecule.

. Table 4.1L Results of XPS measuremezzts of Accurel or Accurel with a PIPA|TMCI toplayer.
.| The concenirations are given in atom. pereentages: Except where indicated, the concentrations of
. TMCI and PIPA for the polymerization was 0.2 M in dodecane and water, respectively. ‘

sample . acid acceptor fraction C " fraction O fraction N
' 1 [atom %] [atom %] " [atom %]
Accurel PP . 97.3 28 ]
PIPA/TMOL. none 709 16.3 12.8
PIPA/TMCL none 715 © 165 : 12.0
PIPA/TMCL noné 70.9 15.8 13.3
PIPA/TMCI | 0.075M NaOH 70.9 ‘ 16.3 . 12.8
PIPA/TMCI 0.2 M NaOH 70.6 " 159 135
theoretical . ' ’
no hydrolysis - 631 16.8 147
* "1 hydrolysed - 60.0 . 246 10.7
group per TMCL- ) '

*. concentration PIPA 0.4 M

: It is difficult to draw deﬁhite conclusions from the data in table 4.11. This is due to
. the experimental error in the measured data (maximum error 30 %) and the small

" differences between the different data. Nevertheless, one can see different effects

" in table 4.11., ‘When pure Accurel is measured, there is a small amount of oxygen
" present. Since Accurel is made out of polypropylene which does not contain oxygen,
- this might be an indication of impurities in the sample (e.g. residual water) or of an
. oxidation of the surface. Since the PIPA/TMCI toplayers are assumed to be
- hydrophilic, this problem will be more severe and the observed percentages will
. possibly be somewhat too high. Indeed problems were encountered in cbtaining the
‘ high vacuum for the XPS measurements. Although the. observed amount of
" nitrogen falls nice in between the calculated extremes, this is not the case for
. carbon and, to a some degree, for oxygen. Summanzmg, XPS does not glve any
. decisive answers whether carboxylic acid groups are present in the top 50 A of the
toplayer sampled by §GPS [25] :

-116-



Stabilization of sug'ported liquid membranes by interfacial polymerization. Part IT

o

. 4.5 ‘Conclusions

The application of interfacially polymerized toplayers of piperaziﬁe- and trimesoyl
chloride on Accurel supports was investigated thoroughly in this chapter. By using
a mould during preparation of the toplayer, very promising results were obtained.
"While an uncoated SLM shows no flux after one day of enhanced degradation, the

" best coated membranes show no flux decrease after 350 hours of operation. The -
flux of these modified SEMs is as hlgh as the initial flux of an uncoated membrane. .
When the toplayer of PIPA and TMCI is apphed on top of other SLM—supports
similar stability improvements were observed. Several other, piperazine-like,
amines show also an 1mprovement in the SLM stab111ty, sometimes'in combination
with a remarkable initial flux increase compared to uncoated SLMs.

Different characterization techniques were used to investigate whether differences
in chemical composition were: -responsible for the decrease in both flux and stability
‘when an acid acceptor was used during application of the PIPA/TMCI toplayer. -
* ATR measurements gave an indication of the disappearance of carboxyhc acid
groups in the polymer, but no definite conclusions could be drawn. XPS was not

suitable to detect the small amount of hydrolyzed groups.

Finally, there are still problems with reproducing the results, even when a mould is
used for the interfacial polymerization. This might be an indication that the flux .
measurement method itself causes defects in the toplayer. Experiments which
may confirm this hypothesis can be found in chapter 5.
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' Agp_endices to Chapter 4
Appendix A to chapter 4,
’Synthesis'of o-nitrophenyloctylether (o-NPOE)

_ In literature, no simple recipe was found for the synthesis of o-NPOE Therefore,
in corporation with the Laboratory of Organic Chemistry at the University .of
Twente, a new recipe was ‘developed. The synthesis is based on the followmg :
reactlon B ~

/(CH2)7CH3,
; 0 :
, o NaOH - S 0,
+ Br—(CH2)7CH3 —_— .
: tetButAmHSO,

158.64 gr (1.10 moles) of o-nltrophenol (Janssen Chimica) and 213 '12'gr (1.10
‘moles) of bromooctane (Janssen Chimica) were added to a 1000 ml three-necked
flask. By means of a mechanical stirring device the contents of the flask were
gently stirred for three hours. 9.8 gr Tetrabutylammomumhydrogensulfate
(Janssen Chimica) was added. A solution of approximately 220 gr NaOH (Merck)
in 440 ml demmerahzed water was added dropwise to the flask by means of a
funnel. The colour became red while the contents of the flask were getting clotty. A
reflux condenser was placed on the flask, after which the reactlon mixture was .
“heated. overmght at 60 °C. : : ‘ -

The contents of the ﬂask were transferred to a 41 separatory funnel and washed
two times with ether (app. 2 1 the first time, second time less ether was used). The
_ether phases were added to.each other and washed with 2 M NaOH (at least four
times) until the NaOH remained colourless. After shaking the ether phase with a
saturated NaCl (Merck) solution, 2 spoonfuls of MgS0O4 were added per 11
separatory funnel. The erlenmeyer flasks with the ether/MgSO4 were stirred for '
about 15 minutes to remove the lasts traces of water. After filtration using filter
paper, the ether was evaporated in a film evaporator. Finally, the 0-NPOE was .
purified by vacuum distillation. The resulting product (yield approximately 90 %)
was a yellow oily liquid with a purity of 99. 8 % as revealed by gas chromatography
.(capﬂlary column type’ Z5)
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'

Appéndix B to chapter 4
Double layer SLMs

- In this chapter, it was shown that the application of a single toplayer on the feed
'_side of the membrane could increase the lifetime of SLMs for nitrate transport
. considerably. Nevertheless, after a while also for the very stable membranes the
. flux starts to decrease. This is an indication of carrier and/or membrane solvent

- loss. According to Neplenbroek et al., loss of LM-phase takes place at the feed side

" of the membrane where the salt concentratlon is low [1]. To check Whether loss to
. the strlp phase is also possible, SLMs with two toplayers were prepared When a
. single support has toplayers on each side, it is very difficult to remove residual
. reactants from the support and to impregnate it with the LM-phase. Furthermore,
. SEM examination of Accurel revealed a considerable surface roughness on. the
* back side (the ‘non-shining’ side) of Accurel. Polymerization on this side surely

' would cause difficulties in obtaining a defect free toplayer in a reproducible way.

' 3‘ Therefore, a different approach was-chosen. Two SLMs with a toplayer of o
- piperazine and trimesoyl chloride, prepared as described in section 4.2.2 and 4.2.4,
- were fixed on another in two different ways as shown in figure B1. To obtain a
. better contact between them, the two coated SLMs were ﬁxed together using a -
f small droplet of LM-phase. i :

PIPA/TMCL o PIPA/TMCL
toplayer . toplayer -

YAV N

feed strip " feed strip

(@) - -(b)
Figure Bl. Double layer SLMs. (a): one toplayer towards feed, one toplayer towards strip.
~» (b):one tgplayer towards feed, one toplayer in the middle of the SLM :
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' Figure B2.  Nitrate fluxes and stabilities of dbuble layer SLMs. Support: 2 Accurel supports

+ PIPA/TMCI toplayer. PIPA concentration: 0.2 M in water. TMCl vconcentratzon 0.2M in -
dodecane. Reaction time 15 minutes using a mould. LM-phase: 0.2 M TOMA in 0-NPOE. a)

Toplayers at feed and strip side. b) Toplayers at feed side and in the middle. The values for the

single SLM + PIPA/TMCI eooting are taken from ﬁgure 4.14. The error bars indicate maximum

and minimum values obtairied in a series of experimerits. \

The double layer SLMs were tested on nitrate flux and long term stability. The

results are shown-in figure B2. Since the double toplayer membranes have
thicknesses twice that of a single membrane, it was expected that the fluxes would

be halved when the resistance against transport is assumed to be completely in

the organic phase. In figure B2 it can beé seen that this indeed is the case for the

- initial fluxes. However, remarkable results on the long term are observed In both
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cases, the double layer membranes are stable. Their fluxes increase in time to
values which are more than half that of the ‘single’ reference membrane, although
- in situation a) the flux shows a slight decrease later on. An explanation for this
. remarkable phenomenon has not been found yet. Furthermore, there is no clear
- .difference between the two geometries of the double layer membranes as can be
- seen when figure B2a and B2b are compared: in both cases, fluxes raise to .
: apprommately the same level of 12-13 * 10-10 mol cm-2 s-L. Since in both cases the -
stabilities of the double layer SLMs are the same, it is clear that the application of
a toplayer at the strip side does not increase the stability. This supports the
hypothesis of Neplenbroek et al.: loss of LM-phase components takes place at the
~ feed side. The presence of an extra resistance in the middle of the SLM (the

toplayer in case B) has no effect on nitrate flux. This indicates that the transport-
in this toplayer’ takes place through a layer of LM-phase which has swollen the
. toplayer. When the LM-components can swell the toplayer, loss of the LM-phase
I‘ by dissolution still can take place at the feed snie of the membrane.’

From these experiments with double Iayer SLMs we can conclude that loss of LM-

. components, will take place at the feed side of the SLM, and that there are
-+ indications that the LM-phase can swell the toplayer of- PIPA and TMCI

Reference

1] AM. Neplenbroek, D. Bargeman, C.A. Smelders, Mechanism of supported liquid
membrane degradation: emulsion formation, J. Membrane Sci., 67 (1992), 133-48
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HOLLOW FIBER SUPPORTED
- LIQUID MEMBRANES FOR
~ NITRATE REMOVAL -

SUMMARY
This chapter. describes the development. of a hollow fiber supported liquid
membrane (HFSLM) for the removal of nitrate ions from water. Two different
membrane modules were designed which. differed i in the length of the fibers. In order
to test the HFSLMs on nitrate flux and stability, two set-ups.were used: one in, which:
feed and strip were recirculated and one for the continuous removal of nitrate.
‘Furthermore, part of the expenments were carried out using ﬁbers with a toplayer of

piperazine and trzmesoyl chloride at the lumen szde to increase the stabzltty of the
HFSLM. - : L

Nitrate ﬂuxes of the HFSLMs twere only slzghtly lower than those of ﬂat sheet SLMS

. ‘despite the much larger thickness of the fiber wall. In both set-ups, the nitrate flux

decreased in time. By applying a toplayer on the lumen side of the fibers, lifetime of
the liquid membrane was raised. SEM observations showed the toplayer, although
defect-free, not to be uniform in morphology which resulted in dzfﬁcultzes in’
'reproduczbzlzty of the results - :
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5.1 Introduction

In the chapters '3 and 4, research was focussed on flat sheet SLMs for mtrate‘
i removal and their stabilization. In order to obtain economical separations, a large

. membrane area must be provided for the reactions at feed and strip side. For

' industrial applications, a hollow fiber geometry is more advantageous due to its -

" high surface area per volume membrane module (1,000 - 10,000 m2 m3, values up
o0 30,000 m?2 m-3 might be obtained [1,2]). The higher the ratio, the lower the costs
' per installed membrane area.

" In this chapter, a start is made with using hollow fibers as support material for
liquid memmbranes for the removal of nitrate from water. Furthermore, part of the
. experiments is focussed on stabilizing these hollow fiber supported liguid
' membranes (HFSLMs) by applying a toplayer on the membrane surface by
. means of an interfacial polymerization reaction as described before in this thesis.
- Aim of this work is to get more insight and a better feeling for working with
- HFSLMs and the specific problems in application of the toplayer.

- 5.2 Experimental
5.2.1 Maf:erials and memb_ranes .

Support.

. Throughout this chapter, only one type of hydrophobic hollow fiber is used, i.e. the -
.Q8/2 fiber, which was kindly supplied by Akzo. The fiber has an inside diameter of

' 600 pm (mean value) and a wall thickness of 200'um (mean value). The fiber is
 ‘made out of polypropylene with a nominal pore size of 0.2 um [3]. The pore
. structure of the fiber is highly asymmetric. The smallest pores are at; the lumen
. side of the fiber, while the pore size at the shell Slde is much larger ‘ ‘

Came_i{' and solvent

. In order to be able to compare the results of HFSLMs with those of flat sheet
.SLMs as described in the chapters 3 and 4, it was chosen to use the same liguid
' membrane phase. The organic solvent for the carrier was o-nitrophenyloctylether
‘ 0-NPOE, prepared in our laboratories accordmg to the method described in the
first appendix in chapter 4 of this thesis. Tnoctylmethylammomum chloride
" (TOMA) was applied as carrier for nitrate transport. It was obtalned from Fluka, -
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had a purity of about 97 _%. (manufacturer’s déta) and was used without further
purification. The carrier was dissolved in o-NPOE up to a concentration of 0.2 M.

Interfacial polymerization

Interfacial polymerizations were éarried out using.piperazine (PIPA) and
trimesoylchloride (TMCI) as the thonomers, identical to the sﬁcces'sﬁll‘stabﬂization
experiments in chapter 4. PIPA was obtained from Fluka (purity > 99 %) and TMCI
from Aldrich (purity 98 %). Both monomers were not further purified before use.
. Dodecane from Janssen Chimica (purity 99 %) was taken as organic solvent for
TMCI, while PIPA was dissolved in Milli-Q water (Milli-Q water is demineralized
water punﬁed with a Mllh-Q Plus Water Punﬁcatlon System from Mllhpore®)

5.2.2 Module preparatlon

' strip out

screw-cap ' ’ . screw-cap .

feed out

feé& in

glass tube, 5 : . . © glass tul?e,
potted with ' shell - potted with
fibers (glass tube) . fibers
strip in ) i ’
‘Figure 5.1. . Schematic drawing of the hollow fiber supporte_d liqu'id membrane module with

- & fibers. Although shown horizontally, the module was placed vertically in the permeation set-up.

The membrane module as used throughout this phaptéf is schematically shown in -
figure 5.1. Modulés with 1 and 5 fibers were used. Furthermore, modules with two
different dimensions were prepared: one with an effective fiber length of about
17 cm, and a second with an effectlve fiber length of approximately 88-cm.

. The membrane modules were prepared in the following way. Fifstly, the ﬁbers were - -
arranged into a bundle and the ends were-embedded into a glass tube by means of
" polyurethane potting material (two components adhesive). When the potting .
material had hardened, the plug was sliced open at the glass tube end to free the
fibers and allow the passage of the aqueous feed phase through the lumen of the
fibers. The same was done for the other end of the fibers. In a number of
_experiments, a toplayer was applied on the lumen side of the fibers (see section
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.. 5.2.3) before impregnation of the fibers with liquid meinb'rané phase (section 5.2.4).
' The bundle of impregnated fibers was inserted into the outer (shell) glass tube. -
~ Finally, by means of screw caps, with a rubber ring in the middle, the potted fibers
. were fixed in the shell.

. 523 Application of the toplayer

' In several medules, a toplayer was applied at the lumen side of the fibers by an
*interfacial polymerization reaction. The monomers used (PIPA and TMCI) were |
~ also used for the stabilization of flat sheet SLMs as described before in chapter 4.
" Due to the geomeétry of the membrane, the application of the toplajer was

somewhat different. At the shell side of the fiber the pore size was.much larger as

| revealed by scanning electron microscopy which might cause problems in obtaining
 a defect. free toplayer. Therefore, it was decided to prepare the toplayer at the
' inside of the fiber, and, consequently, to let the the feed flow through the Iumen side
~ ofthe fiber in all ﬂux and stability experiment's.

¢ After potting the fibers i in the glass tube, they were 1mpregnated with the TMCI-
¢ solution in dodecane (0.2 M). This was done by placing the fibers in vertical position
- and dripping the TMCI solution on the lumen side of the fibers. To prevent organic

droplets on the membrane surface at the lumen side, a nitrogen gas stream was -

- flushed slowly through the inside of the fibers. Attached TMCI solution on the’
outside was removed carefully with a paper tissue. A certdin amount of PTPA.

solution (varying concenﬁaﬁons) in water was allowed to ‘flow’ through the lumep .

_ side of the fiber under gravity.. Excess reactants were removed by rinsing the fibers
" with Milli-Q water and ethanol. The coated fibers were stored in ethanol until .

further use.

5.2.4 SLM preparation

. Before impregnation, the_ length of the fibers between the two inner glass‘tﬁbes

(see figure 5.1) was measured in order to calculate the membrane area. Uncoated
and potted fibers were impregnated by dipping them for a while in a petri-dish

- containing some LM-phase. Coated fibers were impregnated somewhat differently.
. - The potted fibers were hanged in-a vertical position after which the LM-phase was
- introduced on the outside of the fibers by means of a pipette. In both cases,

' nitrogen gas was flushed slowly through the lumen of the fibers to prevent as much

- as possible the formation of LM-phase droplets on the inner membrane wall. When
. the fibers were completely transparent, they were considered to be impregnated.

Exzcess LM-phase was carefully femoved from the outside of the fibers with a

_tissue. In some cases, membrane modules were re-used. The impregnated LM-

E phase was removed by washing the fibers with ethanol and ether. After drying, the |

! ﬁbers were re—lmpregnated and ready for further use.

¢
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5.2.5 - l’ermeability‘ and stabilit;lr measurements |

‘Flulc det;erminatibn 3
Nltrate fluxes of the hollow ﬁber SLMs Were lletermjned using two different set-

ups, schemat1cally drawn in figures 5.2 and 5.8. Set- up lis very similar to the flat- -
sheet SLM apparatus described before.

Figure 5.2. ' Experimental set»up 1 for testmg HFSLMs (1= perzstaltzc pump, 2 = ‘
accumulator, 3 = membrane module, 4= thermostated buffer vessel). . o -
After preparatmn of the hollow fiber module, it is placed in the set-up: Next the
system is filled with 130, ml 4 * 10-3 m] NaNt O3 (feed) and 130 ml 4 M NaCl (strip)
aqueous solutions. Peristaltic pumps circulated feed and strip .around with .
velocities of 2 ml s7! (feed) and 5 ml s-1 (strip). In some experiments, both flow
velocities were reduced to 1 ml s-! as will be explained later on in this chapter. Both
feed and strip phases flow in a co-current manner through the module the feed
flowing through the lumen side of the fibers, and the strip at the shell side. ‘The
buffer vessels were kept at a temperature of 25 °C. Periodically, samples of about
1 ml were taken from the feed solution and analyzed on nitrate and chloride
concentration by means of HPLC (Waters IC-PAK™ anion column). From the -

linear decrease of nitrate concentratlon in t1me the nitrate flux was calculated .

using equation @

J=. NGOy

& A (1)

-127-



Chapter 5 _

- where J is the nitrate flux in mol em2 s-1, d[NO5-1/dt the linear decrease of the
 nitrate feed concentration in time, V the feéd volume and A the membrane area in

" contact with the aqueous feed phase. The feed volume was assumed to be
constant. From the length of the impregnated fibers, their inside diameter and the
. number of fibers, the membrane area at the lumén side was calculated.

: Figure 5.8.  Experimental set-up 2 for testing HFSLMs (1 = peristaltic pump, 2 = membrane
. module, 8 = stirred. feed vessel,.4 = thermostated buffer vessel, 5 = accumulator, 6 = tap feed befbre
: module passage, 7 = tap feed after passage). )

- For several reasons, discussed later on in this chapter, a second set-up was used

" . which ‘worked somewhat different from that drawn in figure 5.2. The strip

' circulation side was identical to that of the other setup. However, the feed solution
' was not pumped through the lumen. By means of a peristaltic pump, feed solution
" was pumped out of a large feed reservoir (5 1) into a thermostated buffer vessel
. placed above the membrane module. Part of the feed solution flowed back into the
- large feed reservoir, so that the feed level in the buffer vessel was kept constant. In
' the lumen of the fibers there will be a pressure gradient due to the hydrostatic
" pressure of the feed column. By keeping the strip outlet at the same height as the
. feed level in the thermostated buffer vessel, pressure differences between lumen
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. and shell side of the fiber are minimized.

Under influence of the gravity, feed will flow through the fibers counter-currently
with the strip phase. The flow velocity was regulated with a valve at the lumen
outlet. The feed was collected at the outlet of the module and weighted to determine
the flow rate assuming a density of 1 g ml-! for the.feed phase. By means of a
second valve, the feed solution at the entrance of the module could be drained. The
composition of the feed before and after passage through the module was
determined by HPLC (Waters IC-PAK™ anion column). From the difference in
nitrate concentration between feed inlet and outlet A [NOg1], the nitrate flux J.was '
calculated usmg equation (2)

J=A[NOT3,]9, I _ , 3,(2)

~ where @ is the volume flow rate and A the effectlve internal surface area  of the .
( ﬁbers Most experlments were carried out at 25 °C ‘

Stqibility measurements
The stability measurements for set-up 1 vsfe;'e carried out analogous to‘those" in’

chapters 3 and 4. After the initial flux measurements, feed and strip were replaced
by a 104 M NOj3- solution and a fresh strip solution, respectively. After about 20

hours of enhanced degradation, both phases were replaced by the startmg solutions |

. (4 %103 M NaN 03 and 4 M NaCl) to determine the nitrate flux again. This cycle of
degradation and flux measurements could be repeated several times dependmg on
the observed stability of the HFSLM. The period the liquid membrane was exposed '
" to the degradatlon liquid was called the degradatmn time. “

For set-up 2, several stablhty experiments were carrled out depend_mg on the
experiment. Since the membrane was always exposed to fresh feed solution (the
feed is not recirculated as is the case with set-up 1), degradation took place
-continuously. The stability of the HFSLM could be monitored ‘on- 11ne simply by
analyzing the feed before and.aftér passage of the module. In one series of
- experiments, the feed solution was replaced temporarily by demineralized water
(‘demiwater’) to check its influence on stability. To determine the flux, the
membrane was exposed again to the.usual 4 * 10-3 NaNOg feed solution. For
set—up 2, the flux could be measured as a function of the amount of feed passed )
through the module or the time the experiment was running.

5.2.6  Fiber characterization

‘Thej structure of fiber and toplayer were examined with scanning electron
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" microscopy (SEM). Coated fibers could only be characterized after the permeation
 experiments since the fibers had to be cut out of the module for examination, which
. destroyed the module. So, after the flux measurements, the remaining LM-phase
was removed by ethanol. After drying, a small part of fiber was cut out of the -
module. The fiber was cut under an angle of about 45 degrees with the length axis.
" In this way, both shell and lumen (with the toplayer) side of the ﬁbelj could be
' examined. Next, the fiber was glued on a sample holder by means of double-sided
- adhesive tape. Cross sections were prepared by cryogenic breaking, i.e. they were
' immersed in an ethanol/water mixture and broken in liquid nitrogen. The samples
- were coated with gold in a Balzer Union SCD 040 sputtering apparatus (3 minutes,
*0.1 mbar, 15 mA). A Jeol i SM T 220A scanning electron microscope was ‘used for
exammatmn of the ﬁbers (acceleratmg voltage 20 kV).

{3 5;3 " Results and discﬁssion

53.1 Membrane modules prepared

‘ i‘ Table 5.1." Overview of the modules used and characteristics of their flux Jeterminations
code number | fiber area™ toplayer flux degradation remarks’
- | of fibers . fem?2] » set-up. i '
M1 | 5 | 140 Coyes | 1 104 M NOg- 1
M2 5 165 no - 1 104MNO3~ | 1
M3 5 16.0 - no 1, 104 M NOg" 1
M4 5 170 | - mno 1 104 M NOg" 1
M5 5 157 | mo- 1 104 M NOg~ 1
‘M2b 5 16.5 no 1 104 M NOg" 1,3
Md4b 5 170 .| yes 1 - 104 M NOg" 1,3
Msb .| 5 15.7° yes 1 104 M NO3" 13
M23 5 187 | yes 1 104 M NOg~ 1
M9 5 155 no 2 4*10-3 M NOg~ 1
Mi3 | 1 7.2 o 2 4%108MNOg" | "2
Mi4 1 7.1 no 2 4%103 M NOg 2
M13b 1 72 no 2 demiwater . 28
M17 1 7.1 -no 2 demiwater - 2
M14b 1 71 |  mo 2 4*108MNOg | 2
M18 1 72 | mo 2 4*10%"M NOg~ 2,3
I mi5 1 7.1 " yes 2 4*1083MNOg" | 2
Mi6 - 1 7.3 yes 2 4%103 M NOg 2

-": inner area. T remarks: 1 = short module. 2 = long module. 3 = reﬂenerated module, e. g. M2b is
‘1dent1cal to module M2, after removal of LM-phase and re-impregnation. .
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. In table 5.1, the characteristicé of the membrane modules as used in the
experiments are given. Table 5.2 prov1des information on the way the PIPA/TMCI
toplayers are applied at the lumen 51de of the fiber. The exact procedure was given
" in section 5.2.3. :

Table 5.2. - Monomer concen.tratzons and quantztzes for the application of the topla.yer at
the lumen side of the ﬁbers

code . - | [TMCH " [PIPA] _amount of PIPA passed
" - through fibers
1.1 oM [ml]
M1 020 ~.0.05 ; -0
M4b 020 . 005 - . 100
M5b B 0.20 o005 | 50 -
M23 Y020 . 0.05 . 100
M15 - 020 T T 20
M16 - 0.20 ’ 0.1 g 20
5.3.2 Results co-current flux set-up -
Uncoated ﬁbers i

Firstly, manometers were attached to set-up 1 to determine the pressure drop in
- the module. Between strip inlet ‘and outlet almost no pressure différence was
detected at a volume flow rate of 5 ml's-l. The observed pressure différence
between feed inlet and. outlet was approximately 0.5-0.6 bar at a feed flow rate of
2 ml s1. So, the maximum pressure difference between feed and strip over the .
liquid membrane at these flow rates will be 0.5-0.6 bar. For a cylindrical capillary )
with a pore radius r the break- through pressure, at which the impregnating phase
is displaced out of the pores, can be calculated with the Laplace equation [4]

."Pc=¥cos}9, ‘ _ ' L (3)

~ where P, is the break-through pressure (N m-2), y the interfacial tension between
the aqueous phase and the LM-phase (N. m-1), 6 the contact-angle measured _
through the impregnating liquid and r the pore radius (m). For a pore radius of
0.1 pm [3] and an interfacial tension of 5.0 * 10-3 N m-1 between water and 0.2 M
TOMA in o-NPOE [5,6] a break-through pressure of 1 bar is calculated, whlch is
‘ }ngher than the maximum obtamed pressure dlﬁ'erence
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The flow velocity in the fibers is quite high: for the 5 fiber modules and an overall
feed volume flow rate of 2 ml s-1, the flow rate in each fiber is 140 cm s-1. Such high
flow velocities undoubtediy will promote degradation of the membrane by emulsion
formation due to a large deformation of the LM-meniscus [5,7]. This is one reason
“, for building set-up 2 as will be discussed in section 5.3.3.

' Table 5.3. Nitrate fluxes of uncoated HFSLMs tested with set-up 1.
- code | -initial flux, 1strun initial flux, 2nd run - flux after 1 day
’ 1010 molem2 511 | [10710 mol em 2 s-1] i , [10'19 mol em™2 571
M2 . 138 E e 23 -
M3 . 129 - 12.1 . 18
M4 116 106 40
M5 ’ © 115 106 : 35

The results for membrane modules M2, M3, M4 and M5 are shown in table 5.3.
‘Directly after the first flux measurement was completed, the feed was replaced by
a fresh feed solution for a second determination of the ‘initial’ nitrate flux. It is clear

: from the data in table 5.3 that replacement of feed induced degradation of the liquid

;‘ membrane since the nitrate flux decreased. In each flux measurement the

:} . decrease in nitrate concentration in time was still linear, so it can not be concluded -
‘that degradation of the membrane took already place during the flux
measurement

The data in table 5.3 can be compared with those of flat sheet SLMs in table 3.5.
‘For uncoated SLMs with- TOMA as carrier, fluxes between 17 * 10-10 and
119 * 10-10 mol cm2 s-1 were measured. The thickness of the flat sheet SLM is -
~ about 95 pm whilé the wall thickness of the fibers is approximately 200 pum. So,

‘ . the nitrate flux through the fibers is clearly more than half the flux across a flat
-sheet SLM. Differences in membrane morphology, pore size (distribution), surface
porosﬂ:y and the completely different measurement conditions might cause this
difference. It is therefore difficult to compare the flat sheet and hollow fiber results
"directly.

' Coated membranes

'Figure 5.4 shows the effect of a toplayer at the lumen side of the fibers on the long
term stability of HFSLMs. The modules M2b, M4b, M5b and M23 were tested at
. lower feed and strip flow velocities of 1 ml s-1 compared to modules M1 and M10
(feed 2 ml s7! and strip 5 ml s'1) to minimize the influence of the pressure drop
_across the module on the stability. Several conclusions can be drawn from figure
5 4 Whlch are quite similar to those observed for flat sheet SLMs with a
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PIPA/TMCI toplayer as described in chapter 4. The initial fluxes .of coated and

uncoated membranes are almost equal, indicating a low resistance of the toplayer:
.The lowering of feed and strip flow velocities has no influence on the initial flux. Due

to the small diameter of the fibers, the velocity of the feed in the lumen of the fiber

is still high enough to minimize the aqueous boundary layer resistance at the feed
" side. Apparently, the same-is valid for the resistance of the boundary layer at the
strip side of the fibers. Furthermore, the coated menibranes all retain their flux
longer than the ones without a toplayer: apphcatlon of a toplayer raises the
lifetime of HFSLMs.

| ~--eee- M10
| ----eee- M2b

—sp— M5b
—— M23

3 .-_-, \i\’fﬁ;M’zs‘
T M5b ci
o- M,1°1\_/1i5'1 \, v

0 50 . 100 150 200
.-——) deg'radation time [hours]

- Figure 5.4. Nztrate ﬂux and stability of hollow ﬁber SLMs. Support Accurel Q3/2
_capillary membrane or Accurel Q3/2 + PIPA/TMCI toplayer. LM phase 0.2M TOMA in
'0o-NPOE. -

The differences between the several coated fibers are sometimes hard to explam
The modules M4b and M23 aré prepared in the same way (see table 5. 2) and show .
almost identical flux-time curves. Module M1 is prepared using the.same
concentration of PIPA as M4b and M23, but a smaller amount of solution passed
through the fiber. It was expected that the toplayer would be thinner since less
reactant was supplied and therefore the flux of module M1 should be higher. Indeed
this.-was observed. However, the stability of M1 was better than that of M4b and
"M23 despite the (probably) thinner layer. Furthermore, module M5b reveals a
lower flux than M4b and M23, while in this case less reactant passed the fibers.

The results given above in figure 5.4 show that the stability of HFSLMs can be -
improved by applying a toplayer of PIPA and TMCI on the lumen side of the fibers.
When the results are compared with the best results obtained with flat sheet
SLMs, it is clear that the application of the toplayer still has to be improved since
~ with the coated flat sheet SLMs reasonable nitrate fluxes could be maintained for a
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- much longer period. Besides, with several modules it was observed by SEM
. ‘examination of the fibers that some of them in one and the same module did not
. contain a toplayer while others in the same module did. In other cases, the fibers
. were almost blocked by the toplayer, indicated by a large pressure build-up and
- slipping of the tubes connected to the module in the flux set-up. So, the toplayer
could not be applied in an homogeneous and reproducible way.

| 5.3.3 Results set—up for continuous removal of nitrate

For several reasons, a flux set-up in which the feed and strip are pumped across
" the fibers has some disadvantages. The pumping will cause vibrations of the fibers.
- Furthermore, due to the high feed flow velocity inside the fibers, a pressure drop is
| generated of about 0.6 bar for uncoated fibers (at 2 ml s-1), which will be even
“ higher for coated fibers due to the extra hydrodynamic resistance. These two
~ factors will certainly affect membrane stability, but its exact effects are unknown.
' For a good investigation of HFSLM instability effects this is unwanted. Another
_.problem was the application of the toplayer at the inside of the 5 fibers in one .
“module. After imprégnation of the fibers with the organic TMCI solution, a known
" quantity of PIPA solution was flown through the lumen of the fibers by gravitation. -
' Tt is doubtful whether all reactant will flow through the 5 fibers with the same
. velocity and thus whether the reaction conditions in all 5 fibers are identical. SEM
. observations confirmed this suspicion. Better reproducible coatings might be
ﬁ expected when the modules contained only one fiber. Such modules are difficult to
 tést when the feed is pumped through the fiber since the flow velocity will be
relatively high (promoting instability) and the membrane area is low. To increase
the membrane area, modules with a longer fiber length can be applied, but this will
. also increase the pressure drop Finally, in practical applications the feed will not
. be circulated through the set-up, but pass the module only once and nitiate will be
continuously removed from the feed. This is different from the ‘classical’ set-up
: used before for hollow fibers and flat sheet SLMs, where the nitrate is removed
batch-wise. A continuous removal also has the advantage of continuously’

" 'monitoring membrane stability, because the composition of feed before and after

3 passage of the module easily can be determined at every moment. For these
reasons, a new set-up was built as shown in ﬁgmz:e 5. 3

- . Uncoated membranes

Preliminary experiments with medule M9 (5 short fibers, see table 5.1) revealed
| several characteristics of the new set-up. Directly after starting the experiment at .
" a flow velocity of 10 cm s-1, results of determinations of the nitrate concentration
. at the module outlet were quite scattered. Probably, at the beginning still some
' LM-phase is attached to the membrane wall at the lumen side which is removed by
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the ﬂow of the feed. When the feed Ve10c1ty was lowered to 2 3 cm.s'! after two
~hours, the determined nitrate concentrations were much better reprodu01ble

Therefore, in all’ experiments W1th this set-up during the first 1-2 hours the feed
was allowed to flow through the fiber at a somewhat higher flow rate before flux
measurements started. The maximum overall flow rate in this set-up was around
20 c¢m s-1.. For most flux measurements flow rates of approximately 5 cm s-1
(unless mentioned differently) were satisfactory to obtain reproducible results. It »
was however difficult to regulate the feed flow rate precisely at a constant value "
with the simple type of valves used. The feed flow velocities given are therefore
apprommate values (= 0.3 cm 5'1) ' :

‘The flux results are shown in ﬁgure 5.5. A remarkable result is the high nitrate flux

meadsured. Despite the low feed velocity (2-3 cm s°1 while in the other setup the
feed was pumped through the lumen with 140 cm s-1), nitrate fluxes are almost
equal. The degradation of the hollow fiber module is clear. As more feed has passed
the module, the nitrate flux decreased. At the end of the experiment after 73 hours,
‘about 9 liters of feed had passed the 5 fibers. Degradation of the module seems to
 be somewhat slower than with set-up 1 (see table 5.3 and ﬁgu_re 5.4), but it must
be emphasized that in module M9 no special destabilization feed (10'4 M NO3 see
table 5. 1) was ‘used. .

,-'-T—' . R ) —_— M9
@
¥ 150
e g _ .
. ,% = 7 %E\ - ‘ o : .
: . o . ~
T 5 = B ‘
. ! 0 | B t T T
(O 500 1000 .1500 - 2000
-+> feed volume passed [ml]
Fig‘llpe 5.5..  Nitrate flux as a fu;}ction of the amount of feed passed through module M9 (5 -

fibers, short module). Support: Accurel Q3/2. LM-phase: 0.2 M. TOMA in 0-NPOE.

Flux decrease in time for two long one-fiber monul_esA (M13 and M14) are given in -

figure 5.6. After starting at an initially higher feed flow rate of 17-18 cm s-1 for
' 1.5 hours, the flow rate Was decreased to about 5 cm s-! (about 1 ml min-1) and’
- fluxes were determined as a function of the amount of feed passed through the

fiber. Imtlally, the mtrate flux was in the order of 10-11 * 10-10 mol cm‘2 -1
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. slightly lower than the five-fibers module M9 in figure 5.5. Furthermore, the
. decrease of nitrate flux is less for the one fiber modules. Differences with module
- M9 are the lower membrane area and the higher flow rate in the case of modules
- M138 and M18. The latter implies that a certain amount of feed has passed modules
- 'M13 and M14 in a shorter time period than in module M9. Consequently, figures
. 5.5 and 5.6 might not be compared directly. Compared with flat sheet SLMs in
which the feed and strip were pumped around with a velocity of 5.5 nil s, the flux .
~ is only slightly lower for the one fiber module. The very low feed flow rate does not v
result in a dramatic decrease of the nitrate flux. .

15 -
. i --m-e--- M13
@ o ) ' : —_— M4
. - T
= § 10 St
23 Y
= 8 N M____
Hqo . B
'o .
T: |
d [] i ] [} £} (3

0 500 1000 1500 2000 2500 3000
—> feed volume passed [ml]

. Figure 5.6. . Nitrate flux as o function of the amount of feed passed through modules M13 -
. and M14 (one fiber, long modules). Support: Accurel Q3 /2. LM-phase: 0.2 M TOMA in 0-NPOE.

. Four uncoated modules were prepared to elucidate the effect of the degradation

step on membrane stability. After 45 minutes at a higher feed flow velocity, the
~ flow rate was decreases to approximately 5 ml s-1 for determination of the nitrate
! flux. Next, thg fibers were degraded by allowing the feed (modules Mi4b and M18)
. or pure demiwater (modules M13b and M17) to. flow through the fibers at an
elevated feed flow velocity. The exact degradation conditions are given in table 5.4.
~+ After degradation, fluxes were determmed agam All the permeation results are
| given in table 5.4. :
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. Table 5.4. . Nitrate ﬂubces'and stabilities (in. duplicate) of ;fhe modules used for thé L
" degradation experiments. Support: Accurel Q3/2. LM-phase: 0.2 M TOMA in 0-NPOE.

code " flux before flux after .| amount of hquid flow rate during
' degradaﬁon ‘ degradation '  for degradation degradation
[10-10 mol emZ 517 | [10-10 mol em2 571 - [ml] - - lemsly
Mi3b | 186 C =0 1500 +9
14.0 e =0 '
M17 - 1o =0 . 1100 +7
_ 138 - - =0 : ' 1
Mi4b | is4 105 © 1300 8
: o183 | 108 ' ‘ I
M8 | 12.6 106 1 1600 £10
180 | 10.6 R '

“In table 5.4, the effect of the two degradation methods on th:a flux is obvious. When
demineralized water is used for degradation, no flux can be detected anymore after
1 night. Possibly, the modules are degraded even earlier but the flux was not-

" . monitored continuously. On the other hand, when the feed solution of 4 * 10-3 M ‘

NaNOg was used, the flux decrease was small. The observations are in agreement

with those of Neplenbroek et al. for flat sheet SLMs: the lower the salt content of _

- - the aqueous phase, the higher the carrier loss and the lower the SLM stability
(5,71 : : ,

Coated membranes

"Two one fiber modules, M15 and M16, Wére prepéred with a polymeric toplayer of
PIPA and TMCI at the lumen side of the fiber. The only difference between the two
fibers is the concentration of the PIPA solution which passed the fiber (see table .
5.2): 1.0 M for M15 and 0.1 M for M16. Firstly, the nitrate flux was determined asa
function of the flow velocity to elucidate below which velocity aqueous boundary
layet resistances start to play a role. Results are shown in figure 5.7a and.5.7b.

The fluxes were measured on two separate days (M15- -1/M16-1 and M15-2/M16-2,

' respectively) in between which the flowing of feed and strip in the set-up was shut

down. For module M15, the flux _shdws a small decrease when the feed velocity is :

below 2 cm s-1, for module M16 no decrease in flux was found. Possibly, its limit is -
even below 2 cm s-1. The data measured on two different days show o difference:
apparently the modules are quite stable. For further ‘experiments with module

M16, a feed velocity of 5 cm 5! was used. '

. Stran_ge enough, the module prepared with thé lowest concentration PIPA (module
M 16) showed the 1oweét nitrate flux. The opposite should be expected: the lower
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| the comcentration ratio between amine and acid chloride, the less polymer is

- expected to be formed [8] and the thinner or less tight the toplayer should be,

' resulting in a higher nitrate flux. However, the nitrate flux of module M16 is almost

. halve that of module M15 and the uncoated membranes (figure 5.6). SEM did not

- show any noticeable differences bétween the two toplayers in the two modules. No
explanahon for thlS result is found yet.
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: Figure 5.,7." Influence of feed flow rate on nitrate flux for. (a) rﬁodule M15 and (6) module -
: M16 measured on two different days (suffix -1 and -2). Support: Accurel Q3/2 + PIPA/TMCL
. toplayer. LM-phase: 0.2 M TOMA in o-NPOE.

j: Several additional experiments were carried out.with mo‘duie Mie. Firstiy; in a
‘ ', period of 8 days feed of 4 * 10-3 M NaNOg was allpwed to flow through the lumen
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-side of the ﬁbers at a velocity of about 2 5 ¢m s-1 (about 5000 ml of feed solut1on
passed the fiber). Next, the flux was determined again, which was still
approximately 6 * 10-10 mol cm-2 s-1. The module indeed is very stable due to the-
application of the toplayer, although the absolute flux value is lower than that of
an uncoated hollow fiber SLM as presented in figure 5.6. The toplayer.seems to
" hinder the transport of the ions. Identical measurements with module M15 gave .
‘the same promising results no flux decrease after 8 days flowing of feed through .
the fibers.

Module M16 was used to invesf,igate the stability of coated hollow fiber SLMs at
elevated ten_lperatures. It might be expected that an increase in temperature
raises instability phenomena such as solubility of the LM-components in the
aqueous phases. During three days, temperature experiments were carried out. In
between the first and second day, feed solution passed the fibers at 25 °C. Then the
fluxes at several temperatures on the seeond day were determined. Next, during
the night feed solution at a temperature of 45 °C was.used to destabilize the
module. On the third day, finally, again the nitrate fluxes were determined at room-
and elevated temperatures. Flow rates used were all between 4 and 6 cm S'1 The
results are given in figure 5.8. ‘
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Figure 5.8.- . Influence of the temperature on nitrate flux and stability of module M16.
Support: Accurel Q3/2 + PIPA/TMCE tqplayer.' LM:phase: 0.2 M TOMA in ofNPOE.'

Figure 5.8 "clearly shows the stability of the coated membrane. In spite of the
increase in temperature and the degradation with feed solution du.ring the night,
fluxes on the three days are identical. Although no data of uncoated membranes
are a\'railable. for comparison, module M16 reveals a stable operation. Furthermore,
with 1 1ncreas1ng temperature, the ﬂux increases. Since the diffusion coefficient of
the carrier-nitrate complex i increases with temperature, and the viscosity of the
LM—phase decreases with temperature the nitrate flux will increase W1th
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. increasing temperature.
534  SEM characterization

' By means of scanning electron microscopy, it was tried to obtain knowledge on the
uniformity of the applied toplayers. Figure 5.9 contains SEM-photographs of shell
" and lumen sides of uncoated fibers (take care of the different magnifications!). The ~
- lumen side of Accurel Q3/2 fibers (figure -5.9a) looks much similar to flat sheet
" Accurel 1E-PP as shown in figure 3.6. At the shell side however, pore sizes are

o much larger (up to 50 pm). The fibers are asymmetrical and coating the shell side
" of the fiber will be difficuit. - : .

B ii.;.i&” »s 'x" - -
s PR

. Figure 5.9. - SEM photographs of the sw;facéof an Accurel Q3 /2 capillary membrane. a)
- Lumen side of the fiber (3,500). b) Shell side (500x). - ‘ '

.An example of the morphology of a toplayer applied at the lumen side of a fiber

o after the flux determinations is shown in figure 5.10. The photographs are taken

- from fiber samples at different distances from the ‘origin’ of the potted fiber (the

origin is located at the top of the module where the fiber comes out.of the potting

t‘material and thus where the PIPA solution is introduced into the fiber). It is clear

' from the photographs that the morphology of the toplayer changes over the length

' axis of the fiber. At the top of the fiber, where the amine concenfration is the

j highest, the toplayer has a cake-layer like structure. At 8 cm from the top (figure

f 5.10b) , the typical ‘hill and valley’ structure observed before for coated flat sheet

Accurel membranes is observed (see e.g. figure 4.14). Going further down the fiber,

the “folds’ in the layer get bigger. Especially further down the fiber, the folds are all

. in the direction in which the PIPA solution flowed during polymerization. On the -.

- cross sectional photographs the toplayer was difficult to see, but over the whole
"length of the fiber its thickness was approximately 1 p:m, The toplayer in module
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(@ . o ¥o8

© @
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- _ Figure 5.10. SEM photographs of the toplayer in module M15 at several dzstances from the
top of the module: a) OCm, b) 8cm, ¢) 16 cm, d) 24cm, ) 32cm. All photographs at a
magnification of 5,000x. The direction of the length axis of the fiber is from left to right for
photoﬂraph c) and from up to down for d) and e).
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. M16 showed the same morphology and thickness. From these photographs it can
- be concluded that it is difficult to apply a uniform toplayer at thé lumen side of
- hollow fibers by an interfacial polymerization reaction.

5.4 . Conclusions

A sta:tt was made with the preparahon of supported hqmd membranes using hollow
ﬁbers as support (HFSLMs). Two experimental seét-ups to determine the nitrate
fluxes and stabilities of the HFSLMs were designed: one in which both feed and
strip were pumped co-currently through the membrane module and one in which
' the feed continuously passed the module counter-currently with the strip solution
under influence of gravity. Disadvantage of the last set-up is its low feed flow rate.

" The nitrate fluxes of uncoated HFSLMs were only slightly lower than the fluxes in
flat sheet SLMs. In both set-ups, the application of a toplayer of piperazine and
‘trimesoylchloride on the lumen side of the fiber by means of an interfacial”
| polymerization reaction resulted in a significant increase in membrane stability.
: However, application of a uniform toplayer on the fiber is quite difficult as revealed
'by the scattering in flux data of these coated membranes and by scannmg eIectron
mlcroscopy investigations. : :
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STABILIZATION OF SUPPORTED
LIQUID MEMBRANES BY GELATION -

Tested on an iristable system

' 'SUMMARY

This chapter describes the gelation of SLMs for nitrate removal which use TOMA-CL-
‘as carrier. Uncoated SLMs with this carrier are very instable. To improve their
- stability, the LM-phase was gelated with. polyvinylchloride as gel forming polymer..
Both homogeneous gelations of the LM- phase, as well as the applzcatmn of an
, mterfaczal gel toplayer are described. '

In all cases, no improvement of the stability could be observed. For both types of
gelation, the initial nitrate flux decreased while the flux after 1 day of degradation -
was almost zero. The flux decrease is the result of a decrease of the the diﬁ“ztSion rate
of carrier complex due to the gel network and to the thickness-of the applied gel layer.
The absence of any stabzllty improvement might indicate that loss of LM phase from-
these membranes is not due to emulszon formaiwn only.
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Chapter. 6

6.1 Introduction .

 The stability of supported liquid membranes can be improved by gelation of tﬁe ,

liquid membrane phase as has been shown by Neplenbroek et al. [1-3] and as was

. described.in chapter 2 of this thesis. Gels, either natural or artificial, are present

1 everywhere. The membranes of bloed vessels and kidneys are also composed of gel
‘3 type structures and play a fundamental role in the transport of oxygen nutrients
: and other mo]lecules [4].

‘ : A polymer gel can be defined as a crosslinked polymer network, swollen in a liquid
-, medium [5]. The polymer network is prevented from collapsing into a compact
“ -mass by the liquid, while the liquid is prevented from flowing away by the network.

However, not all polymers have the ability to form gel-type networks. A schematic
drawing of a polymer gel is shown in figure 6.1. The crosslinks drawn can be either
' physical (reversible gels) or chemical (irreversible gels) [6]. Physically crosslinked-

gels can be formed by dissolving a gel-forming polymer in a solvent at elevated

f temperaturées and subsequently cooling down of the mixture, during which the gel is

formed. Another possibility is the use of a suitable volatile second solvent. The

" polymer and the solvent are dissolv_éd in the second solvent. Gelation oceurs during
* evaporation of this second solvent. When the gel-forming polymer contains specific
. chemical groups, an additional chemlcal crosslinking might be carried out using
‘ spemﬁc crosslinking agents.

liquid ’\ polymer chain . crosslink L

“ Figum;e 6.1, B Schematic drawing of a polymeric gel.
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From the definition of a polymer gel given above, it\might be clear that the nature '
of the liquid itself is.not changed, but there are polymer chains (‘barriers’) present -
in'the liquid. For carrier mediated transport membranes, this enables one to make
use of gelation for embedding the solvent in a polymer matrix while the carrier
_molecules, necessary for transport, are still dissolved in the liquid. The only

_ drawback will be the kinetics of transport inside the carrier mediated transport
membrane. This will depend on the amount of barriers (the polfmer concentration
in the gel) and the crosslink den51ty The principle of gelation has been used by _
_other researchers for different membrane apphcatlons

Bloch et al. were the first Who used so called ‘solvent membranes’ for the seiective
transport of metal ions [7]. These solvent membranes were made of
polywnylchlorlde (PVC), plasticized with phosphate esters like tr1butylphosphate
(TBP), cresyldlbutylphosphate (CDBP) or dicresylbutylphosphate (DCBP). The

phosphates could act as an extracting agent for the separation of uranium from'.

aqueous solutions. Hawever, the lifetime of these membranes was insufficient due
to loss of plasticizer resulting in completely impermeable, hard PVC films. The
plasticizing power of the phosphate ester used, was thought to have-a large
influence on membrane lifetime. Vofsi ef al. extended research on solvent
»membranes to other systems and to the use of this type of membranes as ion-
-selective electrodes [8-10]. The combination of polymer films and plasticizers was

" also ihirestigated by Sugiara et al. for the transport of picrate or metal ions
[11-14]. Due to the thickness and high polymer concentrations of these ‘solvent
polymeric membranes’, necessary for a sufficient mechanical strength, fluxes were
‘up to a factor 100 lower than described throughout this thesis. Gankema prepared
solvent polymeric membranes by gel casting of solutions of ultra-high molecular
weight polyethylene (UHMW-PE) and a carrier solution [6]. After uniaxial and

* biaxial stretching of the resulting membranes, sodium and potassium fluxes were

~ measured. By using polymethacrylate bound calix(4)arenes or siloxane copolymers

- as carrier in the above mentioned solvent polymeric membranes, it was claimed-.
that the stability of these systems could be improved by changing the drawing
ratio. Sakahora et al. prepared acrylamide gels in the pores of silica-alumina
membranes for the pervaporation of orgamc/water mixtures [15]. Membrane

- performance did not change significantly for a period of three months. In a patent -
by Matson et al., the application of a thin gel layer on top of a mlcroporous
polymerlc support was reported for the scrubbing of aC1d gases [16]

The idea. of improving the stability of SLMs by an homogeneous gelation in the-
pores of the support was first suggested by Neplenbroek et al. [1,2,3]. The support
improved the mechanical strength of the gel, while the presence of the gel could
prevent loss of the 'membrane phase, as was expected by the authors. Indeed,
promising results were obtained. using PVC -as polymer and tetraoctyl-
ammomumbromlde TeOA (Whlch already gave fairly stable SLMs without gelatlon) ‘
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as carrier. However, the' best results were obtained when the gel was applied as a-
. thin layer (< 2 um) on the feed side of the SLM and chemically crosslinked after
; preparation. In this way, the resistance towards transport due to gelation was
. minimized as a result of the low thickness of the gel layer. Secondly, émulsioh
¢ formation of the LM-phase, according to the authors the main reason of SLM
© instability in their system, could be suppressed more effectively since the polymer
| concentration could be high without any flux reduction. Two months experiments
. were camed out under circumstances which enhanced significantly the degradation-
* of the SLM. A membrane lifetime over two years under normal circumstances was

. predicted by the authors. -

. Other research on gelled SLMs, based on Neplenbroek’s promisiﬁg results, was

. carried out by Bromberg et al. [17] and Levin ef al. [18]. The transport of several
 metal ions (Ag+, Hg2+, Cd+: Fe3+, Zn2+ and Ni2+) through homogeneously gelled

. SLMs was studied by Bromberg et al. The LM-phase was composed of PVC,

. 0-NPOE as plasticizer and di(2-ethylhexyl)dithiophosphoric'acid as carrier. Fluxes
. decreased as PVC cOncenﬁrations increased due to a decrease of the effective
i diffusion coefficient. No data on the stability were given. Levin et al. prepared
. gelled membranes by using a plasticized polymer (PVC with substituted
' dioctyldithiocarbamate groups), which was capable of complexing certain ions
. together with a carrier for silver, mercury and other ions. However, because of the
" high polymer concentration of the gel, fluxes were all in the order of

. 10-10-10-11 mol cm-2 s-1, which is a factor 10-100 lower than the gelled

. presented

* membranes of Neplenbroek Also here, no data on ‘membrane hfetune were

In the previous chapters, it was shown that interfacial polymerization is a
. successful method for the stabilization of supported liquid membranes for the
. system investigated. As has been indicated above, gelation of supported liquid
membtranes also is a useful methed for stabilization. Therefore, it would be useful
. to compare the results of gelation and interfacial polyinerization on the same
system. However, Neplenbroek et al. did only present a few data on long term
~ stability of gelled membranes using instable SLMs with TOMA-CL as carrier.

- Therefore, in this chapter the preparation and characterization of homogeneously
gelled SLMs and SLMs with a gelled toplayer is described. The results will be

- compared with interfacially ponmerlzed SLMs. Such a comparison is necessary,

33 because not only the flux but also the stability of the liquid membranes is of .

- importance. Neplenbroek ef al. used their gelation to study the instability

- phenomena of SLMs and to stabilize their membranes. Forindustrial applications

. however, the way stabilized SLMs can be prepared is also of interest. The method

' used by Neplenbroek ez al. [1,3] for the preparation of a thin gel layer, i.e.
- spreadmg the gel layer with a tissue as smoothly as pos51b1e over the membrane :
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surface, is not suitable for large scale production, in contrast to the interfacial
polymerization described in the chapters 3, 4 and. 5 of this thesis. In our work, the
* stabilization of hollow fiber SLMs, which is most likely the- membrane configuration

to be used in industry, has been studied in a number of experlments descnbed in
: chapter 5. ) :

The gels descrlbed in this.chapter are all prepared usmg polyvmylchlonde (PVC) as
polymer. The motivations-for the use of this polymer are the following. The
" material is hydrophobic, and the LM-phase can be uséd as solvent for the gel
. forming polymeér since o-NPOE is known to be a plasticizer for PVC [19]. It is
'possible to obtain a gelled phase already at low polymer concentrations (2 to 3 wt%
for PVC / di-2-ethylhexylphthalate) [20]. Furthermore, in related systems like ion~
selective electrodes, this polymer is most frequently applied [19] and superior in
stability and sens1t1v1ty to polyurethane [21,22], polymethylmethacrylate,
polystyrene and silicone rubber [21] membranes: Finally, by using the same type
of PVC as gel forming polymer the data can be compared easﬂy with those of
Neplenbroek et al

. The preparatlon of phys1cally and chemlcally crosslinked gels is described in this
chapter. The mechanism of PVC gel formation and its structure is still not fully
understood [23-26]. Most Wldely accepted is the hypothesis that the physical
crosslink points in the. gel are ‘mic¢rocrystalline regions, resulting from short
syndiotactic, regular runs in a predomlnantly atactic structure’ [23]. One-
important property of this -gel type is the thermo- revers1b111ty of the phys1ca1
- crosslinks. . v

Physically crosslinked gels arevprepared either by the temperature method (see-
before) or by evaporation of tetrahydrofuran (THF), added as a third component
-To obtam a shorter mesh size and a stiffer structure, apart from the physical
crosslmkmO' the gel also can be crosslinked chemically. When PVC with carboxylic
acid side groupsA is-used, crosslinking can take place according to the general
scheme in figure 6.2. The first step is the activation of the carboxylated PVC by a
A di-imide compound [27 ,28]. In the following reaction, the anhydride formed in step 1
reacts with a diamine and, via the carboxylic side groups, a chemical crosslink
between two PVC chains is formed [28]. The physical crosslinks are reversible
while the chemical crosslinks are irreversible. It might be expected therefore that
" the structure of a microscopic gel is less suscephble to changes in time and that its
properties are more constant. This is’ an add1t10na1 advantage of chemlcally

crosslinked gels in this case. ‘

)
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)

2 R—ﬁ,—OH + C —>> R*‘%—O—%‘—R + C=0
o n. 0o o NEH
carb oxylated PVC DCC ' _anhydride - dicyclohexyl-urea

: 

2 R—¢—0—C—R + H;N—R—NH,—>B—C~—N-R-N—(G—R +2 R—C—OH

OH HO 0
“anhydride diamine cross-linked PVC
+ Figure 6.2. Chemical crosslinking of cafboxylated PVC.. 1: The PVC is activated by

. dicyclohexylcarbodiimide (DCC). 2: Two coupled PVC-chains react with a diamine.

‘82 Experimental
| 8.2.1 Materials and membranes
! Support

! Throughout this chapter, two different flat sheet supports were used. Accurel®
1E-PP was obtained from Akzo. It is made from polypropylene, has a nominal pore
diameter of 0.2 um, an overall porosity of 69 % (Akzo specifications) and a
" thickness of approximately‘ 100 pm (measured with a Mitutoyo digital
" micrometer). Durapore GVHP (Millipore) is a hydrophobic PVDF membrane with a
. pore size of 0.22 um, a thickness of 80 pm and 75 % overall porosity (data from

. Millipore). :

Carrier and solvent

" In all caseé, o-nitrophenyloctylether (0-NPOE) was used as membraﬁe solvent
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for the quaternary ammonium salts used as. carriers. The o-NPOE was
- gynthesized in our laboratcries by the method described in appendix A of chapter 4.
As carrier, both trioctylmethylammoniumchioride (TOMA) and - tetraoctyl-
ammoniumbromide (TeOA) were applied. The carriers were obtained from Fluka
and used without further purification. Carrier concentration in the LM-phase was
always 0.2 M. The TOMA/o-NPOE mlxture had to be heated shghtly to dlssolve a11
‘the carrier. :

Gelation

‘Polyvmylchlonde (PVC) was used for the gelation of the LM—phase PVC-HMW
(‘high molecular weight’) and PVC -LMW (low molecular weight’) were obtained

from Fluka. The molecular weight of PVC LMW was 48,000 g mol-1 (suppliers. - -

data), the Mw value for PVC-HMW ‘as determined by gel permeation .
chromatography was 91,000 g mol-1 [1,3]. For the chemically crosslinked gels, .
carboxylated PVC (PVC-carb) from Janssen Chimica was used. Its molecular
weight was 200,000 g mol-1, with 1.8 wt % carboxyl groups. For PVC-degradation
experiments, also PVC-VHMW (‘very high Mw’, two different batches from Aldrich
- and one from Janssen Chimica) were tested. As. activator for the crosshnk1_ng

- reaction, N,N’—diéyclohexﬂcarbodiimide (DCC) from Janssen Chimica was used. - .
1,4-Phenylenediamine, PDA, (Fluka) or 1,12 diaminododecane-,,DDDA, (Janssen
Chimica) were chosen as crosslinking agents. The volatile solvent for the gel
_ preparation by the evaporation method was tetrahydrofuran (THF) from Merck.
All these chemicals were used as received without further purification. PVC-HMW,
the activator DCC and both crosslinkers had the same product specifications as
those used by Neplenbroek et al. [1,3]. The PVC-carb used in this work contained
a sllghtly higher amount of carboxyl groups than that apphed by NepIenbroek et ’
al. [1,3]. :

6.2.2 Membrane preparation
Homogeneous gelation

Homogeneously gelled SLMs were prepared in two- dlfferent ways: (1) by the
volatile solvent method and (2) by a temperature method as has been described in
the introduction. For the volatile solvent method, the desired amount of PVC was
dissolved in the LM-phase (0.2 M TOMA in 0-NPOE). To this mixture, a certain
amount of THF was added (see table 6.1). The amount of THF depended on the
polymer concentration. When the polymer concentration was highér, more THF
should be used since otherwise the PVC-LM-phase-THF mixture became too
-viscous and the support would not be fully impregnated later on. The THF, polymer
and LM-phase were stirred together until a homogeneotis mixture was formed. This
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" solution was poured out in a petri-dish. A circular piece of LM-support (diameter
+ 74 mm) was weighted and placed in the solution. After one day of drying under
. nitrogen, all THF was evaporated. Residual gel substance was carefully removed
" from the surface of the membrane by gently wiping with a paper tissue.‘_In all
* cases, PVC-HMW was used as polymer for homogeneous gelations.

| Table 6.1. Amount of THF added, to the different amounts of PVC/LM-phase mixtures for
. the prepara_tiori of homogeneously gelled SLMs. '

‘Wt% PVC . ml THF/g mixture
25 . - 5.0
5.0 : 7.5
75 : 10.0
10.0 125

When the temperature method was used for the gel preparation; the desired
-~ amounts of PVC and LM-phase Wére put in a petri-dish. The dish was placed in an
3 oven (120 °C) under nitrogen for half an hour and stirred from time to time, after
- which the support (diameter 74 mm) was placed in the homogeneous mixture.
 After 3 minutes, the impregnated support was removed from the dish and-
- remaining gel substance at the surface was wiped off quickly with a tissie. The .
&ifferent actions outside the oven had to be carried out quickly, since immediately
after removing the membrane from the oven gel formation started and as a result
' remaining gel could not be removed anymore. .

i; Interfacial gel layers

" A rectangular piece of support (dimensions approximately 14 x 23 cm) was cut out
' of aroll and impregnated with the LM-phase. Excess LM-phase was removed using

a paper tissue. PVC/LM-phase mixtures were prepared using the desired weight
 fractions. Different types of PVC were used in this case. Depending on the quantity
of polymer in the mixture, a certain amount of THF was added to this mixture (see
table 6.2) and stirred until the solution was homogenous. To this solution activator
. and crosslinker, if used, could be added shortly before preparation of the gel layer.
' Directly after addition of crosslinker and/or activator, the homogeneous solution
. was spread on the impregnated support, which was placed on a horizontal glass
~ plate. By means of casting knives of 50 or 100 pm, the solution was spread as a
; thin layer of uniform thickness on top.of the impregnated support. The membranes
. were stored under nitrogen for at least three days before use. The thickness of the
- gel layers was measured with a digital Mitutoyo micrometer. By means of this
" technique, developed in our laboratories [29], the layers were much more uniform in
- thickness than those prepared by the method of Neplenbroek using a tissue [1,3].
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Table 6.2. Amount of THF added to the dzﬁ‘érent amounts of PVC /LM phase mixture for i
the preparatzon of thin gel layers. - :

wt% PVC . ml THF/g mixture
40 .50
50 . .60
70 . 6.0
100 o T £
6.2.3 ° Permeability measurements

SLM preparation

Supported liquid membranes which were not gelated, were prepared as described -
before in the chapters 3 and 4. LM-phase was spread on the bottom of a petﬁ-dish '
in which a circular support (diameter 74 mm) was placed. After an impregnation
time of at least 15 minutes, the supports were completely transparent and
removed from the dish. Attached membrane phase was carefully wiped from the
surface of the SLM. The ‘preparation of homogeneously gelled SLMs was described
in'section 6.2.2. From the sheet SLM with an interfacial gel layer, a circular piece ‘
(diameter 74 mm) was carefully cut out using a scalpel. In some cases, SLMs with
a toplayer on both sides of the membrane were used. They were prepared using two
.. SLMs with one toplayer each, Wh1ch were ‘glued’ together using a droplet of LM- '
phase -

Flux determination

In all cases, the flux was dét_ermined in the same way as described in section 3.3.3
and figure 3.5b [30]. The SLM was clamped in between the two, cell halves which
were placed in the set-up. The toplayer was directed towards the feed side. The feed-

" consisted of 130 m1 4 *.10-3 M NaNOj3 (Merck) solution in water, the strip phase -
consisted of 130 ml 4 M NaCl (Merck). Both phases were pumped around with a
velocity of 5.5 ml s-1. By observing the concentration of nitrate and chloride in the
feed phase in time (HPLC Waters IC-PAK™ anion column) the nitrate flux was .
calculated. : :

6.24° = Stability measurements
In between two flux measurements, the feed phase was repiaced by a 10-4 M

NaNOg solution. A lower salt concentration enhances degradation of .the
.membrane as was observed by Neplenbroek et al. [1,31]. After approximately -
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. 20-21 hours of degradatmn both feed and stnp were refreshed with the original
' solutions for a new determmatmn of the nitrate flux. In chapter 3 it was shown
~ that in this way an uncoated membrane, with TOMA as carrietr, showed no nitrate
~ transport after 1 day of degradation. In several cases, long-term experiments were

" carried out over a period up to 7 days. The masses of the SLMs before and after
' the flux measurements were determined using an analytical balance to obtain the
+ LM-phase loss. :

{ 6.2.5 “Characte;rization

' SLMs with an interfacial gel layer were examined by scanning electron microscopy
- (SEM) to investigate the uniformity of the toplayer thickness and the texture of
. the toplayer. A slightly different preparation method has been applied to prepare
. the SEM samples compared to the method used in chapters 3 and 4 for supports
W1th a toplayer prepared by an interfacial polymemzatmn reaction. Cross sections
were prepared by breaking small sections of the gelated membrane in liquid
nitrogen after which they were placed in a sample holder. Surface-samples were
- simply cut out of the membrane and glued-on a sample holder by means of double-
sided adhesive tape. The samples were not immersed in ethanol/water before
“breaking, as was done for interfacially polymerized membranes [30,32,33], since in
~ that case the gel would be removed from the support. The samples were sputtered
. with gold to make them conductive using a Balzer Union SCD 040 sputtering
| apparatus (sputtering time 3 minutes at 15 mA). SEM investigations were carried
" out on a Jeol JSM'T 220A scanning electron microscope at 20 kV. Despite the
: presence of gelled L.M-phase, no problems were met in obtalmng the high vacuum
j necessary in the apparatus.

. 6.3 . Gelation resu.lts' ‘

6.3.1 Homogeneous gelation

. Temperature method

" Serious problems were met when homogeneously gelled SLMs were prepared by
the temperatﬁré method at 120 °C. A colour change of the PVC-LM-phase mixture
.was observed 10-15 minutes after the mixture was placed in the oven. The colour
changed from yellow via red to dark, almost black. The colour change was not
- observed when the polymer concentration was 0 wt%. This might indicate a
degradation of the PVC. Tt is known that the PVC polymers are easily thermally
- and photochemlcally degradated [34]. To mvestlgate whether the degradation was,
due to the high temperature, the presence of carrier and orgamc solvent or a
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combination of these possibilities, several experiments were carried out. In.an
oven, small amounts of PVC (PVC-HMW, PVC-LMW, PVC-vHMW and
PVC—carb), PVC +0-NPOE, PVC + TOMA—CI/TeOA—Br,«'o-NPOE and carrier
were placed and heated under nitrogen at 120 °C for half an hour. Only the
PVC/carrier mixtures showed a change in colour. This is an indication that the
_ presence of carrier enhances degradation of the PVC. :

The main reason for the degradation of PVC is the dehydrochlorination of the
* polymer chains [34], schematically shown in figure 6.3. This reaction occurs at
elevated temperatures (above 100 °C) It can be initialized, and is therefore
catalyzed by the presence of HCI (autocatalysm) and other strong acids [34], but
in the gelation as carried out here no acids are present. The colour change of PVC is
believed to be the result of the formation of polyene sequences (double bonds in the
chain) or-the presence of coloured carbomum salt complexes in PVC. The last
reaction is believed to occur by a mechanism in which ions play a role [35]. Maybe
the presence of the carrier in combination with the elevated temperature catalyses
the latter reaction. Neplenbroek et al. encountered also these PVC-degradation:
problems with PVC from Fluka, which were not found when PVC from BASF was
used [1,3]. This might be explained by the presence of stabilizers in the PVC-’
" BASF, which are usually added to commerc1al PVC in order to minimize
degradation of the polymer.

R i
mC—C—C—C—C—C—C—C—Cw
Trk-Fr T T T 1
HiCLH CLH CI'H ClH
energy
"HCL
HEHEHETEY
MwC—C=C—C—C—C—C—C—Cww
i RE B
H 1CLH! CIH Cl H
energy
- HC1

P-4 ]
H 1 Cl H! C1 H
--Figure 6.3. Dehydroch_lerination of PVC at elevated »tiemperatui:es‘ Adapted frqm Titow

[34].
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Table 6.3. " Nitrate ﬂuxes and stability of homogeneously gelled PVC SLMs Support
Accurel. Carrier: TOMA-CL. Gelation at 120 °C.

PVC content | PVC type _ initial flux = flux after 1 day " EM-oss
wt%l - | (1010 mol cm2 5] | [1010 mol em2 571 [wt %1
0 _ - 15.6 : 1.7 5.6
0 - 17.8 1.4 C 65
25 . | PVCHMW ' o147 14 6.1
25 PVC-HMW | 153 .. 15 6.3
25 PVC-LMW 14.3 ' 13 © BT
25 PVC-LMW 147 11 - 5.2

Despite the PVC degradation problems, these homogeneously gelled SLMs were
tested on nitrate flux and stability as described in section 6.2.3. The results are
given in table 6.3. The 0 wt% PVC membranes were prepared in the oven to
investigate the effect of the heat treatment on nitrate flux and SLM: stability. No_
difference is found with the values for the ordma.ry reference membranes (see e. g.
chapter 8 of this thesis). Addition of PVC to the membrane phase results in only a
marginal decrease of the initial nitrate flux since the microscopic viscosity
; 1nﬂuencmg the diffusion rate of the carrier-ion complex remains nearly constant.
'No improvement in SLM stability was observed: in all cases, the flux after 1 day
_ was nearly zero and the LM- loss did not differ from that of the reference
~ membranes. The use of dlfferent types of PVC did not give differences in nitrate
- fluxes.

Volatile solvent method

! Homogeneously gelled SLMs using THF as volatile third component were prepared
© as described in section 6.2.2. It was observed that the use of 5 ml THF per gram
- PVC/LM-phase mixture as used by Neplenbroek et al..[1,3] was not satisfactory.
. The viscosity of the gel was soon too high before the support was fully
- impregnated. Therefore, more THF was used. However, the attached gel on the
" surface of the 10 wt% PVC membranes was far too viscous to be removed using a
- tissue. So, these membranes were not tested on nitrate transport since dlfﬁcultles
Cin reprodumbﬂlty of the results were expected. '

“ In figure 6.4, the results of the measurements are plotted. The 0 wt % PVC
- membranes are obtained by adding 5 ml THF to 1gram of LM-phase.
~ Subsequently, the support was placed in an excess of this mixture in a petri-dish.
 After impregnation of the support and complete evaporation the THF, the nitrate

“‘ flux and stability were measured. The flux for an uncoated 0.2 M TOMA SLM is in
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- the order of 16- 19 * 10'10 mol cm2 g1, So, addition of THF to the LM-phase has no . .

_ influence on the initial nitrate flux. It is clear that addition of PVC to the LM-phase
results in a decrease of the initial nitrate flux. Despite the increase of the
macroscopic viscosity as observed during membrane preparation, the flux
decrease is relatively small indicating that the diffusion rate through the
_ membrane is determined by the microscopic viscosity. The lower fluxes are due to
- the fact that the carrier complexes have to travel around the polymer chains in the
-membrane, resulting in-an increase in tortuos1ty

20 . —— .
' ‘ .| —e—initial flux
----&---- flux after 1 day
15 - h

nitrate flux
[10 10 o] em2 5'1]
R ff

—_—
]
.
[ ]

0 T LS . . L] L)
0 2 4 6 = 8 10
~ ——> conc. PVC [wt %]
Figure 6.4. Nitrate fluxes and stability -of Izomégeneously gelled PVC SLMs. Support:

_Accurel. Carrier: TOMA-CI. Gelation by evapq}'ation of THF. .

As _alreédy revealed by the ‘homogeneously ‘gelled SLMs by the temperature
" method (table 6.3), no improvement in stability could be observed for all PVC
concentrations investigated. In all cases, the flux after 1 day was nearly zero, while
LM-losses (not presented here) were all in the order of 14-30 mg. It is expected that -
when emulsion formation is the main reason for the instability of TOMA-SLMs,
gelation will increase the stability. However, for SLMs containing TOMA-CI as
carrier a gelation of the LM-phase in the pores, although increasing its
macroscopic V1scos1ty, does not result in a decrease. of carrier loss. This
remarkable result will be dlscussed in more detail in chapter 7.

In table 6.4, similar trends can be seen for hbmogeneously gelled SLMs,ué.ing '

Durapore as support. By increasing the polymer c¢ontent, nitrate flux decreases. . s

The initial fluxes are smaller than those in figure 6.4, an effect already observed in
chapter 4 [32]. Again, just like the Accurel SLMs, no improvement of the stability
was observed. LM-losses were in general equal or a few percent higher than the
reference membrane in table 6.4 (these 0 wt % membranes results were not -
obtained by the volatile solvent method, but as was mentioned before, there was no
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' influence of TEF on the initial nitrate flux).

' Table 6.4. Nitrate fluxes and stability of homogeneously gelled PVC SLMs. Support: '
- Durapore 0.22. Carrier: TOMA-CI. Gelation by evaporation of THF.  ~

~ PVC content - initial flux ' flux after 1day LM-loss
[wt %] .[10-10 mol cm2 s 10710 mol em2 571 [mg]
0 (110 S N 438
o 18 | 11 55
25 : 8.3 . R 59
25 . : N 7 18 < 8.3
2 ' 6.2 , 0.7 5.8 .
75 6.2 ' 05 51

© 632  Geéllayers
"\ Gel layers without chemical crosslinking

‘Firstly, interfacial gel layers were prepared Witﬁoqt a chemical crosslinking. The
.results are given in table 6.5. ‘

" Table 6.5. Nitrate fluxes and stability of SLMs witf;. a PVC gel layer. Support: Accurel.
:Carrier: TOMA-CI. Gelation by evaporation of THF. Casting knife thickness 100 um.

PVC content™ | PVC-type initial flux | fluxafteriday | LM-loss
[Wf %] : [10-10 moi cm2 s‘l] [1_0‘10 mol em™ 571 [mg]
0 .- 15.9 ‘ .13 19.7 (7.0%)
"0 - ' 151 - 1.0 18.2 (6.3%)
40 - PVC-HMW 10.7 .13 ’ 21.3
40 . | PVCHMW 11.0 ' 2.7 | 133
40 PVC-HMW 1.2 2.3 _ 11.3
40 | PVC-carb 10.8 - 25 11.6
40 PVC-carb - 108 _ 23 o101
40 PVC-carh. 101 .05 10.3
40 PVC-carb 8.7 0.7 - 8.7
100 PVC-carb » 94 ) 0.7 .. | 8.4increase
100 - PVC-carb © 95 X '5.5 increase

*. the PVC content is the amount of PVC in the LM-phase/PVC mixture used to cast the toplayer
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. The decrease of the initial nitrate flux with roughly one third, due to the app]icétidn
of the toplayer, is clear from table,6.5. The volume ratio THF to LM-phase is, for
the 40 % membranes, 5 to 1. This means that the film roughly shrinks to one-sixth

~ofits original thickness during evaporation of THF. Casting with a 100 pm knife

~ should therefore give a final toplayer thickness of about 17 pm. SEM observations '

-showed a somewhat lower thickness (10 pm), possibly due to a collapse of the gel
network in the vacuum of the microscope. This layer thickness is higher than that
calculated by Neplenbroek et al. [1,3] who report values of less.than 2 pm
obtained with their method. In combination with the high polymer concentration,
perhaps our layers are too thick, to. obtain nitrate fluxes equal to those of uncoated
SLMs. The gel network will therefore hinder the transport of the carrier complexes,
too much, resulting in a flux decrease. Layers consisting of 100 wt% PVC show

"nevertheless a nitrate flux. This might mean that the layer is permeable to nitrate
and chloride, but it might also be an indication of a transfer of LM-phase from the
support to the PVC, thereby plasticizing the PVC. This plasticization, or the
uptake of LM-phase, mlght bea necessary condltmn for transport of mtrate by the’
carrier. :

In table 6 5, also the nitrate ﬂuxes after one day of degradatlon are given. In all
cases, these ﬂuxes are very low. So, despite the presence of the PVC toplayer,
carrier is lost from the liquid membrane to the aqueous phases. These
u’ncrosél_inked PVC gel networks are not able to suppress the loss of the surface-
active carrier TOMA, whose use results in instable SLMs as explained in chapter 2.
[36]. This is contrary to the results of Neplenbroek et al. where; with these layers

- and TeOA as carrier, already an improvement, of stability could be detected [1,3].
The absolute mass losses show a tendency to be somewhat lower than those of’
uncoated membranes. However, the increase in weight measured. for layers of
© 100 wt% PVC are not understood. Finally, it must be mentioned that the
expenments with the different types of PVC show no differences in initial flux and
SLM—stablhty

Gel layers with che-mical crosslinking :

Since uncrosslinked PVC gel layers were not effective in decreasing loss of carrier
by emulsion formation, it was tried to shorten the mesh size of the gels by a
‘chemical crosslinking. The amounts of crosslinker and activator were taken from
Neplenbroek et al. [1,3]. Due to a change in the amount of carboxylgroups in our
PVC compared to their PVC-carb, the amounts were somewhat lower.
Nevertheless, a chemical crosslinking took place, indicated by the rapid visual
-increase in viscosity, and solidification after a while, of the PVC/LM—phase mixture
B When DCC and amine were added :
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Table 6.6. Nitrate fluxes and stabili.ty SLMs with a chemically crosslinked PVC gel layer.
! Support: Accurel. Carrier: TOMA-CI. Polymer concentration in toplayer: 40 wt%. Gelation by
. evaporation of THF. Eq DCC, PDA dnd DDDA to carboxyl groups. Fluxes in 1010 molem2sL.

eq DCC eq PDA eq DDDA casting- initial flux: LM-loss
A ) " knife” flux after 1 day [mg]
4 [um]
0.82 - 0.82 100 142 0.8 14.0
0.82 : - 100 11.8 0.8 12.8
0.82 - - 100 T 1LT 0.6 13.2
41 0.82 - 100 115 0.9 -10.1
41 0.82 - 100 10.2 0.5 15.8
082 ¢ - - 50 13.9 0.9 13.3
0.82 - - 50 141 . 10 134
41 0.82 - 50 13.4 11 13.7
41 0.82 - 50 13.1 ‘0.8 12.9

* ™, original thickness casting knife used.

: Table 6.7. . Nitrate fluxes and stability SLMs with a chemically crosslinked PVC gel layer.
" Support: Accurel. Carrier: TOMA-Cl. Polymer concentration in toplayer: 50 wt%. Gelation by
“ evaporation of THF. Eq DCC, PDA and -DDDA to carboxyl groups. Fluxes in 1010 mol em2 571,

eq DCC eq PDA | eq DDDA casting flux flux LM-loss
' , knife® initial | after 1day [mgl
[um] | ‘
41 0.82 - 100 10.2 0.9 19.7
41 0.82 - 100 9.8 . 0.5 17.3
0.82 - - 100 12.2 - 08 19.1
0.82 - - 100 12.5 0.7 16.7
0.82 - - 100 12.4 .06 11.8
0.82 - - 100 12.5 08 12.3
0.82 - £ 0.82- 100 12.8 0.8 11.7
082 - 0.82 100 12.8 0.9 nd.
0.82 - 0.82 50 13.7 0.8 14.3
0.82 - 0.82 50 143 0.9 13.8

L original thickness of casting knife used; n.d.: not determined

. Results concerning the chemically crosslinked membranes are shown in the tables
1 6.6 and 6.7 for two PVC concentrations investigated (40 wt% and 50 wt %
- PVC-carb, respectively). Much higher PVC concentrations were very difficult to
* achieve due to the high viscosity of the mixture and the resulting difficulties in
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- obtaining an uniform toplayer. The thickness mentioned in table 6.6 and 6.7 are .
the values of the casting knife thickness, and thus the initial thickness of the

" toplayer. After evaporatmn and crosshnkmg the thlcknesses are most likely

smaller.

‘The tables 6.5, 6.6 and 6.7 demonstrate the small decrease in initial flux due to the . - -
res1stance of the toplayer. The thickness of the layer is still too high to obtain the:
- same initial flux as for an uncoated SLM as observed by Neplenbroek et al for
gelated SLMs using TeOA-Br as carrier [1 3]. When the crosslinking is carried out -
using DDDA as crosslinking agent, fluxes are slightly hlgher than for PDA, both for
. 40 wt% and 50 wt% PVC. This might be due to the larger length of the crosslinking
‘agent resulting in a- somewhat ¢ opener’ structure. The use of a’'casting knife of"
50 pm thickness results in a small increase in initial flux compared to the 100 pm "
knife. The lower the thickness of the toplayer, the lower the resistance and the
hIgher the initial flux. SEM observations and thlckness measurements w1th a
m1crometer conﬁrmed the decrease in thlckness

It is clear from tables 6.6. and 6.7 that a chemical crosslinking of the PVC during

gelation does not result in an improvement of SLM stability. In all cases, the flux * -

'after one day is very low compared to the initial flux, and the absolute LM-losses
are almost the same as for uncoated SLMs (table 6.5). In case emuls1on formation
of the LM-phase is possible and it is the only or most 1mportant cause of the
. instability of TOMA-SLMs, . gélation should have resulted in. a stability
improvement. This is not observed. Apparently, either the emulsion formation
_ hypothesis of Neplenbroek et al. [1,3] is incorrect or there are other mechanisms
respons1ble for the degradahon of TOMA-SLMs.

: When' systems using TOMA as carrier are very instable, it might be possible that
the stabilizing effect of an interfacial gel layer is masked when in both cases (with 4
and without layer) the flux after one day of degradation is very low. Therefore, a .
number of experiments were carried out without a degradation step in between the
two flux measurements, i.e. after measuring the initial flux the feed solution is only
replaced by a fresh 4 * 10-3 M NaNOg solution when the flux after one day had to *
" be determined. The results are summarized in table 6.8. Despite the low flux after
one day, the LM-losses show a tendency to decrease with increasing PVC content
in' the toplayer. Due to the relatively large thickness of the toplayer, initial fluxes -
are lowered compared to uncoated SLMs. Comparing the tables 6.5-6.8, fluxes
after 1 day without degradation are slightly higher than with degradation. The
absolute LM-losses seem to decrease when no degradation step is carried out, .
although the differences are marginal for 0 wt% and 40 wt% PVC. Only in the
70 wt%.case, the determined mass decrease is somewhat lower. Nevertheless, also
here the flux after one day is almost zero, which is an 1ndlca'c10n for a large loss of.
carrier. -
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. Table 6.8.

’

100 um No degradation step between the ﬂux measurements

Nitrate fluxes and stability of SLMs with a PVC gel layer. Support: Accurel.
-Carrier: TOMA-CI. PVC: PVC-carboxylated. Gelation by evapomtzon of THF. Castmg knife

PVC content | DDC/PDA flux initial flux after 1 day LM-loss
© [wt %] [eq]_* [10-10 mol em=2 5713 [10-10 mol em2 5717 [mg]
0 0/0 161 29 12.2 (4.3%)
0 0/0 16.1 3.1 13.9 (4.9%)
40 41/0.82 9.6 16 103
- 40 4,1/0.82 2.9 1.9 10.0
70’ . 4.1/0.82 11.3 1.9 4.7
70 4.1/0.82 10.2 -1.8 . 5.0

o equivalents to carboxyl groups in PVC.

To check whether loss of carrier also takes place at the strip side of the membrane,
.a double layer membrane was prepared, analogous to the double layer membranes
- in appendix B to chapter 4 [32], but now with two gel layers on each side of the
' SLM. Due to the gel layer preparatmn method, it is difficult to apply the. second
‘layer on one and the same membrane without damaging the first layer. Apart from

" . this, the other side of the SLM is usually not flat and this might cause problems in

" preparing an uniform gel layer. For these reasons, two SLMs with a single,
. chemically crosslinked gel layer were attached to one another, the layers facing to
‘ feed and stnp side. Results are given in table 6.9.

Table 6.9. Results of permeability measurements of two-layered, double SLMs. Support:
Accurel Carrzer TOMA-CI. Toplayer: PVC-carb (40 wt%), 4.1 eq DCC, 0.82 eq. PDA. Gelation by
evaporatzon of THF. Castmg Enife. thzckness 100 pm. : :

‘membrane flux initial flux after 1 day flux after 4 days
(100 molem2 1] | [1019molem?2 s} | [10710 molem2 51
1 6.2 0.3 0.1
2 6.1 0.5 0.2

‘Table 6.9 demonstrates the reduction of the flux by a factor two, when these data
‘are compared to those in table 6.6. Since the thickness of the double layer
‘membrane is twice that of the usual one-layer SLM, only half of the flux was
expected when the two membranes were well sticked together. This is a’ striking
'difference with the double layer experiménts in chapter 4[32]. There, double SLMs

- with two interfacially polymerized toplayers of piperazine and trimesoyl chloridé,
‘resulted in a flux which was higher than half the flux of a single SLM with only one -
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ktoplayer.

_ ‘Agam the stab111ty of these membranés is not increased. Therefore, ‘these .
~ experiments do not give any definitive answer to the question whether carrier is

lost also to the strip phase It is nevertheless remarkable that double layer

- membranes do not show any ﬂux after 1 day of degradation, which means there is -

no carrier available anymore for transport. Whether this is.due toa complete loss
of carrier into the aqueous phases, or to an absence of carrier in the gel layer, not
" supplied from the LM:phase in the pores of the support resulting in an

impermeable barrier, can not be said. Carrier determinations carried out by .
~ Neplenbroek et al. [1,31,37] were tried earlier in the project for SLMs with an . -

interfacially ‘polymerized toplayer, but did not give conclusive and reproducible
results. : - :

- TeOA as carrier

.Finally, the most successful experlment of Neplenbroek et al was repeated with

our test setups and chemicals to see whether stable SLMs were obtained. The
results are shown in figure 6.5. A few differences with the results- of Neplenbroeks
.are clear [1,3]. Firstly, the initial flux for for the coated membranes is lower than
that of the uncoated reference membrane, while Neplenbroek did not find a
. difference. This is possibly due to the larger thickness of the toplayers compared to

the layers of Neplenbroek ez al. Furthermore, also with a gel layer hardly any
improvement of the stablhty was observed for TeOA-SLMs. Both for uncoated

SLMs as for SLMs with a chemically crosshnked toplayer the fluxes decrease in
time. Neplenbroek et al. did not find a flux decrease after 80 hours of degradation
for the same membrane [1,3]. These remarkable differences of our results with
those of Neplenbroek are difficult to explain. One difference is the use of a 104 M
NaNOj aqueous phase for degradation, while Neplenbroek used a 10-4 M NaCl
" solution, but in both cases the flux for uncoated TOMA SLMs is nihil after 1 day so
" the difference is not that severe. Furthermore, maybe no or not a.complete

chemical crosslinking has taken place; but also this seems not the case since after .

addition of DCC and PDA the LM-phase/PVC mixture started so solidify, indicating -

- that the crosslinking reaction took place. It must be said clearly that the
experiments with TeOA were only carriéd out.in duplicate, but the difference
between our data and those of Neplenbroek is still quite astonishing then. The idea

© of gelation works for TeOA-SLMs as Neplenbroek et al. have shown [1,3] but

when our gelation method and test set-ups are used, there are problems in
reproducing their results. Whether this is due to minor differences in properties of

the chemicals (chfferent batch numbers) used, the way of gelatlon or the flux and .

stabﬂlty measurements is st111 an unanswered questlon
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Pigure 6.5.  Simulated long term stability of TeOA-SLMs with an intei‘facidl toplayer.
i Support: Accurel. Carrier: TeOA. PVC conceniration in toplayer: 40 wt%. crosslinking with 4.1 eq
" DCC and 0.82 eq PDA. Gelation by evaporation of THF. Casting knife thickness 100 um.

1 6.4 -  General discussion

' The results in section 6.3 show that gelation of the LM-phase, either homogeneous

- in the pores of the support or an interfacial gel layer on the feed side, is not able to

' improve the stability of SLMs used in this study when TOMA-CI is used as

" carrier. This result is opposite to measurements by Neplenbroek et al. [1,3], who

! found very promising results using a very similar carrier, TeOA-Br. The only

- difference between these two carriers is the replacement of one octyl group from

' ' TeOA-Br by a methyl group. This results in a carrier which is much more surface
‘ active than TeOA-Cl, and the use of TOMA-CI therefore results in SLMs which are
“much more instable when no stabilizing precautions are undertaken. The

- stabilizing effect of gelation seems to be dependent on the LM-phase used: already
-fairly stable systems can be stabilized as shown by Neplenbroek et al., but no
effect is seen when the SLM is too instable e.g. with TOMA-Cl as carrier.
Obviously, the mechanism for degradation of SLMs with these carriers is different.
TeOA-SLMs might degradate mainly by an emulsion formation process, which can
_be suppressed by gelation. On the other hand, other mechanisms might be
responsible for the instability of TOMA-SLMs which are not minimized by gelation.

f Although the gelation was carried out ina way very similar to that of Neplenbroek
.et al., the experiments with TeOA showed striking differences. This might indicate
‘that the idea of gelation itself works, but that the minor differences between our
. experiments and theirs causes the discrepa.ﬁéies. Firstly, the chemieals used by
‘Neplenbroek et al. and ours may differ. However, care was taken in using exactly

- - ¢
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.the same chemlcals (PVC, activator, d1am1ne carrier) and support material
(Accurel), with identical product specifications. Nevertheless, batch numbers
- might differ, and as a result there might be minor differences in their properties.
Although the amount of carboxyl groups for our PVC-carb was somewhat higher
than that used by Neplenbroek (1.8 wt% and 1.4 wt%, respectively) and the
amounts of activator and crosslinker somewhat lower, we don’t believe this can
explain the instability of both TOMA and TeOA SLMs with an interfacial gel
~ toplayer. Further, the toplayers were applied by means of a casting knife and not

by spreading the gel with a tissue on the support. The casting knife method is’
‘ ‘considered to give a more uniform toplayer thickness than the tissue method.
Another difference is the set-up used for the flux measurements. Although sonie-
instability is introduced by replacing feed and strip in between:the flux
measurements as mentioned in chapter 4 [32] this is' also the case in the
measurements of Neplenbroek. Besides, in our set-up ‘accumulators were
incorporated, which damped the pulsations of the pump and minimized v1brat10ns »
of the SLM. These accumulators were not present in their setup: T

It might be assumed that chemicals and working method used are not mainly .’
-responsible for the fact that no stability improvements are observed with gelated
SLMs. The whole idea of gelation was based on the assumption that SLM
instability in the system is caused mainly by an emulsion formation of the LM-
phase [1,3;17,31]. Preventing the LM-meniscus from deformation would lead to an
increase in stability, since emulsion formation was suppressed and thus a more
stable SLM would be the result. No effect on the stability at all was seen for SLMs
with TOMA as carrier when the LM-interface was gelated either homogeneously or .
by means of an interfacial gel layer. By this gelation the macroscopic viscosity of
* the LM-phase was increased, and thus the emulsion formation should be reduced.
Since no effect on stability was observed, there might be additional factors causing
loss of carrier and solvent from the liquid membrane. Such factors might be found
on a molecular level, e.g. dissolution of carrier or membrane solvent in the aqueous
- phases. Such factors might explain why 1nterfa01ally polymerized layers can
. improve the stability of TOMA-SLMs as presented in chapter 4 [32]. These layers
* have a high degree of crosslinking due to the use of the trifunctional TMCI as one of
the monomers. This might result in layers with a very small ‘mesh-size’ which can
decrease the loss of LM-phase by dissolution. In chapter. 7 of thls thesis, the »
gelation results presented here will be dlscussed further '

6.5 'Cbnclﬁsiohs

In contrast to the results of N eplenbroék et al. [1,3], gelation of the LM-phase -
when TOMA-CI is used as carrier, is not effective in improving the stability of
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relatively instable SLMs. By homogeneous gelation, the initial nitrate flux
‘decreases due to the decrease in diffusion rate of the carrier complex with
increasing polymer content. Due to the large thickness of the interfacial gel layers,
~ also the nitrate flux decreased in this case. In both types of gelation, the flux after
. 1 day of degradation was almost zero. This might be an indication of other,

‘additional causes of SLM instability when TOMA is used as carrier. '
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SLM DEGRADATION

A review on emulsion formation and other mechanisms

SUMMARY

In the first part of ‘this chapter the theoretical background of emulsion formation is
-discussed. The general theories on hydrodynamic instabilities and droplet shredding :
are applied to the supported liquid membranes used in this thesis with the objective
to calculate whether emulsification of the LM-phase is possible or not. Then, several

_ other possible causes of SLM instabilities are dzscussed in an attempt to ratzonalzze'
some of the experzmental observations.

Calculatzons on hydrodynamzcal instabilities and general rules used in
emulsification processes give no rise to an emulszﬁcatzon of the LM-phase in SLMs
for nitrate removal. However, the calculations are very rough, and nothing can be
said about the effect of interfacial tension gradients' Additional mechanisms like
. solubility of the LM- -components also seem to play a role in the degradatzon of SLMs
. with trzoctylmethylammomum chloride as carrier. :
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Chqm‘er 7

7.1 Introduction

' In the previous chapters it was shown that interfacial polymerization can be an
. ‘effective technique for the stabilization of supported liquid membranes [1-8]."
" However, when an attempt was made to increase the lifetime of relatively instable

' SLMs with trioctylmethylammonium chloride (TOMA) as carrier by gelation with.
i PVC, no improvement was observed [4]. This was differént from the results of
. Neplenbroek et al. [5-7], who observed a clear stability improvement applying the

. same gelation method on similar SLMs, but with tetracctylammeonium bromide
- (TeOA) as carrier. This might indicate that in our case other mechanisms for
- degradation are more important than in their system or that emulsion formation is

- much more severe for their SLMs. '

* This chapter will start with a closer look at the backgrounds of emulsion formation
" in general and in the case of our supported liquid membranes in particular.
© Furthermore, other possible causes for SLM instability, as presented before in
| chapter 2 [8] will be applied to our system in order to explain why gelation mlght .
" not work when TOMA is applied as earrier.

7.2 Emulsion formation
7.2.1 General backgrounds
. What is an emulsion?

. An emulsion is a disperse system consisting of two (or more) mutually insoluble or
~ sparingly soluble liquids. The liquid usually present in excess is called the
continuous or external phase, while the liquid dispersed in it is named the
" dispersed or internal phase. If the continuocus phase consists of water and the
- dispersed phase of an organic liquid, we have an ‘oil in water’ (o/w) emulsion. When

‘ * the water is finely dispersed in the oil phase it is called an ‘water in oil’ (w/o)

. emulsion. Both types of emulsions are schematically shown in figure 7.1. Other
" possibilities, but less often occurring, are ‘oil in oil’ (o/0) and ‘water in water’ (w/w)

~ emulsions. A daily example of an o/w emulsion is cow’s milk (ca 3.5 % fat dispersed
in the aqueous phase), while butter is a typlcal example of a w/o emulsion (ap to
- 20% Water in the dispersion) [9].
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(w/o) emulsion ' ‘ : 7(o/w) emulsion

Fig‘ui'e 7.1. Schematic drawing of types of emulsions in aqueous systems.
- Properties of emulsions *

Emulsjons with a mean particle diameter between 104 -106m usually have a
turbid and milky appearance. With a mean diameter of 106 - 10-8 m, they have
the typical appearance of colloidal solutions. Emulsions with a droplet diameter
below 10-8 m do not exist [9]. To prevent the droplets from coalescence after
formation, usually emulsifiers are added which build energy barriers preventing the
droplets from fusing when they collide. Polar emulsifier molecules usually .
accumulate at the interface between contmuous and disperse phase in such a way
that their hydrophlhc groups project into the water and their hydrophobic groups
project into the organic phase. '

The stability of emulsions

An emulsion can beregarded as stable when fusion of the droplets is prevented by
a sufficiently high energy barrier built up, e.g. by the presence of an emulsifier.
Emulsions are irreversible colloidal systems: due to the large energy barrier they.
are more or less stable. The emulsifier can be ionic or nonionic of nature. In the -
case of ionic emulsifiers, the accumulation of ionic surfactant (emulsifier)
- molecules in the droplet surface charges the drops. The charged groups -of the
~emulsifier are fixed on the oil/water surface of the dfoplet. Due-to the charging of
the droplets, the counterions are attracted to the surface by eléctrical forces-and
by an entrop1c force to distribute themselves over the continuous phase. As a.
result, the Helmholtz electrical double layer is formed. This electric double layer.
stabilizes the emulsion. Addition of electrolyte to the continuous phase causes a
reduction of the electric double-layer potential, whereas the Van der Waals
" attraction potential remains essentially unchanged. As a result, with increasing
electrolyte concentration the reduced electric double layer potential causes a
reduction of the total potential (attraction + repulsmn) and at a certain electrolyte
concentratlon the maximum barrier he1ght is reduced to a level at Whlch the
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- stability of the emulsion is lost depending on the absolute potenual values [10].
| This is-not only valid for the stability of emulsions, but for all colloidal systems
_ Friberg et al. ‘state that o/w emulsions can be stabilized by electric repulsion if the

© aqueous phase contains monovalent counterions at a concentration less than

"0.1 M, divalent ones at less than 0.01 M or trivalent ones at less than 0.001 M
- [101: In those cases, the zeta potential is 40 mV or higher, but this is only valid for

" a certain surface potential of the emulsion droplet which is not given by the
- authors. For higher. electrolyte concentrations or for w/o emulsions, the zeta

petential has no importance for stability and other stabilizing agents must be

' found, e.g. by adsorption of polymers (steric Inndra.nce) When emulsmns are not

' | stable, they will coalesce [11]

The role of the surfactant in the emulsification mechanism

{ The question is how an emulsion droplet is formed. Forfhe production of a stable

~ emulsion a suitable surfactant is necessary [12]. By its presence, the surfactant
. or emulsifier will lower the interfacial tension and c'onSequentIy the Laplace
pressure in the droplet will decrease. Disruption of the droplet will bscdme easier. In
. order for the surfactant to be active, it must be transported from the bulk liquid to
- the interface of the film as.fast as possible (diffusion effect), where it is adsorbed
- and forms a surface layer reducing interfacial tension as much as possible
" (adsorption effect). Apart from this diffusional surface adsorption, the Marangoni
. effect is also of importance. Due to local differences in the interfacial tension, the

o part of the interface with the higher interfacial tension will be contracted while the

interface with low ywill be extended. As a result, the droplet will be disrupted into

" | two smaller ones. Both processes are schematically drawn in figure 7.2. This

‘: smoothemng of the mterfamal tension takes place more rapldly as the dlffusmn or

* . spreading rate is larger.

interfacial adsorption (djffusion effect)

- interfacial spreading (Marangoni effect)

:} Figure 7.2. ‘ Schematical representation of emulsification mechanisms [9].
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Apert from the lowering of the interfacial tension, addition of surfactar\)t has

- several other effects [12]. Coalescence of newly formed drops is slowed down due to
the G1bbs-Marangom effect. Suppose we have two droplets approaching each

" other. During emulsification, adsorption of surfactant i is usually incomplete. The
interfacial tension will be the highest where the ﬁlm is the thinnest since the.Gibbs
elasticity is the highest there. The Gibbs elasticity equals twice the surface
dilational modulus, which gives the extent to which the interfacial -tension y is
different’ from its equilibﬁum value (= dy/d(InA), where A is the surface area) [12].

An interfacial tension gradient will develop, causing surfactant molecules to move

in the interface in the direction of higher v, dragging liquid along with it (Marangoni
effect). The liquid of the continuous phase forces its way into the gap between the
two droplets, pushing them apart and thus stabilizing the emulsion. This'is only .
valid when the surfactant is in the continuous phase. Ifit is in the d1sperse phase,
"no liquid streaming will take place since there are no y gradients and the droplets

. are not stabilized by this mechanlsm Another effect of interfacial tension
gradients might be that they cause such strong Marangom effects that the surface
might be so deformed as to shred droplets '

It was mentioned above that only in the case the surfactant is soluble in the
~ continuous phase, interfacial tension gradient might prevent re- coalescence of
formed emulsion droplets. This rule is known as Barncroft’s rule [9,12,13]: the
continuous phase is usually the one in which the surfactant is more soluble. The
rule'is only of importance in emulsification technology, where emulsions with a
‘small emulsion droplet size are desired sometimes. Several explanations can be
found for this rule. When the surfactant is in the d15persed phase, droplets are very
instable to coalescence or films lacking surfactant can not be made [12]. -

722  Emulsification

original - - : ' ' '  twonew

droplet C lamellar shear . _ droplets
.Figure 7.3. - Breakagé of an emulsion droplet into two new ones in lamellar shear [10]. '
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- For the formation of emulsion out of two immiseible liquids, mechanical energy is -
",necessary. Firstly, the interface between the two phases (the film) has to be
" deformed to such an extent that droplet formation takes place (see section 7.2.3).
'Next‘, these droplets are broken up or.disrupted into smaller ones due to shear
. forces [12]. This disruption of the droplets, schematically drawn in figure 7.3, is a
. critical step in the preparation of emulsions with a small droplet diameter [13].

' The droplets have to be deformed to achieve their disruption. This deformation is'
- opposed by the Laplace pressure. Fora spherical droplet with radius r, the Laplace

pressure is equal to the left-hand side of equatlon (1) f12], Whlch was already
‘ mentioned in chapter 2: ' :

where AP is the pressure difference between the convex and concave side of the

" droplet, yis the interfacial tension between the two phases and Ry and Ry are the -

- two radii of curvature. Any deformation of the droplet will result in a pressure

. difference AP, which has to be applied over a distance r to disrupt the droplet. The

droplets can also be deformed by shear stress due to an applied velocity gradient,

resulting in viscous forces exerting on the droplets by the surrounding liquid. The
. ratio between these viscous forces and the Laplace force is called the Weber

' number, defined by equation (2) [10] '

Ne Gr
—y

We = - (2)

: In equation (2), We is the Weber number, 1, the (dynamic) viscosity of the

" continuous phase, G the velocity gradient, r the radius of the emulsion droplet and vy
- the interfacial tension between the two phases. For elongational flow (i:e. flow with

. a velocity gradient in the direction of flow), G is equal to dvy/dx. [12]. The Weber

" number is only of mportance for the final diameter of the emulsion droplets

+ formed. It shows that when the interfacial tension yis higher, the emulsion droplet

. size will be larger when 1, and G are constant. For viscosity ratios of the dispersed

; phase to the continuous phase of less than approximately five, a rule of thumb is

' that the Weber number should be larger than one [10]. Higher viscosity ratios -
. might lead to rotation of the droplets rather than to breakage of the droplet. .

- 7.2.3 Film deformation
. At the onset of emulsion formation, there are often two bulk phases. Because of

the presence of surfactant, an interfacial tension gradient dy/dz might be present
' generated e.g. by shear stresses as a result of streaming. This implies that the
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interface is locally expanded or compressed, and surfactant molecules will diffuse
towards the interface to lower the interfacial tension (see figure 7.2). The
interfacial tension gradients are essential for emulsion formation. When the
surfactant concentration is not too small, adsorption of surfactant is fast enough
to keep up with the formation of new mterface Droplet formation may take place
due to several mechanisms which were already mentioned in chapter two of this
thesis [8] and reviewed by several other authors in literature dealing with

- emulsions in general [12-14]. Suppose we have two phases with densities P1 and

P2, where py > p, and viscosities 17 and ng. Droplet formation might take place by
the following mechanisms: «

(a) Turbulence. 'Turl.)ulent eddies disrupt the interface Wlien the Reynolds-
number exceeds a certain value and fluid flow gets irregular. The Reynolds number’
is given by equation (3): : '

<t

Re:de,

- (3) -
where p is the density, v the flow velocity, d is a characteristic length and 1 the

viscosity of the fluid. Approximate calculations show this type of hydrodynamic
_ instabilities do not cause disruption of the interface unless yis very low [12].

, (b) Capillary ripples. Surface waves (‘ripples’) are developed by any. disturbance
of the interface. This might lead to shredding of droplets. Usually, these waves are
‘damped (e.g. by the presence of surfactant or the viscosity of the liquids), but
when an external source keeps acting at a suitable frequency, standing waves are
formed and the amplitude will increase till disruption of the interface occurs. Large .

v gradients also cause interfacial turbulence and poss1b1e droplet shredding.

(c) The Rayleigh- Taler instability This type of hydrodynamic instability
-occurs when the interface between two phases is accelerated perpendicular to 1ts'~
plane and directed from the lighter into the heavier phase, where acceleration due
to gravity must be taken into account. For the preparation of emulsions' by
shaking this mechanism is of importance, but in other situations the importance of

the Rayleigh-Taylor instability is doubtful [12]. - ‘

(d) The Kelvin-Helmholtz instability. When two phases move with different
velocities u; and ug parallel to the interface, instabilities will arise. The
development of waves on the water surface due to blowing of the wind is an
example of this type of instability. Chandrasekhar derived several equations which
must be fulfilled otherwise surface forces will damp the waves [12,14]. For the case .
of two uniform liquids in relative horizontal motion,‘ separated by a horizontal
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boundary, any perturbation will be enheméed When'for constant v[12]

n ‘
gs_2ot-dl : @
p1p2(ug-ugf B :
- and ° :
_ _ ~ pip2 .
K where k = wave number = 2 /A [m-1];
" A =wavelength [m];

a = acceleration (= the acceleration due to gravity = g =9.81m s2).
. When the actual Veldcitj.r difference (u;-ug) is larger than the one calculated with
~ equation (5), waves will not be damped by surface forces. Whether this will lead to
-, shredding of droplets is not certain.

(5) Other instabilities. Several other instabi]ities are known which might cause

' interfacial instabilities. For instance, the-Benard instability is due to density -

R differences and might occur in homogeneous liquids too (unlike Kelvin-Helmholtz or
Rayleigh-Taylor instabilities). As a result of temperature or concentration
- gradients, heavier particles might be above lighter onesin a gravitational field. This
' situation tends to redistribute itself which is only possible when buoyancy forces
" exceed the viscous resistance by a certain amount [13].

- In general, it is difficult to deduce which from the above mentioned mechanisms will
be mainly responsfble for droplet formation since it will depend on the conditions.
' Most likely, a combination of several effects seems most reasonable. It is known,

~  for instance, that on 1a.rve ripples caused by Raylelgh Taylor mstabﬂltles, Kelvin-

" Helmholtz mstabﬂltles can develop.-
724 Emuﬁsiﬁcation in SLMs

In the forthéoming section, physical properties of the liquid membrane system as
‘used in the previous chapters will be used to analyze roughly whether
. emulsification of the LM-phase is possible with these SLMs and which
: hydrodynamical instabilities might be responsible for droplet formation. One must
bear in mind hewever, that much of the knowledge concerning emulsion formation
o “is ‘still of a cookbook nature’ as Walstra pointed out [12].

: The rule of Bancroft can not be used to decidé whether emulsion formation can
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take place in SLMs or not. The solub111ty of TOMA-C1 and TeOA-Br in  water is -
- lower (see table 7.8) than in the LM-solvent [15,16]. Then, the rule of Bancroft only
tells us that the coalescence of already formed o/w emulsions of the LM-phase.in
water will not be prevented by interfacial tensmn gradients. For the destabilization
of SLM by emulsion formation it is only necessary that an emulsion. droplet is
formed and split off from the LM-meniscus. For that reason, the effect of
hydrodynamic instabilities on emulsion formation are interesting arid this will be "
discussed next. " ‘

Physical properties of the solutions"and the nembrane-.

For calculations, knowleédge of the phy_sicél properties of the aqueous feed and strip
_ phases and the different LM-phases are necessary. These are listed in tables 7.1
and 7.2, respectlvely Note. that the properties of the aqueous phases are h
measured at 20’ °C and those of the LM-components and LM-phases at 25°C.No .
salt solutwn data at 25 °C were found. For the LM-solutions, a density of
1.03 * 103 kg m-3 was used [5,17]. For 0-NPOE, adensity of 1.04 * 103 kg m-3 is
found in literature [18]. :

Physzcal propertzes of aqueous phases at20 °C 1. 19]

Table 7.1..
aqueous phase- - solute den'sityh absolute viscosity '
(103 kgm3] . ", [Pl .
water - ©0.9982 ~ 1002
feed 4*10-3 M NaNOg 10.9987 -1.003
“strip 4 M NaCl - 1.1500 1.585
.. Table 7.2. Physical properties of LM-systems at 25 °C [5,20].
interfacial tension
solvent carrier - - viscosity * water 4.0 M NaCl
(0.2 M) [cP] [103NmH | [103Nm1]
oNPOE - - 123 279 35.0
o-NPOE TeOA 21.0 16.4 17.3
0-NPOE TOMA 17.1 5.0 13

Firstly, it is tried to calculate whether the flow pattern in the membrane module is
laminar or turbulent, where we restrict ourselves in this discussion to the flat
. sheet module used most frequently throughout this thesis. In the case of turbulent
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' flow and a low viscosity of the continuous phase 7, inertial (AP) forces are usually
' predominant for droplet disruption, contrary to laminar flow [12]. Theories for
- droplet disruption are different in the two cases. However, in the membrane module
. the flow pattern of the aqueous phases is not well defined. At the inlet of the
" module, the tube has a diameter between 8 and 5 mm, depending on the module
:i used. At a volume flow of 5.5 ml s'1 as always used in the experiments, the mean

 velocity of the fluid can be calculated with equation (6): '

o=vA, o o ON

“where ¢ is the volume flow rate, v the mean velocity and A the cross sectional area
. of the tube. By using equation (3), it can be calculated that the Reynolds number
 for the feed phase lies between 1400 and 2300, while for the strip these values are
1 1000 and 1700, respectively. Generally, for fluids in a tube the flow pattern

"' changes from laminar to turbulent at a Reynolds number of approximately 2100
f [21]. This means that at the inlet of the cell the transition of laminar flow to
' turbulent flow has just started. In the membrane module itself, the situation is
much more complicated. For non-circular geometries a hydraulic diameter has to
. be used, which is defined as four times the cross-sectional flow area divided by the
appropriate flow perimeter [21]. For a rectangular pipe Wlth height H and Wldth W,
- the hydraulic diameter dy, can be calculated using :

d_.zHW . . Ty
h H+B : T (),

. The membrane module is of circular shape (see figure 4.3), but in the middle one
: might consider the cross-section, perpendicular to the membrane, as a rectangular
. pipe for rough calculations. By i‘eplacing the diameter in.equation (38) by the
i hydraulic diameter calculated with equation (7) using 48 mm and 18 mm as width
and héight, respectively, the Reynolds number would be approximately 170 (feed)
. and 120 (strip), clearly in the laminar regime. However, these are very rough
- estimates. As already mentioned, the flow patterns are not well defined in this
* module. Furthermore, several inlet and outlet effects take place. At the module
' inlet, the fluid flows as a jet and gradually expands to fill the module with a
. recirculation flow outside the jet [21]. At the outlet, we have a sudden contraction
' of the flow. The flow pattern there is different from the inlet. Nevertheless; we
" assume for the forthcoming analysis that the flow throughout the cell is mainlj
! laminar, apart from a very small region around the inlet of the membrane module,
. but-one must bear in mind that there is no certainty about it.

: In section 7.2.3 several possible hydrodynamical instabilities were mentiqﬁed. Not
- all of them might play a role when emulsification of SLMs really takes place.
. Interfacial turbulence will only play a role when the interfacial tension y between
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"LM-phase and the aqueous phase is extremely low. As can be seen in table 7.2,
‘interfacial tensions are not extremely low so turbulence is excluded: Capillary
ripples are caused by any disturbances of the interface in SLMs, like vibrations of
the membrane due to pumping of the aqueous phases across its surface. Its effect’
* might be damped by y gradients, but nothing is known about these gradients for our
system. Nevertheless, when vibrations of the membrane are severe, the formed
ripples might finally lead to shredding of droplets The Raylelgh Taylor instabilities
" are only of importance when the acceleration of the lighter into the heavier phase
" is'very high, taking the gravitational acceleration into account. At the feed side, the
aqueous phase density is lower than that of the organic solution, so accelération of
the LM-phase into the feed phase might enhance interfacial instabilities. The
opposite is the case for the stnp phase since its density is- Iugher than that of the
LM—phase

" Most hkely as main cause of local deformations in SLM systems seem to be the
Kelvin-Helmholtz instabilities. By using equation (5), it is possible to estimate
roughly whether any perturbations of the meniscus will be enhanced or not. The
calculation, however, is only valid at the inlet of the module, since nothing is known
about the velocities of the aqueous phases in the module. Densities and interfacial
tensions were ‘taken from tables 7.1 and 7.2. It is assumed that the interfacial
tension between the feed containing 4 * 10-3 M NaNOg and LM-phase is the same
as that between pure water and LM-phase as given'in table 7.2. It can be

- calculated then that for TeOA, the velocity difference between the aqueous phases
and LM-phase should be larger than 9.4 cm s-1 (feed) and 12.9 em -1 (strip). For |

- TOMA, these velocity differences are 7.0 and 10.4 cm s-1 for feed and strip side,
respectively. At the inlét of the membrane module, the mean velocities are

78 cm s-1 for the 3 mm inlet and 28 cm s°L for the 5 mm inlet. The Veloc1ty of the

LM-phase is zero due to the immobilization in the pores: This means that at the

inlet of the module, the condition in equation (5) is fulfilled and any d,lsturbance of

‘the interface will be enhanced. In other parts of the module nothing is known about
the velocity of the aqueous phases. The crosssectional area perpendicular to the -
membrane is considerably larger, and therefore the mean flow velocity is smaller
and can drop easily below the critical values calculated before. So, it seems not
likely that everywhere in the module Kelvin-Helmholtz instabilities cause emulsion
~ droplet shredding. However, this is not necessary for SLM degradatlon when only
at the inlet of the module emulsification of LM-phase is possible, the membrane
- might also be regarded as being instable. Even when the velocity is high enough,
nothing is known about the effects of y gradients and viscosities of the phases on
the effect of the Kelvin-Helmholtz instabilities. On this basis, it can therefore not
be concluded that the LM-meniscus W111 be deformed to such an extent that "
' droplets are formed. _ : . \

Once emulsion droplets have been formed or are almost splii; off the LM-meniscus,
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. they can bounce back to the LM-phase in the membrane pores or be broken up by
. shear forces into smaller ones. Whether the droplets can coalesce with™ the
' remaining LM-phase in the pores is influenced by their stability. The stability on
. the other hand is largely influenced e.g. by surfactant type, electrolyte
i concentration and flow velocity. Neplenbroek et al. indeed showed these variables
3: ' to be of importance on emulsion stability and SLM instability [5,17]. Zha criticized -
the hght transmission measurements carried out by Neplenbroek ef al. who used

" it as a as criterion for emulsion stability. Droplet size distribution measurements °

" as a function of process and product variables for n-decanol in different aqueous

| solutions were therefore carried out by Zha [22]. It was found that with increasing "

- salt concentration in the aqueous solution it was more difficult to form o/w
emulsions and the formed emulsions were less stable. '

" Tt is not easy to predict whether droplet break up by shear forces occurs due to the

| irregular and unknown flow pattern in cur membrane module. In equation (2) the

'Weber number was mentioned. However, nothing is known about the velocity
. gradient G at the membrane surface in the module, so the Weber number can not

. be calculated. Since the velocity in the module is very low (mean flow velocity in .
. the middle is 0.64 cm s1), it is expected that the gradient is also low and We willbe

. <<1. A rule of thumb was that We should be in excess of one for droplet break up

when viscosity ratios of dispersed to continuous phaseis smaller than 5 [10]. The

. ratio is larger than five as can be concluded from tables 7.1 and 7.2. Nevertheless;

" the very low Weber number is indicating that break up of droplets will not take

: place in the membrane module. The droplets, when present will rotate rather than

- break due to the hlgh ratio ng/m, [10,12, 13]

DAt this moment, it might be concluded that several rules of thumb and rough
' calculations presented above show that the formation of emulsion droplets in
. SLMs as used throughout this thesis by hydrodynamic forces alone in the whole -
. m_embréne module is not very likely (but also not necessary!). The energy applied
by streaming of aqueous phases across the liquid membrane seems not enough to
. cause sufficient hydrodynamic instabilities. However, since interfacial tension
' gradients play a very important role in emulsification and nothing is known about
these gradients, emulsion formation can still take place. A strong point in favor of

the emulsification hypothesis is that all ochservations (influence of salt type and

o concentration, flow velocity, carrier structure) can be explained well in that

; context

'7.3.  Other causes of SLM instability

Neplenbroek et al. also showed that the applicatidn of an interfacial, ﬁ:hemically
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. crosslinked PVC gel layer at the feed side of the SLM could prevent loss of LM-
phase [7]. Slmlar expenments with TOMA as carrier and a PVC gel toplayer -
described in chapter 6 of this thesis did not show any stability improvement. In
case emulsion formation is also the most important mechanism for degradation of

our membranes, gelation should improve the stability. Gelation of the LM-phase '

will decrease the deformation of the LM-meniscus. As a result, emulsification will -
be suppressed and the membrane should become more stable. The fact that this is

not observed experimentally, indicates that other mechanisms 6f SLM degradation -
are playing a more important role in TOMA-SLMs, on which gelation has no or only
minor influence. In this section, an attempt is made to. explain these 1nstab111ty
* phenomena.

. T e \%\:1\\0\ <

vibrations of the membrane @

Figure 7.4. " Several mechanisms for SLM degradatzon 1: Dzssolutzon of carrier. 2: Aggregate ’
formation (micelles). 3: Reversed micelles. 4: Vibrations of the membrane. -

In figure 7.4, several mechanisms for SLM degradation are depicted. Firstly; the
dlSSOluthIl of carrier and/or solvent into the adjacent aqueous phases might play a - -
role. Neplenbroek et al. pre-saturated the aqueous phases with the organic LM-
solvent (decanol or dibutylphthalate), but still found for their a_ considerable

- amount of solvent removed from the ‘SLM [5,17]. However, no saturation
experiments with the LM-pliase (both solvent and carrier) were carried out or
described in their work. So, solubility effects still might play a role for gelated
TOMA-SLMs. Throughout this thesis, mainly SLMs consisting of o-NPOE and
TOMA-CI were used. The solubility data for this carrier and solvent are given in
table 7.3, together with the values for several TeOA salts. :

In table 7.3, one can see that the solubility of o-NPOE in water is very low, so the
loss of 0-NPOE by dissolution in our system will be much smaller than the loss of
carrier by dissolution. With the data given in ‘table 4.1 for Accurel supports

" (porosity. and th1ckness) and the diameter of the membrane module (74 mm) a
total pore volume of 0.2819 ml can be calculated. The aqueous. feed volume is
130 ml during SLM flux measurements, being much larger than the volume of LM- ,
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phase in the support. The carrier concentration is always 0.2 M at the beginning of
. the experiment. Suppose all carrier is lost to one aqueous phase, then the
maximum carrier concentration in the aqueous phase would be 4.84 * 10-4 M. Tt is
_clear from table 7.3 that this can be reached easily for TOMA-CI since the
i maximum solubility in water is higher. Furthermore, for every flux or stability

measurement both phases are replaced by fresh ones. Every time a phase is
replaced by a fresh one, loss of carrier to the aqueous phase by dissolution might
" continue until all carrier is lost and no flux can be detected anymore. However, care

must be taken in the interpretation of the maximum solubility data since ‘these
data are of the pure components, and in the SLM we have a combination of organic

solvent (0-NPOE) and carrier. In fact, knowledge of the distribution coefficient of
' carrier between the aqueous phase and O-NPOE is needed,'but this is unknown.

v Solubilities of SLM components (carrzer and organzc solvent) in pure water. All
R dam at 25 °C, except TOMA CI at 30 °C. : ot

component - solubility in HoO solubility i.n'HQO HyO solubility reference
[g1] [mol/i] i g

o-NPOE 0.16 * 10°3 641077 0.98 18
TeOA-Br 0.049 9.00 * 105 15
TeOA-NOg 0.0295 5.58 %10 15
TeOA-CIT 0.29 5.70 * 104 15
TeOA-CIO4 0.00244 4.31%10°6 15
TOMA-CI* 404 102 16.

' ' 0.404 . 103

.t Forms a two liquid phase system in which a faiﬂy dilute aqueous solution is in equilibrium
with a fairly concentrated solution. The solubility given is the maximum concentration in the
:‘ dﬂute aqueous phasg. .

: Only a solubility range (between 102103 D was found in'literature. Nothing was mentmned
about the purity of the used TOMA-CL.

' When solubﬂiw plays a major role in degradation of the SLMs used in this thesis,
; we have to show why loss of carrier takes place to the aqueous phase since it was
‘shown by Neplenbroek et al. that the amount of TOMA removed from the SLM
. was lower when the salt concentration was higher [5,17]. The solubilities in table
.7.3 are all in pure water. When salt is added, the solubility of the carrier will
‘decrease. The solubility product is constant, and when the anion concentration
. increases this implies that the amount 6f carrier cation which can dissolve in the
" aqueous phase should decrease. The high salt concentration at the strip side might
: explain why loss of carrier only occurs at the feed side where the salt concentration

-180-



SLM degradation- a review on emulsion...
is low.

‘Solubility effects as an additional mechanism, next to emulsion formation, for
" TOMA-SLM degradation might explain the gelation results presented before in
chapter 6. It was observed that the application of a thin, chemically crosslinked
PVC gel layer at the feed side of the membrane did not stabilize. the SLM [4],
different from the promising gelation results of Neplenbroek when TeOA Was used
as carrier [5,7]. Gelation will suppress deformations of the LM-meniscus and.
prevent the formation of emulsion droplets, assuming emulsification is possible in
SLMs. When using gelled TOMA-SLMs, emulsification might very well be
prevented. However, the gel network might still be so open that the carrier can
dissolve in. the adjacent aqueous phase. In that case the solubility effect is the
predominant mechanism for TOMA-SLM degradation and the stability of TOMA-

- SLMs will not increase as a result of the application of a gel toplayer. For TeOA-
SLMs, the solubility mlght be of minor importance, and gelation in order to prevent
- membrane degradation by emulsmn formatmn will be more effective.

Hollow ﬁb'er results in chapter 5 sho_wed a clear influence of the aqueous feed
_composition during degradation on the nitrate flux after a large amount of fresh -
aqueous phase has been passed through the fiber [3]. When the usual feed solution -
of 4 * 10-3 M NaNO3 was used in between two flux measurements, a reasonable
flux was still present. After passing pure water through the lumen, no flux could be
detected anymore. Both emulsification and solubility effects. can, explain these
results. Suppose enough energy has been supplied to the system to emulsify the
LM-phase. An increase in salt concentration will decrease the emulsion stability.
According to the emulsion formatlon hypothe51s of Neplenbroek et al. [5,17], SLM
stability will increase with increasing salt concentration, which is in accordance
with our results. The presence of salt will also influence the solubility of LM

- components as already mentioned before. Although the effect seems to be quite
drastic for this low salt concentration, it fits in the picture: the higher the salt
" concentration, the lower the loss by dissolution and the more stable the membrane,
Calcilation of the-amount of carrier dissolved-into the aqueous phase, however, is
not possible due to the lack in knowledge of the partltlon coefficient of the carrier

betWeen 0-NPOE and feed phase. - -

Solubility on a molecular scale alone. however fails to explain the high loss of
0-NPOE when either both carrier and solvent or solvent alone are present in the
VSLM.A The solubility of o-NPOE in pure water is very low, 0.16 mg I-1, as can be
seen in table 7.3. However, in chapter 3 table 3.5, it was reported that the loss of
0-NPOE after 1 day was in the order of 10-15 mg in absence of carrier and in
between 11-20 mg when carrier (TOMA or TeOA) was present [11. Although feed
-and strip phases were replaced for enhanced degradation purposes and some of the
LM-phase might simple be pressed out of the support due to the way the two cell
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" halves were squeezed together, resulting in an inaccurate LM-loss measurement,
 this loss of 11-20 mg of solvent is still high. Emulsification of the LM-phase can
: explain this high loss, but solubility effects hardly can. Therefore, for TOMA-SLMs
- without a gel or polymeric toplayer, emulsification of the LM-phase as mstablhty
- mechanism can not be excluded

'In figure 7.4, several other additional mechanisms for TOMA-SLM degradation

‘; were suggested. In case the amount of carrier dissolved in the aqueous phase is

~ above the so called critical micelle concentration (cmc), micelles or aggregates of

. TOMA in water might be formed. When micelles of TOMA in the aqueous phase
can be formed, additional TOMA can dissclve. An increase in salt concentration

" tends to decrease the ecmc [23]. For TeOA, no data on micelle formation were found

“and it is not likely that symmetrical tetraalkylammonium salts form micelles [24]
Okahata et al. measured a ‘emc’ in water for TOMA-CI by surface tension -

measurements [16]. According to the authors, TOMA-Cl forms aggregates at very
-low concentrations (in between 10-4 and 10-5° M), but no data on the purity of the
-carrier were given. Furthermore, although the determined ‘cmc’ for CTAB
- (cetyltrimethylammonium bromide, a cationic surfactant) agreed well with
_‘t literature data, the surface tension of CTAB in water as measured was always
"higher than that of TOMA-CI in water, which might indicate that the TOMA-Cl
-used had a low purity. Therefore, the ‘emc’ data are considered to be rathier doubtfil
Kunitake et al. [25], from the same group as Okahata, reported identical

' measurements on the critical micelle (aggregate) concentration of CTAB and -
'TOMA-CL. The ‘cmc’ was determined by a dye method and found to be ca.
-3 * 10~4 mol I-1. By 'means of a laser light scattering method, the aggregate weight
'was measured. TOMA had an aggregate weight of lower than 104 g mol-1,
.indicating a small and tight aggregate. Due to the small size of the micelles and the

. question whether the concentration of TOMA in water can reach the ‘m¢’ in actual

_ 'SLM processes, micelle formation is not thought be an additienal cause of SLM
.instability in our system.

‘j‘On the other‘hand, TOMA-Cl is used for the reversed micellar extraction of proteins
_ (for a review article see Sebba [26]). As organic solvents for reversed micelles of
'TOMA orAliquat 336 (a mixture of several trialkylmethylammonium compounds
3wif:h~ TOMA as one of the main components) cyclohexane and iscoctane are
‘reported [26,27]. By means of reversed micelles, where the ‘continuous’ phase is an
‘oil phase and the reversed micelle interior consist of water, the aqueous feed and
- 'strip phases might be introduced into the SLM (figure 7.4). However, it is unknown
whether TOMA can form reversed micelles.in 0-NPOE, and what, their size is. For
‘TOMA-NOj in xylene, it was found that for the extraction of rare earth elements
j:feight water molecules were associated with four TOMA molecules [28]. It seems
unlikely that such small micelles can introduce a significantly large amount of
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water into the SLM to .replace the organic phase and to degradate the SLM.
Furthermore the effect of salt concentration in the aqueous phases on SLM
stability can not be explained with reversed micelle formation.

Flnally, as mentioned before, vibrations of the membrane can be a cause of SLM
instability. It may enhance emulsion formation by causing capillary ripples to ,
' develop ‘on the LM-meniscus [12]. Furthermore,-in combination with' émall
'presvsure gradients LM-phase might be pressed out of the support. - ‘

74 - Conclusions
In this chapter the emulsion formation hypothesis of Neplenbroek et al. as main
mechanism of LM degradation was reviewed. By means of several rough
. calculations on hydrodynamic instabilities it was shown that for the flat sheet
SLMs as used throughout this thesis, it is doubtful whether enough energy can be
supplied to the interface for droplet shredding throughout the whole membrane
module. However, nothing could be said about the effect of interfacial tension
gradients on emulsion formation. Furthermore, with emulsion formation most
experimental results can be explained. Dissolution .of the LM-components in the
adJacent aqueous phases might be-an additional cause for the instability of TOMA-
SLMs in order to explain the gelation data in chapter 6. Most likely, the mechanism
. most 1mportant for the the instability effects of an SLM are dependent on the type

.of membrane and experimental procedures )
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‘Summary

SUMMARY

Membrane processes provide a relatively new and economically attractive
separation technique. One type of membrane processes, i.e. the use of facilitated
transport in liquid membranes, is particularly attractive. Compared to other

‘membrane processes, liquid membranes show high selectivities, high diffusion

" rates through the liquid and provide the possibility of concentrating species by
means of a coupled transport process. The work described in this thesis is focussed
on supported liquid membranes (SLMs), in which an organic solvent containing a
-selective carrier is immobilized in the pores of a microfiltration membrane. In spite
of their ¢lear advantages are SLMs not used on an industrial scale nowadays. The '
main reason for this is their lack of stability and subsequently short lifetime. In
this thesis, a new method is presented to stabilize SLMs: the precipitation of a -
polymerie toplayer on the macroporous support by an interfacial polymerization
which decreases the loss of the membrane liquid to the adjacent aqueous phases.

In ch.apterl la general introduction on membfene technology is given. Special
attention is paid to two types of liquid membranes, i.e. the emulsmn I1q1ud
membrane and the supported liquid membrane.

The major problem concerning SLMs is their instability. Due to the loss of carrier
" and/or solvent from the pores of the support, both selectivity and flux are lost after
some time. In hterature several mechanisms are proposed with which the authors -
try to explain the degradation of an SLM. In chapter 2 an overview is given on
these mechanisms. Most likely, the solubility of carrier and membrane solvent in
the adjacent feed and etrip solutions, and an emulsification of the LM-phase in
water induced by lateral shear forces are the main reasons for SLM degradation. In -
~ this chapter also several suggestions for SLM lifetime improvement are critically
reviewed. Although new liquid membrane conﬁgurations seem to be very stable,
modifications of the LM-phase by addmg a gel forming polymer is a s1mp1e and
pronnsmg technique. : ‘

In literature the application of a thin, chem1ca]ly crosshnked PVC toplayer on one }
side of the SLM in order-to improve the lifetime of SLMs for- nitrate removal is
descrlbed Based on this earlier work, polymeric toplayers were dep031ted on SLM
supports by means of an interfacial polymerization reaction. This technique is well
" known for the preparation of composite membranes, as is described in chapter 3.
From literature references, several monomers were chosen and polymerlzed on top
of microfiltration membranes. These composite membranes were used as support
for SLMs for the removal of nitrate ions from water. The objective of this study
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- was to find suitable toplayers for the stabilization of SLMs, without a signiﬁcant

" ' reduction in nitrate flux. Most of the applied toplayers did not hinder the transport

. of nitrate, but only a few of them could increase the stability of the SLM. The best
. results were obtained when piperazine (PIPA) and tmmesoylchlonde (TMC]) were
. used as monomers.-

+ There are many factors which influence the final properties of pblymers if prepared
. by an interfacial polymerizétion reaction. Some of these factors were
: systematically varied in order to elucidate their influence on the stabilizing effects
i of P[PA/’I‘MCI‘toplayers. Furthermore, the application of the toplayer is optimized.
| The results are described in chapter 4. Very promising results for relatively
. instable SLMs were obtained when a mould was used for the preparation of the
. toplayer on the support and when the toplayer was kept in the wet state after
© polymerization. Several other, piperaziﬁe—h’ke ‘monomers were also able to increase
the lifetime of SLMs, sometimes even with a clear increase in initial nitrate flux
. compared to uncoated SLMs. Different characterization techniques were used to
- investigate the structure and chemical compesition of the toplayers. These
~ techniques could not explain the nitrate flux decrease and instability of SLMs with
a PIPA/TMCI toplayer when an acid acceptor was added during polymerization. In
" the second appendix to this chapter, results are presented which might be an
i mdlcatlon that the LM—phase can swell the PIPA/TMC1 toplayer

. For the industrial application of SLMs and from an economical point of view, a
| hollow fiber configuration is more attractive than flat sheet membranes. In
* chapter 5 results are presented on hollow fiber SLMs for nitrate removal. Two.
. different set-ups were designed to test the fibers: one which worked batch-wise and
- one in which nitrate was continuously removed from the feed solution. After
. coating the lumen side of the fibers with a toplayer of PIPA and TMCI by means of
. an -interfacial polymerization reaction, fluxes and stabilities of the fibers were -
-t _cdmpared to those of uncoated fibers. It was observed that the application of the
toplayer increased the life-time of the hollow fiber SLM. However, ‘the application
. of an uniform toplayer on the fiber is not easy, as was revealed by the scattenng in
‘ ﬂux data and by structural investigations using scanmng electron microscopy.

From literature it is known that gelation of the LM-phase results in more étable
. SLMs. To compare both techniques the results of gelation experiments with our
_ nitrate removal system are presented in chapter 6. Polyvinylchloride (PVC) was
! used as gel forming polymer, and either the whole LM-phase was gelated, or a
chemically crosslinked gel layer was applied on top of the SLM. In all cases,
" gelation did not result in an increase of the stability. The results indicate that an
emulsification of the LM-phase is-not the only mechanism for degradation of our
- SLMs. - ,
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Summary

.The results obtained in this thesis gave rise to a critical look at the emulslon
formdtion hypothesis and other mechanisms for’ SLM degradation. In chapter 7

calculations on hydrodynamic instabilities and some general rules on emulsion
formation showed that only in a very small part of the membrane module
emulsification of the LM-phase is probable for our system. However, the effect of
interfacial tension gradients was not taken into consideration. Additional
mechanisms like the solubility of carrier and orgamc solvent in the adjacent
aqueous phases also seem to be 1mportant
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Sdamenvatting

' SAMENVATTING

A

Membraanprocessen bieden een relatief nieuwe en ekonomisch aantrekkelijke:

" scheidingstechniek. Eén soort membraanproces, het gebruik van gefaciliteerd

transport in vloeistofmembranen, is bijzonder aantrekkelijk. Vergeleken met
andere processen, hebben vloeistofmembranen een hoge selektiviteit en een hoge.
diffusiesnelheid door de vloeistof en bieden ze ‘de mogelijkheid deeltjes te
koncentreren door middel van een gekoppeld transport. Het werk, zoals beschreven.
in dit proefschrift, heeft betrekking op gelmmoblhseerde Vloelstofmembranen
(supported liquid membranes: SLMs), waarin een organisch oplosmlddel met een

“‘carrier’ is geimmobiliseerd in de porién van een microfiltratiemembraan. Ondanks

dé voordelen die SLMs bieden, worden ze vandaag de dag niet toegepast op
industriéle schaal. De belangrijkste reden hiervoor i is het gebrek aan stabiliteit en
de daaruit volgende korte levensduur. In dit proefschrift wordt een nieuwe methode
beschreven om SLMs te stabiliseren: het aanbrengen van een toplaag op de "
macroporeuze drager door middel van een grensvlakpolymerlsatle die het verlies
van de membraanvloeistof naar de aangrenzende waterige fasen vermmdert

In hoofdstuk 1 wordt een algemiene inleiding op het gebied van membranen
gegeven. De aandacht gaat speciaal uit naar twee soorten Vloelstofmembranen

het geémulgeerd vloeistofmembraan en het gelmmoblhseerd vloeistofmembraan.

Het belangrijkste probleem betreffende SLMs is hun'instabiliteit., VanWege het
verlies van carrier en/of .oplosmiddel uit de porién van de drager, veranderen
selektiviteit en flux na enige tijd. In de literatuur worden verschillende mecha-
nismen voorgesteld, waarmee de auteurs de degradatie van SLMs proberen te
verklaren. In hoofdstuk 2 wordt een overz1cht gegeven van deze mechanismen. De
oplosbaarheid van carrier en Oplosmddel in de aangrenzende Waterfasen en een

emulsificatie van de vloeistofmembraanfase (LM-fase) in water als gevolg van. -

afschu.'lfkrachten lijken de belangrijkste oorzaken van SLM degradatie. In dit
hoofdstuk worden ook verschillende suggesties voor het Verhogen van de
Ievensduur van SLMs kritisch bekeken Alhoewel nieuwe uitvoeringsvormen voor

vloeistofmembranen stabiel lijken te zijn, is een modificatie van de LM-fase door

het toevoegen van een gel-vormend polymeer een simpeler en veelbelovende
techniek.

In de hteratuur is het aanbrengen van een dunne, chem1sch gecrosshnkte PVC
gellaag, om zo de levensduur van SLMs voor nitraatverwijdering te verbeteren,
beschreven. Gebaseerd op dit idee zijn polymere toplagen op dragers voor SLMs

. aangebracht door middel van een grensvlakpolymerisatie. Zoals beschreven in
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hoofdstuk 3, is dit een bekende techniek voor het maken van komposietmem-
branen. Uit literatuurreferenties werden verschillende monomeren gekozen en
' gepolymeriseerd op microfiltratiemembranen. Deze komposietmembranen werden
. gebruikt als drager voor SL.Ms voor de verwijdering van nitraationen uit water. Het -

"' doel van deze studie was het vinden van een geschikte toplaag voor de stabilisering

van SLMs zonder een noemenswaardige afname van de nitraatflux. De meeste
aangebrachte toplagen hinderden het transport van nitraat niet, maar slechts
. enkelen konden de stabiliteit van het SLM verhogen. De beste resultaten werden
! verkregen met piperazine (PTPA) en trimescylchloride (TMCI) als monomeren.

+ De uiteindelijke éigeﬁschappen van polymeren, gemaakt via een grensvlak-

" polymerisatie reaktie, worden beinvioed door vele faktoren. Een aantal van deze g

 faktoren zijn systematisch gevarigerd om hun invlced op'de stabiliserende werking
 van PIPA/TMCI toplagen te bekijken. Vervolgens is het aanbrengen van de toplaag -
. geoptimaliseerd. De resultaten staan beschreven in hoofdstuk 4. Voor relatief
| instabiele SLMs werden veelbelovende resultaten verkregen wanneer voor het
aanbrengen van de toplaag op de drager een mal werd gebruikt en de toplaag in de
. natte toestand werd gehouden na dé polymerisatie. Verschillende andere, .
- piperazine-achtige monomeren waren ook in staat de levensduur van de SLMs te
- verbeteren, soms zelfs met een duidelijke toename in initiéle nitraatflux vergeleken
 met ongecoate SLMs. Verschillende karakteriseringstechnieken werden gebruikt
. om de struktuur en chemische samenstelling van de toplagen te onderzoeken. Met
. deze technieken kon de daling van de nitraatflux en de mstablhtelt van SLMs met
. een PIPA/TMCI toplaag, gepolymeriseerd met toevoeging van een zuuracceptor,

. niet worden verklaard. In de tweede appendix bij dit hoofdstuk zijn resultaten

gepresenteerd die een indikatie kunnen zijn voor het zweﬂen van de PIPA/TMCI

' f toplaag door de LM-fase.

. Voor de industriéle toepassing van. SLMs en uit ekonomisch oogpunt Lijkt een
- konfiguratie met holle vezels aantrekkelijker dan één met vlakke membranen.
" Resultaten voor nitraatverwijdering met holle vezel-SLMs staan beschreven in
+ hoofdstuk 5. Twee verschillende opstellingen zijn ontworpen om de vezels te testen:
' één die batchgewijs werkt en één die nitraat kontinu uit de voeding haalt. Nadat de

"t Ilumenzijde van de vezels van een PIPA/TMCI toplagg was voorzien met behulp van

. een grensvlakpolymerisstie reaktie, zijn de flux en stabiliteit van de gecoate vezel

- vergeleken met die van ongecoate vezels. Het aanbrengen van de toplaag
- resulteerde in een langere levensduur van het holle vezel-SLM. Het aanbrengen
van een uniforme toplaag op de vezel was echter niet gemakkelijk, hetgeen de
spreiding van de fluxen en de met raster elektronen mlkroskople onderzochte

; Struktuur van de laagjes lieten zien.

‘ Uit' de li!:e_z'atuur is bekend dat een gelering van de LM-fase stabielere SLMs
- oplevert. Om beide technieken te kunnen vergelijken, staan in hoofdstuk 6
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resultaten van gelermgsexperlmenten met ons SLM systeem beschreven
Polyvmylchlorlde (PVC) werd gebruikt als gel-vormend polymeer: of de gehele LM
fase werd gegeleerd, of een chemisch gecrosslinikte gellaag werd op het ‘SLM
aangebracht. In alle gevallen werd geen verbetering van de stabiliteit door gelering

. waargenomen. De resultaten geven een indikatie dat emulsievorming van de LM-

~ fase niet het enigste mechanisme voor de gebruikte SLMs is.

De resultaten verkregen in dit proefschrift gaven aanleiding de emulsievormings-
hypothese en andere mechanismen voor SLM degradatie kritisch te bekijken. In -
“hoofdstuk 7 laten berekeningen over hydrodynamische instabiliteiten en een aantal
algemene regels omtrent emulsievorming zien dat slechts in een klein deel van de
.membraanmodule een emulsificatie van de LM-fase mogelijk is voor ons systeem.
Het effekt van grensvlakspanningsgradiénten: is echter niet in béschouwing
genomen. Aanvullende mechanismen zoals de oplosbaarheid van carrier en
oplosmiddel in de aangrenzende waterfasen lijken ook belangrijk te zijn.
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